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Description

FIELD OF THE INVENTION

[0001] This invention relates to applications and methods for glow discharge plasma coatings for medical devices with
improved long-term biocompatibility for clinical practice. Particularly, the present invention relates implantable medical
devices such as stents, catheters, pacemakers, and biosensors, and the like, wherein long-lasting and durable bioactive
agents or functional groups are deposited on the device surface through a unique two-step plasma coating process to
prevent both restenosis and thrombosis in clinical conditions. The invention also relates to surface treatment of metallic
and polymeric biomaterials used for making of medical devices with significantly improved clinical performance and
durability.

BACKGROUND OF THE INVENTION

[0002] Note that the following discussion refers to a number of publications by author(s) and year of publication, and
that due to recent publication dates certain publications are not to be considered as prior art to the present invention.
Discussion of such publications herein is given for more complete background and is not to be construed as an admission
that such publications are prior art for patentability determination purposes.
[0003] Coronary heart disease (CHD) caused by atherosclerosis, the narrowing of the coronary arteries due to fatty
build up of plaque, remains a major healthcare problem in the US. Each year about 450,000 Americans die of CHD, and
approximately 1.26 million Americans have a new or recurrent coronary event. CHD is the leading cause of death in the
United States [Cardiovascular disease statistics. www.americanheart.org/]. In clinical practice, a coronary artery stent,
a small mesh tube made of metal or alloys, functions as a scaffold to prop open blocked arteries in the heart to keep
them from re-narrowing (referred to clinically as restenosis). However, about 25% of implanted bare metal stents (BMS)
still experience restenosis (typically at six-months). In contrast, drug-eluting stents (DES) have reduced the rate of
restenosis to <10%, when used for clinically approved indications.
[0004] However, concerns were raised in recent years about the safety of DES due to a reportedly small but significantly
increased risk of blood clots in the stent within 1 year after stenting (i.e. stent thrombosis). In fact, after DES implantation,
late stent thrombosis (i.e. defined as occurring 1-12 months after percutaneous coronary intervention, PCI) occurs in
0.5% of patients, and the risk of very late stent thrombosis (i.e. occurring >1 year after PCI) remains elevated for at least
4 years post stenting [Daemen J, et al.: Lancet. 369: 667-678, 2007]. While not frequent, late stent thrombosis is a life-
threatening problem. Delayed healing is considered a leading cause of late stent thrombosis, which has been confirmed
by intravascular ultrasound [Alfonso et al. J Am Coll Cardiol. 50: 2095-2097, 2007] and angioscopic studies [Kotani et
al. J Am Coll Cardiol. 47: 2108-2111, 2006]. Each year about 600,000 Americans are getting DES [Stent facts. ht-
tp://americanheart.mediaroom.com/], which means that even a small increased risk could result in thousands of heart
attacks and deaths. Furthermore, the requirement for prolonged, aggressive anti-thrombotic therapy after placement of
a DES (usually aspirin and clopidogrel) can introduce major complications into the management of patients who require
surgical procedures (which necessitate temporary discontinuation of anti-thrombotic drugs) within the first year after PCI.
[0005] When compared to coronary bypass graft surgery for restoring blood flow, coronary angioplasty, where inflation
of a small balloon in the blocked artery restores blood flow, is a less expensive clinical procedure. Every year about 1.31
million angioplasties through PCI are performed in the US [Angioplasty and Cardiac Revascularization Statistics.
www.americanheart.org/]. Restenosis following angioplasty, however, is a major clinical problem since the biological
response to this vessel damage is stimulation of accelerated growth of arterial smooth muscle cells. The use of BMS to
reduce restenosis rate after angioplasty has revolutionized the field of interventional cardiology [Indolfi et al. Ital Heart
J, 6(6): 498-506, 2005]. DES while allowing controlled release of a drug directly to the injured artery for decreased
restenosis, have caused late stent thrombosis, which is thought to be attributed to the continuous elution of drugs, leaving
a layer of polymer on the surface of stents. The polymer coating may trigger chronic inflammation and hypersensitivity
reactions in some patients [Pendyala et al. J Interv Cardio, 22(1): 37-48, 2009]. Autopsy studies indicated that the lack
of complete endothelial coverage of stent struts associated with persistence of fibrin deposits, is the primary pathoan-
atomic substrate of late stent thrombosis after DES implantation [Joner et al. J Am Coll Cardiol. 48: 193-202, 2006;
Byrne et al. Minerva Cardioangiol, 57(5): 567-584, 2009]. This delayed healing was not found in patients with BMS.
[0006] Therefore, there is a need for coatings and surfaces of medical devices that prevent restenosis and thrombosis,
particularly for coronary artery stents for improved safety and efficacy with their use in patients with coronary heart disease.
[0007] A variety of methods have been developed for improved biocompatibility of implanted stents. A new drug
delivery technology, using a porous stent surface [Tsujino et al. Expert Opin Drug Deliv, 4(3): 287-295, 2007], may offer
desirable drug elution properties. However, it is still at an early stage. Biodegradable polymers are being explored as a
new platform for DES [Grube et al. Expert RevMed Devices, 3(6): 731-741, 2006; Lockwood et al. Biomater Sci Polym
Ed, 21(4): 529-552, 2010], but further investigation for clinical use is needed, and recent morphology studies of biode-
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gradable coatings have shown cracks in the coatings after stent expansion [Basalus et al. EuroIntervention. 5(4): 505-10,
2009]. The performance and efficacy of the polymer-free vestasync-eluting stent (VES) have been investigated recently
[Costa et al. JACC Cardiovasc Interv. 1(5): 545-551, 2008], but a long term follow-up with a more complex subset of
patients and lesions is required to confirm their preliminary results. A novel polymer coating adsorbed to stent surfaces
was revealed to reduce neointimal hyperplasia in a 6 week porcine restenosis model [Billinger et al. J Invasive Cardiol,
18(9): 423-427, 2006], but whether or not it will develop late thrombosis in stent is an unanswered question. Polyurethane
coating has been applied to stent and found to inhibit platelet attachment [Fontaine et al. J Vasc Interv Radiol, 5: 567-572,
1994; Fontaine et al. J Endovasc Sur, 3: 276-283, 1996] and reduce thrombogenicity [Tepe et al. Biomaterials, 27(4):
643-650, 2006]. However, long-term implantation of polyurethane-coated stents has also been found to induce chronic
inflammation [van de Giessen et al. Circulation, 94: 1690-1697, 1996]. A new dual acting polymeric coating that combines
NO (nitric oxide) release with surface-bound heparin was developed to prevent thrombosis to mimic the nonthrombogenic
properties of the endothelial cell layer that lines the inner wall of healthy blood vessels [Zhou et al. Biomaterials, 26:
6506-6517, 2005]. However, no systematical study for stent application has been reported. Another approach is to attach
radioactive material to the stent surface to prevent restenosis [Zamora et al. J Biomed Mater Res (Appl Biomater), 53:
244-251, 2000], but the polyurethane used as a sealant for the radioactive agent on the stent surface remains problematic
in causing chronic inflammation. A new biomimetic nanostructured coating (no drugs) on titanium was reported to
significantly increase endothelial cell density, but further exploration is needed for stent application [Fine et al. Int J
Nanomedicine. 4:91-97, 2009]. In summary, none of those aforementioned approaches addresses both issues of late
thrombosis and in-stent restenosis with one specific coating. It has been noted that Orbus Neich promotes its coating
to both prevent thrombosis and lower the risk of restenosis. The coating process consists of three steps including a
surface priming process, bio-chemical reaction, and covalent bonding [Orbus Neich Expands Global Sales and Marketing
Team. www.orbusneich.com/genous/]. The use of two drugs coated on stents to simultaneously minimize both restenosis
and thrombosis has been studied recently [Huang et al. J Interv Cardiol, 22 (5): 466-478, 2009]. The animal studies
showed a significant reduction in restenosis, but whether or not the late stent thrombosis will develop remains unclear.
[0008] In recent years, plasma processes have been widely used in the preparation of biomedical materials with unique
performance and in the manufacturing of medical devices [Ratner BD in: Plasma Processing of Polymers, 1997]. For
instance, a new nitrogen-rich plasma-deposited biomaterial as an external coating for stent-grafts can promote healing
around the implant after endovascular aneurysm repair [Lerouge et al. Biomaterials, 28(6):1209-1217, 2007]. Plasma
deposition is a thin film forming process typically occurring in a vacuum chamber, where thin films deposit on the surface
of substrates under plasma conditions. In a plasma deposition process, monomers are introduced into a plasma reactor
and get activated to produce a gaseous complex composed of highly energetic electrons, ions, free radicals and excited
monomer molecules, known as the plasma state. Through plasma deposition, many appropriate functional groups, such
as amine, hydroxyl, carboxylic acid, useful for the immobilization of bioactive molecules, can be created in the deposited
coatings. More importantly, these chemical groups can be put onto almost any material by choosing right monomers
and plasma process parameters.
[0009] Plasma surface treatment has also become a powerful tool in solving surface preparation problems on bio-
medical materials [Chu et al. Mater Sci Eng, R36: 143-206, 2002]. Oxygen plasmas, for example, have been used to
increase the attachment of cells to polymer surfaces [Ertel et al. J Biomater Sci Polym Ed, 3:163-183, 1991; Chilkoti et
al. Anal Chem, 67: 2883-2891, 1995; Ertel et al. J Biomed Master Res, 24: 1637-1659, 1990]. Plasmas have also been
used to introduce amines and amides to polymeric materials for increasing the attachment of cells, and in particular
endothelial cells [Griesser et al. J Biomater Sci Polym Ed, 5: 531-554, 1994; Ramires et al. J Biomed Mater Res, 51:
535-539, 2000; Tseng et al. J Biomed Mater Res, 42: 188-198, 1998; Harsch et al. J Neurosci Methods, 98: 135-144,
2000]. Absorption of two blood proteins, fibronectin and vitronectin, is also modified by plasma treatment [Mooradian et
al. J Surg Res, 53: 74-81, 1992; Steele et al. J Biomater Sci Polym Ed, 6: 511-532, 1994], and that directly influences
endothelial cell attachment. In addition to polymers, surfaces of metals like stainless steel and titanium, which are widely
used in the construction of medical devices [Gotman J Endourol, 11: 383-389, 1997], have also been treated with plasmas
for a variety of purposes.
[0010] U.S. Patent No. 6,613,432, provides a method of using plasma surface modification to introduce a bioactive
layer or coating on the surface of implantable medical devices for improved biocompatibility, such as inhibition of rest-
enosis with stents and attachment of platelets and leukocytes. However, in large animal studies with this patented plasma
technology, certain, often large variations have been observed on the patency of plasma treated stents after implantation,
which is believed to be due to the potential instability of surface bioactivity generated by the single-step NH3/O2 plasma
surface treatment on bare stainless steel surfaces. US2004/0126596 discloses an implantable medical device comprising
at least one contacting surface for contacting a bodily fluid or tissue, wherein the contacting surface is modified by plasma
treatment in a plasma comprising nitrogen-containing molecules and oxygen-containing molecules. The surface is further
coated by plasma polymerization of hydrocyclosiloxane. As discussed above, the currently available coronary stents
and the methods under development for improved biocompatibility of stents have the following crucial problems: 1)
existing stent procedures with BMS still experience a high incidence of restenosis; 2) although DES, in comparison with
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BMS, have been much more widely used due to their better ability in controlling restenosis cany the risk of developing
late stent thrombosis, which is associated with a clinically significant risk of mortality; and 3) most existing coating
processes investigated have the major limitation of being incapable of preventing restenosis and thrombosis at the same
time. Thus it would be desirable to provide new coatings for surfaces of medical devices that exhibit both reduced
restenosis and thrombosis. In particular, it would be desirable to provide methods for preparing and fabricating devices
and substrates to prevent these problems from happening.
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BRIEF SUMMARY OF THE INVENTION

[0012] The invention provides an implantable medical device having at least one contacting surface for contacting a
bodily fluid or tissue, wherein the contacting surface is coated by a two step process of plasma treatment comprising a
first step of a plasma deposition process using silicon-containing monomers to provide a uniform and conformal nano-
scale plasma coating and a second step of a plasma modification process using a mixture of nitrogen and oxygen
molecules. In one embodiment, the nitrogen-containing molecules each comprise no more than six atoms, and preferably
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four or fewer atoms. The nitrogen-containing molecules may include NH3, NH4, N2O, NO, NO2 and N2O4. The oxygen-
containing molecules may include O2 and O3. The plasma treatment with the nitrogen-containing molecules and the
oxygen-containing molecules may be simultaneous.
[0013] It is a feature of an illustrative embodiment of the present invention to provide a novel biocompatible coating
of high thrombo-resistance on the surface of metallic biomaterials of which coronary stents are made. As an environ-
mentally benign technology, a low temperature plasma process is invented to deposit an ultra-thin (nano-scale) but
continuous layer of coating, sufficient to generate the desired abrasion resistance and immobilize the bioactive functional
groups created in the subsequent plasma surface treatment to prevent blood clots and restenosis, but thin enough to
allow for stent expansion without cracking when delivered into patients. The plasma modified metallic surfaces exhibit
the following properties: 1) non-clot formation on the NH3/O2 plasma treated stainless steel (SS) surface, combined with
increased apoptosis in smooth muscle cells (SMC), and non-inflammatory responses; 2) a thin trimethylsilane (TMS)
coating followed by NH3/O2 plasma surface modification with direct current (DC) plasma which delivers statistically
significant increases in coronary artery endothelial cell (EC) attachment without promoting SMC proliferation on SS
wafers at 12 weeks after plasma coating, suggesting formations of stable and durable bioactive surfaces; 3) a stainless
steel stent coated with the two-step plasma coating with DC plasma which exhibits significantly less intimal hyperplasia
than untreated controls in swine arteries; 4) surface bound NO functional groups which play a role similar to free NO in
inhibiting fibrinogen adsorption and preventing platelet aggregation; and 5) a preferred plasma coating in thickness of
20 nm which shows robust adhesion to SS substrates and no coating cracks observed after stent expansion. In addition
to application to coronary stents, the significantly improved biocompatibility for medical devices can also be employed
for other implantable medical devices such as pacemakers, pulse generators, cardiac defibrillators and bio-sensors, etc.
[0014] The plasma treatment is for less than about five minutes, preferably for less than about two minutes, more
preferably for less than about one minute, and most preferably for between about thirty seconds and about one minute.
[0015] In one embodiment, the nitrogen-containing molecules are NH3 and the oxygen-containing molecules are O2.
The mass flow rate during plasma treatment with each of NH3 and of O2 is between a ratio of about 1.5:1 and about
1:1.5. In an alternative embodiment, the nitrogen-containing molecules are N2O and the oxygen-containing molecules
are O2. The mass flow rate during plasma treatment with each of N2O and of O2 is between a ratio of about 1.5:1 and
about 1:1.5.
[0016] The medical devices of this invention include stents, catheters, balloons, shunts, valves, pacemakers, pulse
generators, cardiac defibrillators, spinal stimulators, brain stimulators, sacral nerve stimulators, leads, inducers, sensors,
seeds, screws, anchors, plates and joints. The at least one contacting surface may be a metallic material, or may be a
polymeric material. If it is a polymeric material, it may be biodegradable.
[0017] The device can further include a biologically compatible coating deposited over the two-step plasma coating
process. In one embodiment, the biologically compatible coating is a membrane formed from the plasma polymerization
of hydrocyclosiloxane monomers. In an alternative embodiment, the biologically compatible coating may be a polymer
or co-polymer, such as poly acrylate, poly bisphenol A carbonate, polybutadiene, polycarbonate, poly butylene tereph-
thalate, poly butryl methacrylate, polydimethyl siloxane, polyester, polyethyleneimine, poly methyl methacrylate, poly-
propylene, polystyrene, polysulfone, polyurethane, poly vinyl, poly vinyl acetate polylactide, polyglycolide, polycaprol-
actone, or polyvinylidine fluoride.
[0018] The invention further consists of a coating for an implantable medical device with at least one contacting surface
for contacting a bodily fluid or tissue, which coating includes a first layer on the contacting surface that includes the
product of the two step plasma coating process. The coating may further include a second layer deposited over the first
layer, which second layer includes the product of plasma polymerization of hydrocyclosiloxane monomers.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] The accompanying drawings, which are incorporated into and form a part of the specification, illustrate several
embodiments of the present invention and, together with the description, serve to explain the principles of the invention.
The drawings are only for the purpose of illustrating a preferred embodiment of the invention and are not to be constituted
as limiting the invention. In the drawings:

Figure 1 Water contact angle of plasma coated stainless steel (SS) wafers using direct current (DC) and radio-
frequency (RF) plasmas vs. aging time. DC-TMS: SS coated with TMS (Trimethylsilane) coating using DC plasma;
DC-NH3/O2: SS coated with TMS coating followed by NH3/O2 treatment using DC plasma; RF-TMS: SS coated with
TMS coating using RF plasma; RF-NH3/O2: SS coated with TMS coating followed by NH3/O2 treatment using RF
plasma. For Bare SS (uncoated) wafers, contact angle: 77° 6 3° (not shown in the Figure). Data are means 6
standard deviations for n=4.
Figure 2 Numbers of porcine endothelial cells on SS wafers at day 3 post cell seeding vs. types of samples. See
Figure 1 caption for notes to sample ID. In each case, the sample population n=3. Statistical significance indicated
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on the graph was plasma treatment relative to untreated control (Bare SS), paired t-test.
Figure 3 Numbers of human coronary artery vascular smooth muscle cells on SS wafers at day 1 post cell seeding
vs. types of samples. See Figure 1 caption for notes to sample ID. In each case, the sample population n=2.
Figure 4 Attachment/growth of endothelial cells (EC) and smooth muscle cells (SMC) on SS wafers at day 3 post
cell seeding vs. types of samples aged at 6 & 12 weeks. See Figure 1 caption for notes to sample ID. In each case,
the sample population n=4. Statistical significance indicated on the graph was plasma treatment relative to untreated
control (Bare SS), paired t-test.
Figure 5 I/M (intimal area over media area) ratio of stented segments of porcine coronary arteries after 21 days
stent implantation. Bare metal stent (BMS) was used as control. See Figure 1 caption for notes to sample ID.

DETAILED DESCRIPTION

[0020] Before the present plasma modified medical devices and methods are disclosed and described, it is to be
understood that this invention is not limited to the particular configurations, process steps, and materials disclosed herein
as such configurations, process steps, and materials may vary somewhat. It is also to be understood that the terminology
employed herein is used for the purpose of describing particular embodiments only and is not intended to be limiting
since the scope of the present invention will be limited only by the appended claims and equivalents thereof.
[0021] The references discussed herein are provided solely for their disclosure prior to the filing date of the present
application. Nothing herein is to be construed as an admission that the inventors are not entitled to antedate such
disclosure by virtue of prior invention.
[0022] It must be noted that, as used in this specification and the appended claims, the singular forms "a," "an," and
"the" include plural referents unless the context clearly dictates otherwise.
Unless defined otherwise, all technical and scientific terms used herein have the same meanings as commonly understood
by one of ordinary skill in the art to which this invention belongs.
In describing and claiming the present invention, the following terminology will be used in accordance with the definitions
set out below.
[0023] As used herein, "comprising," "including," "containing," "characterized by," and grammatical equivalents thereof
are inclusive or open-ended terms that do not exclude additional, unrecited elements or method steps. "Comprising" is
to be interpreted as including the more restrictive terms "consisting of" and "consisting essentially of."
[0024] As used herein, "consisting of" and grammatical equivalents thereof exclude any element, step, or ingredient
not specified in the claim.
[0025] As used herein, "consisting essentially of" and grammatical equivalents thereof limit the scope of a claim to the
specified materials or steps and those that do not materially affect the basic and novel characteristic or characteristics
of the claimed invention.
[0026] The invention provides an implantable medical device with a plasma-modified surface, which medical device
has at least one contacting surface for contacting a bodily fluid or tissue, wherein the contacting surface is modified by
deposition of a thin layer of plasma coating and a subsequent plasma surface modification with nitrogen-containing
molecules and oxygen-containing molecules. In the device, the plasma-modified contacting surface exhibits significantly
enhanced adhesion of endothelial cells, compared to a similar surface that is not plasma modified with the method
provided in this invention, suggesting rapid endothelialization on plasma-modified implantable medical devices.
[0027] The invention comprises a structural component having at least one plasma-modified contacting surface with
resultant desirable or medically-useful properties.
[0028] Suitable structural components with a contacting surface include medical devices that are intended to contact
blood or other tissues, such as stents, catheters, shunts, grafts, and other medical devices known in the art. The structural
component may include a mesh, coil, wire, inflatable balloon, or any other device or structure which is capable of being
implanted at a target location, including intravascular target locations, intraluminal target locations, target locations within
solid tissue, such as for the treatment of tumors, and the like.
[0029] The implantable device can be intended for permanent or temporary implantation. Such devices may be de-
livered by or incorporated into intravascular and other medical catheters.
Suitable surfaces include stainless steel, nitinol, titanium, other metal alloys, polyvinyl chloride, polyethylene, polylactide,
poly glycolide, poly caprolactone, poly methyl methacrylate, poly hydroxyethyl methacrylate, polyurethane, polystyrene,
polycarbonate, dacron, extended poly tetrafluoroethylene (Teflon.RTM.), related fluoropolymer composites (Gore-
Tex.RTM.), or combinations thereof. All or part of the available surface can be modified. Other substrate materials can
also be used, including poly acrylate, poly bisphenol A carbonate, polybutadiene, poly butylene terephthalate, poly butryl
methacrytate, polydimethyl siloxane, polyester, polyethyleneimine, polysulfone, poly vinyl acetate, polyvinylidine fluoride,
polylactide, poly glycolide, poly caprolactone and copolymers and variants thereof.
[0030] A suitable method of exposing the structural components with a surface to the plasma involves placement of
the structural components in a plasma field singly, in groups, or by methods involving fluidized bed or the like, which is
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disclosed in US 6,613,432. The present invention provides a nano-scale (less than 100 nm) plasma coating that is
fabricated by a glow discharge plasma deposition process for an implantable medical device made of metals or alloys
or polymers with at least one contacting surface for contacting a bodily fluid or tissue, and followed by plasma surface
modification using a mixture of oxygen-containing molecules and nitrogen-containing molecules to create bioactive
functional groups such as nitric oxide or oxynitrites on the surface.
[0031] This two-step plasma process is performed using two different plasma sources including radio-frequency (RF)
and direct current (DC) without taking the wafers or stents out of plasma reactor between the two steps. Silicon-containing
monomers are used for thin coating deposition. This type of organosilanes can be polymerized and deposited rapidly
onto the substrate surface with good adhesion through a glow discharge plasma coating process.
[0032] The organosilanes usable for this purpose, which can be employed singly or in any combination, include
trimethylsilane (TMS), vinyltrichlorosilane, tetraethoxysilane, vinyltriethoxysilane, hexamethyldisilazane, tetramethylsi-
lane, vinyldimethylethoxysilane, vinyltrimetlioxysilane, tetravinylsilane, vinyltriacetoxysilane, and methyltrimethoxysi-
lane. In one embodiment, the silicon-containing monomers comprise organosilanes that are gases under normal con-
ditions: i.e. 0-25°C and 1-2 atm. In another embodiment, the silicon-containing monomers comprise a member selected
from the organosilanes that can be vaporized at a temperature of less than 100 °C. In yet another embodiment, the
silicon-containing monomers comprise a member selected from the silane group consisting of (CH3)3-SiH and
(CH3)2-SiH2. In yet another embodiment, the silicon-containing monomers comprise trimethylsilane (TMS). Plasma
deposited organosilicon coatings exhibit not only as dense a film as conventional plasma coatings do, but also provides
a certain degree of abrasion-resistance for the stent surface due to its inorganic -Si-Si- and -Si-C-Si- backbone. The
good adhesion is attributed to the formation of a chemical bond between the plasma-deposited layer and the surface of
metals or polymers.
[0033] When the first step of plasma deposition process is completed, the resulting nano-scale (less than 100 nm)
plasma coating is treated by a second plasma treatment using a mixture of nitrogen and oxygen molecules. In one
embodiment, a mixture of NH3/O2 is used for plasma surface treatment because these gases will be activated by the
highly energetic electrons produced in the plasma chamber to form nitric oxide on the surface thereby providing long-
lasting bioactivity to the surface which promotes endothelialization on the medical device surface, for example, stent
struts. The second steps of plasma treatment using a NH3/O2 gas mixture provides the desired oxynitrite functional
groups with a maximized amount attached onto the plasma coating surface, also through covalent bonding. The com-
bination of the two-step processed plasma coatings of the present invention provides a stable and durable functionalized
surface and consequently results in significantly improved performance of the plasma coated implantable devices. The
functional and durable plasma coatings provided in this invention with two-step processes prove very cost-effective by
creating bioactive agents on stent surfaces that inhibit both restenosis and in-stent thrombosis without using any drugs
or reagents. Non-drug-based stent coatings are considered a novel approach to improve the safety and efficacy of stents
[Wessely et al. Nat Rev Cardiol, 7(4):194-203, 2010].
[0034] The structural components as used herein refer to virtually any device that can be temporarily or permanently
implanted into or on a human or animal host. Suitable structural components with a surface include those that are
intended to contact blood including stents, catheters, shunts, grafts, and the like. Suitable devices that are intended as
tissue implanted include brachytherapy sources, embolization materials, tumor-bed implants, intra-joint implants, ma-
terials to minimize adhesions, and the like. The device may include a mesh, coil, wire, inflatable balloon, bead, sheet,
or any other structure which is capable of being implanted at a target location, including intravascular target locations,
intraluminal target locations, target locations within solid tissue, typically for the treatment of tumors, and the like. The
implantable device can be intended for permanent or temporary implantation. Such devices may be delivered by or
incorporated into intravascular and other medical catheters. The device can be implanted for a variety of purposes,
including tumor treatment, treatment or prophylaxis of cardiovascular disease, the treatment of inflammation, reduction
of adhesions, and the like. In one application, the device is used for treatment of hyperplasia in blood vessels which
have been treated by conventional recanalization techniques, particularly intravascular recanalization techniques, such
as angioplasty, atherectomy, and the like.
[0035] Exemplary structural components and devices include intravascular stents. Intravascular stents include both
balloon-expandable stents and self-expanding stents. Balloon-expandable stents are available from a number of com-
mercial suppliers, including from Cordis under the Palmaz-Schatz tradename. Self-expanding stents are typically com-
posed from a shape memory alloy and are available from suppliers, such as Instent. In the case of stents, a balloon-
expandable stent is typically composed of a stainless steel framework or, in the case of self-expanding stents, from
nickel/titanium alloy. Both such structural frameworks are suitable for use in this invention.
[0036] Exemplary devices also include balloons, such as the balloon on balloon catheters. The construction of intra-
vascular balloon catheters is well known and amply described in the patent and medical literature. The inflatable balloon
may be a non-dispensable balloon, typically being composed of polyethyleneterephthalate, or may be an elastic balloon,
typically being composed of latex or silicone rubber. Both these structural materials are suitable for coating according
to the methods of this invention.
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[0037] The implantable devices will have one or more surfaces or a portion of a surface that is treated with gas plasma
composed of molecular species containing oxygen and nitrogen. In the case of stents it is particularly desirable to treat
the entire surface. In the case of balloons mounted on catheters it is desirable to coat at least the outer cylindrical surface
of the balloon that will be in contact with the blood vessel when the balloon is inflated therein.
[0038] In addition to the described devices, a variety of other implantable structures, such as wires, coils, sheets,
pellets, particles, and nanoparticles, and the like, may be treated with the gas plasma containing molecular species
composed of oxygen and nitrogen according to the methods of the present invention. This includes tissue-implanted
brachytherapy sources, embolization materials, tumor-bed implants and the like.
[0039] The devices may be introduced to the patient in a conventional manner, depending on the device. In the case
of stents, a stent delivery catheter, typically an intravascular balloon catheter in the case of balloon-expanded stents or
a containment catheter in the case of self-expanding stents.
[0040] The invention is thought to be particularly useful as applied to cardiovascular stents and for the prevention of
restenosis following stent placement, and other interventional treatments, but may also be used in other therapies, such
as tumor treatment or in controlling inflammation or thrombosis. Any device in accord with the invention would typically
be packaged in a conventional medical device package, such as a box, pouch, tray, tube, or the like. The instructions
for use may be printed on a separate sheet of paper, or may be partly or entirely printed on the device package. The
implantable device within the package may optionally be sterilized.
[0041] The following examples will enable those skilled in the art to more clearly understand how to practice the present
invention. It is to be understood that, while the invention has been described in conjunction with the preferred specific
embodiments thereof, that which follows is intended to illustrate and not limit the scope of the invention. Other aspects
of the invention will be apparent to those skilled in the art to which the invention pertains.

EXAMPLE 1: Preparation of Stents

[0042] Stainless steel coronary artery stents when unexpanded had dimensions of 1.6 mm (diameter) x 12 mm (length)
with a total exposed wire surface area of 20.66 mm2. The stents were cleaned with a 2 % (v/v) Detergent 8 solution for
30 min at 50 °C in an ultrasonic bath. The stents were then sonicated in distilled water for 30 min at 50 °C. Stents were
given a final rinse with distilled water and dried in an oven at 50 °C for 30 min.
[0043] The stents were then threaded through an electrically conductive metal wire that had been attached to aluminum
panels with a surface area 15.3 cm x 7.6 cm, using silver epoxy. For DC treatment groups, we used an oxygen pretreatment
step (1 sccm oxygen, 50 mTorr, 20 W DC, 2 min) followed by TMS plasma polymer deposition (1 sccm TMS, 50 mTorr,
5 W DC, 15 s) and a 2:1 ammonia/oxygen plasma surface modification treatment for 2 min at 50 mTorr and 5 W DC.
For RF treatment groups, we used an oxygen pretreatment step (1 sccm oxygen, 50 mTorr, 20 W RF, 2 min) followed
by TMS plasma polymer deposition (1 sccm TMS, 50 mTorr, 30 W RF, 4 min) and a 2:1 ammonia/oxygen plasma surface
modification for 2 min at 50 mTorr, and 5 W RF.

EXAMPLE 2: Water Contact Angle of Plasma Coated Stainless Steel Wafers

[0044] Measurements were taken on plasma coated wafers for up to 12 weeks following the plasma coating to evaluate
the long term stability. The results indicated the plasma coated surfaces tend to stabilize at about two weeks after plasma
processing, and the wafers coated with TMS followed by NH3/O2 plasma treatment using DC plasma (Figure 1) remained
very hydrophilic at 12 weeks after the plasma coating process as compared to uncoated controls, indicating long-lasting
surface bioactivity generated by the plasma coating process.

EXAMPLE 3: Plasma Coating Adhesion to Substrate Surface and Coating Integrity

[0045] A cross-hatch was made using a razor blade on plasma coated stainless steel wafers followed by a Scotch®
tape pull test. Visual inspection showed that there was no coating coming off the cross-hatched or its surrounding area,
indicative of strong adhesion to the underlying surface, which warrants the coating integrity when flexed during stent
crimping, navigation and expansion in clinical application.
[0046] Stainless steel stents of generic design in the dimension of Ø1.6mm312mm (diameter 3 length) before dilation
were used for the coating cracking test. After plasma coatings, the stents were imaged using an optical microscope at
20x and 50x magnifications. Following imaging, the samples were expanded with a balloon catheter (monorail™ Maverick
PTCA Dilatation Catheter, Boston Scientific, Natick MA) and inflated to 3.0 mm in diameter; the stents were then visualized
again via optical microscopy and Scanning Electron Microscopy (SEM) to determine if the expansion created any cracks
on the plasma coatings. Our microscopic examinations summarized in Table 1 demonstrated that expansion of stents
did not cause any cracks on plasma coatings with thickness of 20 nm.
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EXAMPLE 4: Surface Chemistry Analysis

[0047] DC plasma coated SS wafers were analyzed with X-ray Photoelectron Spectroscopy (XPS) and the results are
presented in Table 2. It is shown that the elemental composition of both N and O was increased at the surface with TMS
coating followed by NH3/O2 plasma surface modification, indicative of oxynitrites or NO (nitric oxide) functional groups
formed on the surface. The stability of these NO groups on the surface was evidenced by the similar level of N and O
on the 1 and 4 weeks old wafers after plasma treatment. The analysis of high resolution spectrum for N(1s) also indicated
NO formation.
[0048] Those NO functionalities can be durably maintained since they are covalently bonded to the plasma coated
surface. It has been reported in the literature [Maalej et al. J Am Coll Cardiol. 33 (5): 1408-1414, 1999] that NO-coated
surfaces are more resistant to binding of thrombogenic molecules such as fibrinogen. Fibrinogen and other serum
proteins will bind to damaged endothelial surfaces or stent surfaces before platelet and mediate platelet adhesion and
aggregation. Our previous studies also indicated that the nitrosated SS surface using NH3/O2 plasma surface modification
(no plasma coating deposition prior to NH3/O2 plasma treatment) had an inhibitory effect on the binding of fibrinogen
[Chen et al. J Biomed Mater Res, 67A: 994-1000, 2003]. These results implied that plasma coatings with surface bound
NO functional groups inhibit binding of pro-thrombotic molecules before platelet aggregation, playing an important role
similar to free NO in preventing thrombosis.

EXAMPLE 5: Endothelialization of Plasma Coated Stainless Steel Wafers

[0049] Endothelial recovery is an essential component for vascular healing by providing critical structural and anti-
thrombogenic functions [Chin-Quee et al. Biomaterials, 31(4): 648-657, 2010]. Porcine coronary artery endothelial cells
(EC), manufactured by Genlantis (San Diego, CA), were used for the evaluation of endothelialization. The culture test
was first performed on SS wafers at one week after plasma coating following a standard protocol. The results shown in
Figure 2 indicate that there were no cells observed on SS wafers coated with TMS alone in both DC and RF cases. The
TMS coating followed by NH3/O2 plasma surface modification with DC and RF resulted in a 2.2 to 2.5 fold increase in
endothelial cell adhesion/growth after 3 days of culture as compared to bare SS.
[0050] To further evaluate the durability of bioactivity created on plasma coated surfaces, cell culture tests were
performed on coated SS wafers at 6 and 12 weeks after plasma coatings. Samples were stored in plastic petri dish with
covered lid at room temperature. A standard MTT assay [Liu et al. J. Biomed Mater Res A, 78 A (4): 798-807, 2006]
was chosen to evaluate the cell vitality on wafers at 3 days post cell seeding. The cell culture results (Figure 3) indicated
that as compared to bare SS, the attachment and growth of EC on DC-NH3/O2 coated SS wafers were significantly
enhanced (2-fold increase) even at 6 and 12 weeks after the plasma coating process. Meanwhile, there was no promotion
in growth of porcine coronary artery smooth muscle cells (SMC) on DC-NH3/O2 coated surfaces observed at both 6 and
12 weeks. These data strongly suggest that a long lasting surface bioactivity enhancing endothelialization can be gen-
erated on stents by the invented plasma coatings.

Table I Microscopic examination of plasma coatings on stent after expansion

Method of microscopy DC plasma coating RF plasma coating

thickness of 20 nm 100 nm thickness of 20 nm 100 nm

Optical (50x) No cracks cracks No cracks cracks

SEM (600x) No cracks No cracks

Table 2 Surface composition as determined by XPS

Plasma treatment C Si O N Si/C O/C N/C

1 week TMS(DC) 46.62 39.03 14.1 0.25 0.837 0.302 0.005

TMS +NH3/O2(DC) 14.51 42.45 41.27 1.77 2.926 2.844 0.122

4 weeks TMS(DC) 44.85 38.44 16.61 0.11 0.857 0.370 0.002

TMS +NH3/O2(DC) 17.29 34.93 45.47 2.32 2.020 2.630 0.134
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EXAMPLE 6: Human Coronary Artery Vascular Smooth Cell (VSMC) Attachment

[0051] Stainless steel wafers with and without plasma coatings or treatment were sterilized by UV light for 2 hours on
each side, then placed in a 24 well plate using 2 wafers from each of the 5 groups. 50,000 human coronary artery VSMCs
(Catalog Number: C-017-5C, Invitrogen, Carlsbad, CA) were then seeded into each well containing one wafer and let
grow for 1 day. Then those wafers with cells were fixed in 3% gluteraldehyde, and stained with toludine blue, and rinsed.
After rinsing to remove unbound stain, the wafers were then examined by epifluorescence and digitally photographed.
The number of cells on each micrograph field was then counted. Figure 4 indicates that the plasma coated wafers with
DC-NH3/O2 or RF-NH3/O2 resulted in lower smooth muscle cell attachment than bare stainless steel wafers

EXAMPLE 7: Inhibition of Restenosis in Animal Studies

[0052] Large animal trials using swine were performed for stent implantation into swine coronary arteries following the
same stent placement procedure as previous [Tharp et al. Arterioscler Thromb Vasc Biol, 28(6): 1084-1089, 2008] to
further evaluate the performance of plasma coated stents. Histology analysis was made at an endpoint of 21 days on
stented segments at three sections (proximal, middle, and distal) in the animal studies. Stent sectioning was carried out
at HSRL Pathology (Mt. Jackson, VA). Analysis was performed independently by two blinded investigators using Image
J software (Scion Image). Vessel area was measured as the area defined by the external elastic lamina (EEL). Neointimal
(NI) area was calculated (vessel area - lumen area - medial area). The ratio of intimal area over media area (I/M) of
stented segments was shown in Figure 5. The DC-NH3/O2 coated stent (TMS coating followed by NH3/O2 plasma
surface modification with DC plasma) is significantly better than the BMS control in suppressing coronary restenosis (p
< 0.001 in paired t-Test based on 3 stent sections of one stent), suggesting its great promise of inhibiting smooth muscle
proliferation and thus limiting in-stent restenosis.
[0053] In summary, this invention provides a very different approach to solve the biocompatibility problems with stents
by offering great potential to reduce the risk of restenosis and inhibit late stent thrombosis simultaneously. Specifically,
our unique two-step plasma coating approach features in: 1) the 1st step of the plasma deposition process, using a
silicon-containing monomer creates a uniform and conformal nano-scale plasma coating that not only has tenacious
adhesion through the strongest covalent bonding to stent surfaces but also provides a coating surface chemistry being
suitable for new functional groups to attach; 2) the 2nd step of plasma treatment using an NH3/O2 gas mixture will create
the desired oxynitrite functional groups with a maximized amount attached onto the plasma coating surface, also through
covalent bonding; and 3) combination of the two-steps will thus provide a stable and durable functionalized surface and
consequently result in significantly improved performance of the plasma coated coronary stents. As demonstrated in
the embodiments, this two-step plasma coating approach has shown great promise in improving the long term biocom-
patibility of stents, which includes significantly increased endothelialization, durable surface bioactivity, and substantially
less restenoisis.
[0054] Although the invention has been described in detail with particular reference to these preferred embodiments,
other embodiments can achieve the same results. The entire disclosures of all references, applications, patents, and
publications cited above, and of the corresponding applications, are hereby incorporated by reference. It is to be under-
stood that the above-described embodiments are only illustrative of application of the principles of the present invention.
Numerous modifications and alternative embodiments can be derived without departing from the spirit and scope of the
present invention and the appended claims are intended to cover such modifications and arrangements. Thus, while
the present invention has been shown in the drawings and fully described above with particularity and detail in connection
with what is presently deemed to be the most practical and preferred embodiment(s) of the invention, it will be apparent
to those of ordinary skill in the art that numerous modifications can be made without departing from the principles and
concepts of the invention as set forth in the claims.

Claims

1. A medical device adapted for implantation into a human or animal host comprising at least one contacting surface
for contacting a bodily fluid or tissue, wherein the contacting surface is modified by a two-step plasma treatment
process with 1) deposition of a thin layer of a plasma coating using a silicon-containing monomer to produce a
plasma surface; and 2) said plasma surface is subsequently modified using a mixture of nitrogen-containing mole-
cules and oxygen-containing molecules.

2. The device of claim 1, wherein the silicon-containing monomers comprise

a) a member selected from the silane group that are gases at normal conditions; or
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b) a member selected from the silane group that can be vaporized at a temperature of less than 100 °C; or
c) a member selected from the silane group consisting of trimethylsilane (TMS), vinyltrichlorosilane, tetraethox-
ysilane, vinyl triethoxysilane, hexamethyldisilazane, tetramethylsilane, vinyldimelhylethoxysilane, vinyl trimeth-
oxysilane, tetravinylsilane, vinyltriacetoxysilane, and methyltrimethoxysilane; or
d) a member selected from the silane group consisting of (CH3)3- SiH and (CH3)2-SiH2.

3. The device of claim 1, wherein the nitrogen-containing molecules:

a) each comprise no more than six atoms; or
b) four or fewer atoms; or
c) are molecules selected from the group consisting of NH3, N2O, NO, N02 and N204; or
d) are NH3 and the oxygen-containing molecules are O2.

4. The device of claim 1, wherein the oxygen-containing molecules are molecules selected from the group consisting
of O2 and O3.

5. The device of claim 1, wherein the plasma surface modification with nitrogen-containing molecules and oxygen-
containing molecules is simultaneous; or wherein the plasma surface modification with nitrogen-containing molecules
and oxygen-containing molecules is simultaneous and wherein the human or the animal host comprise endothelial
cells.

6. The device of claim 1, wherein the plasma-modified contacting surface exhibits increased adhesion of at least some
mammalian cells, compared to a similar contacting surface that is not plasma-modified; or wherein the plasma-
modified contacting surface exhibits increased adhesion of at least some mammalian cells, compared to a similar
contacting surface that is not plasma-modified and wherein the human or the animal host comprising endothelial cells.

7. The device of claim 1, wherein the medical device is a stent and wherein the at least one contacting surface comprises
the lumen of the stent; or wherein the medical device is a stent and wherein the at least one contacting surface
comprises the lumen of the stent and wherein the plasma-modified contacting surface exhibits decreased restenosis
subsequent to placement in blood vessel, compared to a similar stent that is not plasma-modified.

8. The device of claim 1 , wherein the plasma coating thickness is less than 100 nm; or is less than 60 nm; or is less
than 20 nm.

9. The device of claim 1, wherein the plasma coating thickness is less than 100 nm and the plasma coating thickness
is between 10 and 20 nm.

10. The device of claim 1, wherein the plasma surface modification is for less than about 10 minutes.

11. The device of claim 1, wherein the plasma coaling deposition is of a plasma wherein the silicon-containing monomer
is (CH3)3 SiH.

12. The device of claim 1, wherein the thin layer of plasma coating is a nano-scale (less than 100 nm) plasma coating
that is fabricated by a glow discharge plasma deposition process.

13. The device of claim 1, wherein the contacting surface is a metallic or polymeric surface.

14. The device of claim 1 is a member selected from the group comprising stents, catheters, balloons, shunts, grafts,
valves, pacemakers, pulsed generators, cardiac defibrillators, spinal stimulators, brain stimulators, leads, screws
and sensors.

15. A method for adapting a medical device for implantation into a human or animal body, the medical device comprising
at least one contacting surface for contacting a bodily fluid or tissue, wherein the method comprises the steps of:

modifying the contacting surface by a two-step plasma treatment process in which a thin layer of a plasma
coating using a silicon-containing monomer is deposited on the contacting surface to produce a plasma surface;
and wherein the plasma surface is subsequently modified by using a mixture of nitrogen-containing molecules
and oxygen-containing molecules.
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Patentansprüche

1. Medizinische Vorrichtung, die zur Implantation in einen menschlichen oder tierischen Wirt eingerichtet ist und min-
destens eine Berührungsoberfläche zum Berühren einer Körperflüssigkeit oder eines Körpergewebes umfasst,
wobei die Berührungsoberfläche durch einen Plasmabehandlungsvorgang in zwei Schritten mit 1) Abscheidung
einer dünnen Schicht einer Plasmabeschichtung unter Verwendung eines siliciumhaltigen Monomers, um eine
Plasmaoberfläche zu produzieren; und 2) die Plasmaoberfläche anschließend unter Verwendung eines Gemischs
von stickstoffhaltigen Molekülen und sauerstoffhaltigen Molekülen modifiziert wird, modifiziert wird.

2. Vorrichtung nach Anspruch 1, wobei die siliciumhaltigen Monomere Folgendes umfassen:

a) ein Element, das aus der Silangruppe ausgewählt ist, die bei normalen Bedingungen Gase sind; oder
b) ein Element, das aus der Silangruppe ausgewählt ist, die bei einer Temperatur von weniger als 100 °C
verdampft werden können; oder
c) ein Element, das aus der Silangruppe bestehend aus Trimethylsilan (TMS), Vinyltrichlorsilan, Tetraethoxy-
silan, Vinyltriethoxysilan, Hexamethyldisilazan, Tetramethylsilan, Vinyldimethylethoxysilan, Vinyltrimethoxysi-
lan, Tetravinylsilan, Vinyltriacetoxysilan und Methyltrimethoxysilan ausgewählt ist; oder
d) ein Element, das aus der Silangruppe bestehend aus (CH3)3-SiH und (CH3)2-SiH2 ausgewählt ist.

3. Vorrichtung nach Anspruch 1, wobei die stickstoffhaltigen Moleküle:

a) jeweils nicht mehr als sechs Atome umfassen oder
b) vier oder weniger Atome umfassen oder
c) Moleküle sind, die aus der Gruppe bestehend aus NH3, N2O, NO, NO2 und N2O4 ausgewählt sind; oder
d) NH3 sind und die sauerstoffhaltigen Moleküle O2 sind.

4. Vorrichtung nach Anspruch 1, wobei die sauerstoffhaltigen Moleküle Moleküle sind, die aus der Gruppe bestehend
aus O2 und O3 ausgewählt sind.

5. Vorrichtung nach Anspruch 1, wobei die Plasmaoberflächenmodifikation mit stickstoffhaltigen Molekülen und sau-
erstoffhaltigen Molekülen zeitgleich ist oder wobei die Plasmaoberflächenmodifikation mit stickstoffhaltigen Mole-
külen und sauerstoffhaltigen Molekülen zeitgleich ist und wobei der menschliche oder der tierische Wirt Endothel-
zellen umfasst.

6. Vorrichtung nach Anspruch 1, wobei die plasmamodifizierte Berührungsoberfläche eine erhöhte Adhäsion von min-
destens einigen Säugerzellen im Vergleich zu einer ähnlichen Berührungsoberfläche die nicht plasmamodifiziert
ist, aufweist oder wobei die plasmamodifizierte Berührungsoberfläche eine erhöhte Adhäsion von mindestens einigen
Säugerzellen im Vergleich zu einer ähnlichen Berührungsoberfläche, die nicht plasmamodifiziert ist, aufweist und
wobei der menschliche oder der tierische Wirt Endothelzellen umfasst.

7. Vorrichtung nach Anspruch 1, wobei die medizinische Vorrichtung ein Stent ist und wobei die mindestens eine
Berührungsoberfläche das Lumen des Stents umfasst oder wobei die medizinische Vorrichtung ein Stent ist und
wobei die mindestens eine Berührungsoberfläche das Lumen des Stents umfasst und wobei die plasmamodifizierte
Berührungsoberfläche eine verringerte Restenose nach Platzierung in einem Blutgefäß im Vergleich zu einem
ähnlichen Stent, der nicht plasmamodifiziert ist, aufweist.

8. Vorrichtung nach Anspruch 1, wobei die Plasmabeschichtungsdicke weniger als 100 nm beträgt oder weniger als
60 nm beträgt oder weniger als 20 nm beträgt.

9. Vorrichtung nach Anspruch 1, wobei die Plasmabeschichtungsdicke weniger als 100 nm beträgt und die Plasma-
beschichtungsdicke zwischen 10 und 20 nm liegt.

10. Vorrichtung nach Anspruch 1, wobei die Plasmaoberflächenmodifikation für weniger als etwa 10 Minuten ist.

11. Vorrichtung nach Anspruch 1, wobei die Plasmabeschichtungsabscheidung von einem Plasma ist, wobei das sili-
ciumhaltige Monomer (CH3)3-SiH ist.

12. Vorrichtung nach Anspruch 1, wobei die dünne Schicht der Plasmabeschichtung eine Plasmabeschichtung im
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Nanobereich (weniger als 100 nm) ist, die durch einen Glimmentladungsplasmaabscheidungsvorgang hergestellt
wird.

13. Vorrichtung nach Anspruch 1, wobei die Berührungsoberfläche eine metallische oder polymere Oberfläche ist.

14. Vorrichtung nach Anspruch 1, die ein Element ist, das aus der Gruppe umfassend Stents, Katheter, Ballons, Shunts,
Transplantate, Klappen, Schrittmacher, Pulsgeneratoren, Defibrillatoren, Rückenmarkstimulatoren, Gehirnstimula-
toren, Kabeln, Schrauben und Sensoren ausgewählt ist.

15. Verfahren zur Einrichtung einer medizinischen Vorrichtung zur Implantation in einen menschlichen oder tierischen
Körper, wobei die medizinische Vorrichtung mindestens eine Berührungsoberfläche zum Berühren einer Körper-
flüssigkeit oder eines Körpergewebes umfasst, wobei das Verfahren die folgenden Schritte umfasst: Modifizieren
der Berührungsoberfläche durch einen Plasmabehandlungsvorgang in zwei Schritten, in dem eine dünne Schicht
einer Plasmabeschichtung unter Verwendung eines siliciumhaltigen Monomers auf der Berührungsoberfläche ab-
geschieden wird, um eine Plasmaoberfläche zu produzieren; und wobei die Plasmaoberfläche anschließend unter
Verwendung eines Gemischs von stickstoffhaltigen Molekülen und sauerstoffhaltigen Molekülen modifiziert wird.

Revendications

1. Un dispositif médical apte à l’implantation dans un hôte humain ou animal comprenant au moins une surface de
contact pour entrer en contact avec un fluide ou tissu corporel, la surface de contact étant modifiée par un processus
de traitement au plasma en deux étapes avec 1) dépôt d’une couche mince de revêtement plasma utilisant un
monomère contenant du silicium pour produire une surface plasma ; et 2) ladite surface plasma est ensuite modifiée
par l’utilisation d’un mélange de molécules contenant de l’azote et de molécules contenant de l’oxygène.

2. Le dispositif de la revendication 1, dans lequel les monomères contenant du silicium comprennent :

a) un élément sélectionné parmi le groupe de silanes qui sont des gaz en conditions normales ; ou
b) un élément sélectionné parmi le groupe de silanes qui peuvent être vaporisés à une température inférieure
à 100 °C ; ou
c) un élément sélectionné parmi le groupe de silanes consistant en le triméthylsilane (TMS), le vinyltrichlorosi-
lane, le tétraéthoxysilane, le vinyltriéthoxysilane, l’hexaméthyldisilazane, le tétraméthylsilane, le vinyldimélhy-
léthoxysilane, le vinyltriméthoxysilane, le tétravinylsilane, le vinyltriacétoxysilane et le méthyltriméthoxysilane ;
ou
d) un élément sélectionné parmi le groupe de silanes consistant en (CH3)3- SiH et (CH3)2- SiH2.

3. Le dispositif de la revendication 1, dans lequel les molécules contenant de l’azote :

a) comprennent chacune pas plus de six atomes ; ou
b) quatre atomes ou moins ; ou
c) sont des molécules sélectionnées parmi le groupe consistant en NH3, N2O, NO, NO2 et N2O4 ;
d) sont NH3 et les molécules contenant de l’oxygène sont are O2.

4. Le dispositif de la revendication 1, dans lequel les molécules contenant de l’oxygène sont des molécules sélection-
nées parmi le groupe consistant en O2 et O3.

5. Le dispositif de la revendication 1, dans lequel la modification de la surface plasma avec des molécules contenant
de l’azote et des molécules contenant de l’oxygène est simultanée ; ou dans lequel
la modification de la surface plasma avec des molécules contenant de l’azote et des molécules contenant de
l’oxygène est simultanée et dans lequel l’hôte humain ou animal comprend des cellules endothéliales.

6. Le dispositif de la revendication 1, dans lequel la surface de contact modifiée au plasma présente une adhésion
accrue d’au moins certaines cellules mammaliennes, comparativement à une surface de contact semblable qui
n’est pas modifiée au plasma ; ou dans lequel la surface de contact modifiée au plasma présente une adhésion
accrue d’au moins certaines cellules mammaliennes, comparativement à une surface de contact semblable qui
n’est pas modifiée au plasma et dans lequel l’hôte humain ou animal comprend des cellules endothéliales.
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7. Le dispositif de la revendication 1, dans lequel le dispositif médical est un stent et dans lequel la au moins une
surface de contact comprend la lumière du stent ; ou dans lequel le dispositif médical est un stent et dans lequel la
au moins une surface de contact comprend la lumière du stent et dans lequel la surface de contact modifiée au
plasma présente une resténose diminuée à la suite de la mise en place dans un vaisseau sanguin, comparativement
à un stent semblable qui n’est pas modifié au plasma.

8. Le dispositif de la revendication 1, dans lequel l’épaisseur du revêtement au plasma est inférieure à 100 nm ; ou
est inférieure à 60 nm ; ou est inférieure à 20 nm.

9. Le dispositif de la revendication 1, dans lequel l’épaisseur du revêtement au plasma est inférieure à 100 nm et
l’épaisseur du revêtement au plasma est entre 10 et 20 nm.

10. Le dispositif de la revendication 1, dans lequel la modification de la surface au plasma dure moins d’environ 10
minutes.

11. Le dispositif de la revendication 1, dans lequel le dépôt d’un revêtement au plasma est d’un plasma dans lequel le
monomère contenant du silicium est (CH3)3 SiH.

12. Le dispositif de la revendication 1, dans lequel la couche mince de revêtement plasma est un revêtement plasma
à l’échelle nanométrique (moins de 100 nm) qui est fabriqué par un processus de dépôt de plasma à décharge
luminescente.

13. Le dispositif de la revendication 1, dans lequel la surface de contact est une surface métallique ou polymère.

14. Le dispositif de la revendication 1 est un élément sélectionné parmi le groupe comprenant les stents, les cathéters,
les ballons, les shunts, les greffes, les valves, les stimulateurs cardiaques, les générateurs pulsés, les défibrillateurs
cardiaques, les stimulateurs médullaires, les stimulateurs cérébraux, les sondes, les vis et les capteurs.

15. Un procédé pour rendre un dispositif médical apte à l’implantation dans un corps humain ou animal, le dispositif
médical comprenant au moins une surface de contact pour entrer en contact avec un fluide ou tissu corporel, le
procédé comprenant les étapes consistant à :

modifier la surface de contact par un processus de traitement plasma en deux étapes dans lequel une couche
mince de revêtement plasma utilisant un monomère contenant du silicium est déposée sur la surface de contact
pour produire une surface plasma ; et dans lequel la surface plasma est modifiée par la suite en utilisant un
mélange de molécules contenant de l’azote et de molécules contenant de l’oxygène.
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