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NUCLEIC ACID COATING COMPOSITIONS
AND METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part application of
U.S. patent application Ser. No. 09/629,059, entitled Amphi-
pathic Coating for Modulating Cellular Adhesion Compo-
sition and Methods, to Paul O. Zamora, Ray Tsang and
Shigemasa Osaki, filed on Jul. 31, 2000, now U.S. Pat. No.
6,342,591; which application is in turn a continuation-in-
part application of U.S. patent application Ser. No. 09/399,
119, entitled Non-Thrombogenic Coating Compositions and
Methods for Using Same, to Ray Tsang and Shigemasa
Osaki, filed on Sep. 20, 1999, now abandoned; which
application is in turn a continuation patent application of
U.S. patent application Ser. No. 09/159,276, filed Sep. 22,
1998, now U.S. Pat. No. 5,955,588, entitled Non-
Thrombogenic Coating Compositions and Methods for
Using Same, to Ray Tsang and Shigemasa Osaki; and this
application is related to PCT/US01/24000, entitled Bioac-
tive Coating Compositions and Methods, to Paul O. Zamora,
Shigemasa Osaki and Ray Tsang; and the specification of
each of the foregoing is incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention (Technical Field)

The present invention relates to coatings, methods of
making and using coating compositions, and coated con-
tacting surfaces of medical devices, wherein the coating
includes a negatively-charged polymeric substrate forming a
part of the coating surface, with a condensate complex of
nucleic acid and a positively-charged polymer bound thereto
by non-covalent means.

2. Background Art

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 vis-a-vis 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 patentabil-
ity determination purposes.

There is a need for localized or regional (loco-regional)
delivery of nucleic acids, such as DNA, for use in treatment
of a variety of diseases by gene therapy and as a preventative
or adjunct to other therapeutic modalities. However, sys-
temic administration of DNA constructs, such as those
including adenovirus vectors, frequently results in adverse
consequences, and requires a substantially greater amount of
gene construct than would be required with effective loco-
regional transfection. In addition, for many conditions there
is a need for controlled or sustained release of nucleic acids
over a period of time, such that the gene construct may be
continuously delivered. A number of methods and devices
for gene transfection have been developed, but all involve
significant limitations. There is thus a need for a biologically
compatible method of loco-regional delivery of gene
constructs, which may be incorporated and used with tradi-
tional implantable medical devices, or may be used with
bioresorbable devices.

In the specific field of medical devices, use of medical
devices, such as stents, catheters and the like, has been
proposed to deliver nucleic acids that encode proteins or
peptides directly related to the function of or recognized
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effects with medical devices. Thus, it has been proposed to
utilize a device that delivers nucleic acid that encodes for
fibroblast growth factor (FGF), platelet derived growth
factor (PDGF), transforming growth factor (TGF), epider-
mal growth factor (EGF), vascular endothelial growth factor
(VEGP), acidic fibroblast growth factor (aFGF), basic fibro-
blast growth factor (bFGF), fibroblast growth factor-5 (FGF-
5) and the like, as disclosed in WO 01/41674, to M.
Lahtinen, published Jun. 14, 2001. The WO 01/41674 ref-
erence employs a reservoir system for delivering nucleic
acids, or alternatively binds nucleic acids, such as plasmids,
to a “glue composition” to immobilize the nucleic acids.
Also of interest are genes such as nitric oxide synthetase,
DNA constructs encoding interleukins, and genes that are
introduced for gene-directed pro-drug therapy of cancer
such as cytosine deaminase and uracil phosphoribosyltrans-
ferase.

It is generally known that nucleic acids, such as DNA, are
naturally condensed in the nucleus of cells by histone
proteins to form discrete structures termed nucleosomes.
Nucleosomes, and the associated DNA, ultimately form
chromosomes. There are five major types of histones,
termed H1, H2a, H2B, H3, and H4. The histone proteins are
rich in basic amino acids that contact negatively charged
phosphate groups in DNA. DNA can also be condensed in
vitro, through the use of polycations including isolated
histones, polyornithine, polylysine, and the like to form a
condensate. DNA is a highly negatively charged polymer,
due to the repeating phosphate groups along the polymer
backbone. With a cationic polymer such as polylysine a
condensate is formed, presumptively through an electro-
static interaction between the DNA and polycation. This
results in a complex of much smaller size that the original
DNA molecule, which complex has exterior and accessible
—NH, charges. Very large genes can be condensed using
this method, with genes as large as 45 kilobases employed.
The size of a DNA and polycation complex forming a
condensate is generally on the order of 50 to 300 nm in
diameter, depending in part on the molecular weight of the
DNA, size and character of the polycation, polycation
molecular weight, salt concentration, temperature and the
like. Condensates as small as 12 to 30 nm in diameter have
been reported under optimal conditions.

The condensates are generally referred to as polyplexes
(DNA/polymer complexes) and are being widely investi-
gated as vehicles for gene therapy. One of the major limi-
tations in polyplex-mediated gene delivery is the low cir-
culation half-life of the polyplexes due to non-specific
interactions such as those with extracellular matrices and
non-target cell surfaces, clearance by the innate immune
system, and aggregation at physiological salt conditions.
The result of such non-specific interactions includes depo-
sition in non-target organs such as the lung, as is disclosed
in Verbaan F J, Oussoren C, van Dam I M, Takakura Y,
Hashida M, Crommelin D J, Hennink W E, Storm G. The
fate of poly(2-dimethyl amino ethyl)methacrylate-based
polyplexes after intravenous administration. Int. J. Pharm.
214:99-101 (2001). Poly(ethylene glycol)-grafted (PEG)
cationic polymers have shown promise by increasing the salt
and serum stability of the resulting PEGylated polyplexes.
However, PEGylation at high densities or PEGylation of low
molecular weight cationic polymers usually prevents effi-
cient DNA condensation by interfering with DNA binding.

A number of references disclose use of various systemic
gene delivery systems. U.S. Pat. No. 5,166,320, to Wu and
Wu, discloses a soluble DNA complex, comprising DNA
bound to a polycation, which polycation is in term bound, by
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means of covalent bonds, to ligand specific for a cell surface
receptor. This results in discrete molecular complexes which
then bind a cell surface receptor. U.S. Pat. No. 5,614,503, to
Chaudhary et al., discloses a nucleic acid transporter com-
prising a cationic compound having a cationic head group
for binding the nucleic acid and a lipid tail for association
with a cellular membrane. U.S. Pat. No. 5,837,533, to
Boutin, discloses a multifunctional molecular complex
including a cationic polyamide component, a fusogenic
peptide, and a receptor-specific binding component. U.S.
Pat. No. 6,312,727 discloses a synthetic polymer-based
carrier vehicle including a cationic polymer forming a
condensate with nucleic acid material reacted with a hydro-
philic polymer material, resulting in a hydrophilic coating
on the condensate. U.S. Patent Application No. 2001/
10005717 discloses complexes of nucleic acid and
polyethyleneimine, modified with a hydrophilic polymer
covalently attached thereto. None of these methods,
however, are adaptable to provide coatings for medical
devices.

U.S. Pat. No. 5,788,959, to Singh, discloses a drug
delivery device which comprises a single-phase matrix of
two oppositely charged polymers. However, this device is
not a component of a coating, the drugs disclosed therein do
not include gene therapy drugs, such as nucleic acids, and no
condensate or similar structure is formed.

U.S. Pat. Nos. 5,635,383 and 6,030,954, both to Wu and
Wu, discloses a drug delivery formulation that comprises a
soluble DNA-carrying complex formed by non-covalently
binding a ligand conjugate with DNA. The conjugate, in
turn, is formed by bonding receptor-specific ligands such as
asialoglycoproteins to polycations such as polylysine
through covalent bonds such as disulfide bonds. However,
these preparations have not been applied to medical devices,
nor were the asialoglyproteins modified to increase adsorp-
tion to medical devices.

A simple method of efficiently complexing nucleic acids,
such as DNA, RNA and other nucleic acids, including
anti-sense compositions and compositions including
vectors, to surfaces of medical devices and other implantable
devices would have wide applicability.

There remains a need in the art for coating compositions
for implantable medical devices that include nucleic acids,
and further wherein nucleic acid release can be modulated
by the selection of appropriate reactants and components,
and which can be applied simply and easily with no spe-
cialized equipment or techniques.

A primary object of the present invention is to provide a
coating composition for contacting surfaces of implantable
medical devices, wherein the composition comprises a hep-
arin and nucleic acid condensate complex.

A further object of the invention is to provide an amphi-
pathic silyl-heparin-nucleic acid condensate coating compo-
sition for contacting surfaces of implantable medical
devices, which promotes sustained release of nucleic acids.

A further object of the present invention is to provide a
cost effective and commercially feasible method for coating
polymeric medical devices, including biodegradable medi-
cal devices, with a coating comprising nucleic acid conden-
sate molecules.

A further object of the present invention is to provide a
cost effective and commercially feasible method for coating
polymeric medical devices, including biodegradable medi-
cal devices, with a coating comprising a silyl-heparin-
nucleic acid condensate molecule composition.

A primary advantage of the present invention is that it
provides for coating contacting surfaces of medical devices
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of complex geometries and surfaces with a durable and
low-cost coating including nucleic acids that promotes the
desired biological or therapeutic effect, depending on the
nucleic acids selected.

Other objects, advantages and novel features, and further
scope of applicability of the present invention will be set
forth in part in the detailed description to follow, taken in
conjunction with the accompanying drawings, and in part
will become apparent to those skilled in the art upon
examination of the following, or may be learned by practice
of the invention. The objects and advantages of the invention
may be realized and attained by means of the instrumen-
talities and combinations particularly pointed out in the
appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

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
construed as limiting the invention. In the drawings:

FIG. 1 depicts a polycation and nucleic acid condensate;
FIG. 2 depicts a polycation and nucleic acid condensate;

FIG. 3 depicts a coating composition of this invention
applied to a surface; and

FIG. 4 depicts a coating composition of this invention,
such composition including a silyl moiety having covalently
bound thereto a polyanion, applied to a surface.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

(Best Modes For Carrying Out The Invention)

Unless otherwise defined, all technical and scientific
terms employed herein have their conventional meaning in
the art. As used herein, the following terms have the mean-
ings ascribed to them.

“Alkyl” refers to linear branched or cyclic, saturated or
unsaturated C, ;, hydrocarbons such as methyl, ethyl,
ethenyl, propyl, propenyl, iso-propyl, butyl, iso-butyl,
t-butyl, pentyl, cyclopentyl, hexyl, cyclohexyl, octyl, and the
like.

“Aryl” refers to unsaturated C,_5, hydrocarbon rings that
may be substituted from 1-5 times with alkyl, halo, or other
aryl groups. Aryl also includes bicyclic aryl groups. Specific
examples of aryl groups include but are not limited to
phenyl, benzyl, dimethyl phenyl, tolyl, methyl benzyl, dim-
ethyl benzyl, trimethyl phenyl, ethyl phenyl, ethyl benzyl,
and the like.

“Heparin” as used herein includes complex carbohydrates
or mimetics of complex carbohydrates with properties simi-
lar to those of heparin, including heparan sulfate, hyaluronic
acid, amino dextran, dextran sulfate, chondroitin sulfate,
dermatan sulfate, and the like, including but not limited to a
molecules including a mixture of variably sulfated polysac-
charide chains composed of repeating units of
D-glucosamine and either L-iduronic or D-glucuronic acids,
salts of any of the foregoing and derivatives of any of the
foregoing.

“Polycation” refers to any polymeric cation that may
mediate nucleic acid condensation or compaction. This thus
includes linear polycations such as poly-L-lysine,
polyornithine, polyarginine and the like. The polymers may
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be homopolymers, such as polylysine, polyornithine, or
polyarginine, or may be heteropolymers, including random
polymers formed of lysine, ornithine, arginine and the like.
More complex molecules may also be employed as
polycations, such as branched or linear polyethylenimine
and the like. Any of a variety of naturally occurring nucleic
acid binding agents may be employed, such as spermine or
spermidine, and are including within the definition of poly-
cation. Protamine can similarly be employed, as can any of
a variety of histones. Polyamidoamine dendrimers may
similarly be employed, wherein terminal amino groups bind
the nucleic acid by electrostatic means, resulting in posi-
tively charged condensates. The polycation may be specifi-
cally modified to provide optimal characteristics to form the
desired condensate. For example, AIKCWK; (a repeating
lysine chain of 18 residues followed by a tryptophan and an
alkylated cysteine residue) has been reported to form con-
densates with properties at least equal to polylysine. McK-
enzie et al., J. Peptide Res. 54:311-318 (1999). In general,
the polycation is positively charged, and has a net positive
charge at about pH 6 to about 8 or has more than about five
positively charged residues. The polycation has a higher
number of positive charges compared to the number of
negative charges. A polycation includes natural nucleic
acid-binding proteins and recombinant nucleic acid-binding
protein, such as homo- or hetero-polymers of amino acids or
synthetic compounds that bind to one or more nucleic acid
sequences found within natural or recombinant nucleic acid
molecules and results in nucleic acid condensation.

“Polyanion” includes heparin, as defined above, including
specifically any polymer that has a negative charge at about
pH 6 to about 8 or has more than about five negatively-
charged residues. A polyanion has a higher number of
negative charges compared to the number of positive
charges. Other polyanions include succinylated collagen,
negatively charged chitosan derivatives, polyacrylic acid,
chemically-modified dextans, sulfated polysaccharides,
sodium alginate, albumin and the like. In general, the
polyanion is a glycosaminoglycan.

“Nucleic acid” includes any nucleic acid which can be
used for therapy of disease in humans or animals, or that can
provide an advantageous result when coated on a medical
device. Nucleic acid includes any of a variety of
oligonucleotides, antisense oligonucleotides, plasmids,
deoxyribonucleic acids (DNA), ribonucleic acids (RNA),
expression vectors, ribozymes, and the like. Nucleic acid
further includes any of a variety of constructs including
nucleic acid compositions, such as synthetic nucleic acid
compositions. The nucleic acid may be single-stranded or
double-stranded, and may be linear or circular, such as a
plasmid. The nucleic acid construct may also include other
components, such as membrane disruption promoting
components, promoters, regulatory elements, adenoviruses
and the like. The nucleic acid may be employed, inter alia,
to provide (i) a genetic template for proteins that function as
prophylactic agents, (ii) a genetic template for proteins that
function as therapeutic agents, (iii) a genetic template for
proteins that function as immunizing agents, (iv) replace-
ment copies of defective, non-functional or missing genes,
(v) an antisense molecule, (vi) a genetic template for anti-
sense molecules, (vii) a genetic template for ribozymes, and
any combination or permutation of the foregoing. In one
embodiment, the nucleic acid optionally includes regulatory
sequences for transcription and translation in target cells. In
another embodiment, such as for antisense molecules and
ribozymes, the nucleic acid optionally includes regulatory
sequences for production of copies of the molecules encoded
by the nucleic acid.
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In the following discussion and examples, “u4l.” means
microliter, “mL” means milliliter; “L” means liter, “ug”
means microgram, “mg” means milligram, “g” means gram,
“mol” means moles, “M” means molar concentration, “Me”
means methyl; “Bn” means benzyl, “nBu,NI” means
tetrabutyl-ammonium iodide, “° C.” means degrees Centi-
grade. All percentages are in percent by weight unless
otherwise indicated.

In general, both the polycation and polyanion must be
selected such that (i) the polycation will form a condensate
with nucleic acid by means of electrostatic interaction, and
(ii) that sufficient net charge remains on the cationic con-
densate that the condensate binds to the polyanion by means
of electrostatic interaction.

The polyanion, and any substrate or attachment
component, may be adsorbed to biodegradable and non-
biodegradable materials including stainless steel, titanium,
platinum, tungsten, ceramics, polyurethane, poly
tetrafluoroethylene, extended poly tetrafluoroethylene,
polycarbonate, polyester, polypropylene, polyethylene,
polystyrene, polyvinyl chloride, polyamide, polyacrylate,
polyurethane, polyvinyl alcohol, polycaprolactone,
polylactide, polyglycolide and copolymers of any two or
more of the foregoing, siloxanes such as 2,4,6,8-
tetramethylcyclo-tetrasiloxane, and natural and artificial
rubbers.

The polyanion, and any substrate or attachment
component, may be applied to three-dimensional matrices,
including rods, coils, balloons, tubes, sheets, pins, screws,
threads, braids, beads, particles, spheres, or a combination
thereof.

The nucleic acid condensate complex may be a particle,
aggregate, or other complex of a polycation nucleic acid
binding agent and the nucleic acid. The binding agent may
be a natural DNA-binding protein, recombinant DNA-
binding protein, or DNA-binding compound that results in
nucleic acid condensation.

Examples of medical devices with which this invention
may be employed include sutures, graft materials, wound
dressings, wound coverings, nerve growth guides, bone
waxes, aneurysm coils, embolization particles, microbeads,
stents, dental implants and bone prosthesis. The nucleic acid
component may be applied singly, in combination, or in
specified or restricted areas of a device surface.

Disease states wherein the invention may be of particular
use include ischemia, cancer, restenosis, neural damage,
myocardial infarction, peripheral vascular occlusion, and
kidney ischemia.

In one embodiment, there is provided a nucleic acid
condensate construct that is based on the use of heparin
conjugated to silyl-type prosthetic units. The silyl-heparin is
adsorbed onto surfaces by hydrophobic interaction via the
prosthetic unit and is then used as a solid phase adsorbent for
polycation condensed nucleic acid.

In another embodiment, there is provided an adenovirus
that contains a heparin-binding domain that allows binding
of the adenovirus to the heparin contained within the silyl-
type prosthetic units. The silyl-heparin is adsorbed onto
surfaces by hydrophobic interaction via the prosthetic unit
and is then used as a solid phase adsorbent for the adenovi-
rus that contains a heparin-binding domain. Wickham et al.,
Nat. Biotechnol. 11:1570-3 (1996) described the construc-
tion of an adenovirus that contains a heparin-binding domain
that targets the virus to broadly-expressed heparin-
containing cellular receptors. The adenovirus delivered
genes to multiple cell types at markedly higher efficiencies
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than unmodified adenoviruses. These investigators did not
describe, however, the use of the adenovirus to bind to
heparin on medical devices or to silyl-heparin complexes, as
in this invention. A key advantage of the method of this
invention is that all the coating steps are performed by
adsorption thereby allowed preparation of surfaces by “dip-
coating”. Another key advantage is that the heparin is not
directly covalently bound to the surface, and as a conse-
quence the complex of silyl-heparin and the nucleic acid
condensate is more subject to efflux and more effective
biological effect.

In one embodiment, silyl-heparin is coated on the exterior
surface of a stent mounted on a balloon catheter. Immedi-
ately before in vivo use, the stent is immersed in a solution
containing polycation-condensed nucleic acid, thereby
allowing the polycation-condensed nucleic acid to bind to
the stent. The stent is advanced into the patient using
conventional techniques such as over a guiding catheter with
an advancing catheter or element. The stent includes a
mechanism radially expanding the stent to cause the
polycation-condensed nucleic acid on the exterior surface of
the stent to become juxtaposed in the artery wall, thereafter
permitting the nucleic acid to undergo transfection over a
period of time.

In yet another embodiment, the invention provides a
method for administering gene therapy to a patient, com-
prising the steps of:

(a) advancing a balloon catheter having a balloon coated
with silyl-heparin and one or more species of
polycation-condensed nucleic acid into an artery of a
patient to a desired administration site;

(b) inflating the balloon to pressure sufficient to cause the
silyl-heparin and polycation-condensed nucleic acid to
transfer to the artery wall; and

(c) thereafter withdrawing the balloon catheter from the
artery.

In one aspect, the invention provides a complex of For-

mula I:

Ry
/QL@/O RyT-Polyanion——Condensate
K
0 X

wherein R, is an C,_,4 alkyl or C_5, aryl group, each R, is
independently selected from the group consisting of C, ;4
alkyl and Cg 5, aryl, Ry is N or O, n is a number from 1 to
about 10, and x is a number from 1 to about 30. The
polyanion may be any polyanion as disclosed herein, includ-
ing but not limited to heparin, which is covalently joined
through R;. Attached to the polyanion, preferably through
electrostatic interaction, is a condensate, such condensate
including nucleic acid, and in a preferred embodiment
including a polycation and nucleic acid condensate.

These and other aspects of the present invention are
described further in the description and examples of the
invention which follow.

In FIG. 1 a condensate 10 of a polycation and nucleic acid
is depicted. The polycation may be any polymeric cation,
such as polylysine, polyornithine, polyarginine, a histone
protein, polyethylenimine, or, in general, any cationic
homopolymer or heteropolymer. The polycation and nucleic
acid form polyplex 14 which has externally accessible
—NH, groups 12, providing a net positive charge to con-
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densate 10. The nucleic acid may be single-stranded DNA,
double-stranded DNA, RNA or the like, including engi-
neered constructs with one or more functions of nucleic
acids. FIG. 2 depicts a simplified condensate 20 wherein the
net positive charges are depicted.

FIG. 3 depicts one embodiment of this invention. Surface
40 is provided, which surface may be a contacting surface of
a medical device, including preferably a medical device for
in vivo use. Surface 40 may be made of any material suitable
for medical devices, including metals, polymers, ceramics,
glasses and the like. Attached to surface 40 is polyanion
substrate 30. Polyanion substrate 30 may include any polya-
nion as defined herein. In one preferred embodiment, polya-
nion substrate 30 is heparin. Polyanion substrate 30 is
attached to surface 40 by any means, such as hydrophobic
bonding interaction, covalent bonds, electrostatic interaction
or the like. Polyanion substrate 30 may be attached to
surface 40 through one or more intermediate groups, which
intermediate groups may attached by any means. Thus it is
contemplated that an intermediate group may be attached to
surface 40 by one means, such as hydrophobic bonding, and
the polyanion substrate 30 attached to the intermediate
group by another means, such as through a covalent bond. In
one preferred embodiment, attachment of polyanion sub-
strate 30 to surface 40 is by hydrophobic bonding
interactions, optionally employing one or more intermedi-
ates. Condensate 20 is bound to polyanion substrate 30 by
non-covalent means, and in a preferred embodiment, by
electrostatic interaction.

In an alternative embodiment, as depicted in FIG. 4, there
is provided silyl moiety 70 that is bound to surface 40 by
means of hydrophobic bonding interactions. Polyanion 50 is
bound to silyl moiety 70 by means of covalent bond 60.
Polyanion 50 is characterized in that it can be covalently
bonded to silyl moiety 70 through an N or O, or optionally
through a mix of N and O. Condensate 20 is bound to
polyanion 50 by non-covalent means, and in a preferred
embodiment, by electrostatic interaction.

Silyl-Heparin Compositions

In one embodiment, heparin is employed as the
polyanion, and is bound to a silyl substrate by means of a
covalent bond. The silyl substrate is, in turn, bound by
hydrophobic interaction to the medical device surface.

The silyl-heparin compositions of the present invention
include a covalent complex of one or more hydrophobic silyl
moieties with heparin. Heparin is a mixture of variably
sulfated polysaccharide chains composed of repeating units
of D-glucosamine and either L-iduronic or D-glucuronic
acids. Any suitable form of heparin may be employed in the
reaction. A variety of salts of heparin and heparin derivatives
are known in the art. For example, conventional salts of
heparin include sodium heparin, calcium heparin, magne-
sium heparin, and potassium heparin. Heparin derivatives
include, but are not limited to ammonium heparin, benza-
Ikonium heparin, and the like. Sodium heparin is a preferred
form of heparin for preparing the covalent complexes
according to the present invention. All of the foregoing are
included within the definition of “heparin” given above,
together with salts and derivatives thereof.

The silyl moiety is represented by Formula I wherein R,
is an C, ;4 alkyl or Cg 5, aryl group, each R, is indepen-
dently selected from the group consisting of C,_;5 alkyl and
Cq 5 aryl, Ry is N or O, and n is a number from 1 to 10. As
will be apparent to those skilled in the art, R; is an N or O
atom in the heparin molecule, and the unoccupied bond from
R, signifies the attachment of the silyl moiety to the heparin
molecule. Thus, the hydrophobic silyl moiety is capable of



US 6,596,699 B2

9

attachment to the heparin molecule at either an O atom of an
alcohol (i.e., hydroxyl) or an N atom of an amine.

Heparin comprises many repeating units containing
amine and hydroxyl functional groups which can be the site
for attachment of the hydrophobic silyl moiety to the heparin
molecule. Accordingly, one embodiment of the present
invention contemplates the attachment of more than 1
hydrophobic silyl moiety to a single heparin molecule. As
many as 30 or more hydrophobic silyl moieties of Formula
I, and as few as 1 hydrophobic silyl moiety, may be attached
to a single heparin molecule to achieve the covalent complex
employed in the heparin coating compositions of the present
invention. In one embodiment of the present invention,
between 2 and 25 hydrophobic silyl moieties are attached to
a single heparin molecule. In another embodiment, between
5 and 20 hydrophobic silyl moieties are attached to a single
heparin molecule. In another embodiment, between 7 and 15
hydrophobic silyl moieties are attached to a single heparin
molecule. In a preferred embodiment, 7 or 8 hydrophobic
silyl moieties are attached to a single heparin molecule. In
another preferred embodiment 12 hydrophobic silyl moi-
eties are attached to a single heparin molecule.

As disclosed herein, the silyl-heparin complex is bound to
the contacting surface of a medical device by means of
hydrophobic interaction between the hydrophobic silyl moi-
ety and the contacting surface, which is preferably also
hydrophobic. The strength of the attachment, and the dis-
association rate of silyl-heparin complexes from the con-
tacting surface, is determined by at least three factors: the
number of silyl units per silyl moiety (i.e., where n is a
number between 1 and about 10), the number of silyl
moieties per single heparin molecule (i.e., where x is a
number between 1 and about 30), and the degree of hydro-
phobicity of the contacting surface. For applications where
minimal or functionally no disassociation is desired, such as
wherein disassociation of the condensate is desired without
disassociation of the silyl-heparin complex, the number of
silyl units per silyl moiety and the number of silyl moieties
per heparin molecule may each be increased to the optimal
number for maximal binding strength. Similarly the con-
tacting surface may be selected so as to provide optimal
hydrophobic binding with the silyl moieties. For applica-

Ry Rp

\/ THF

Ry—MgCl + Si

Ry

Rj
\s{\)/o\[]/

(0]

Ry Ry

X

tions where controlled release of the entire silyl-heparin-
condensate over time is desired, fewer silyl units per silyl
moiety or fewer silyl moieties per heparin molecule, or both,
are selected, or a contacting surface providing decreased
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hydrophobic binding to the silyl moiety is selected, or a
combination thereof, such that the desired release over time
in vivo is obtained.

In those embodiments wherein more than one hydropho-
bic silyl moiety is attached to a single heparin molecule, the
hydrophobic silyl moieties may be attached either through
the amine of heparin (e.g., where R, is N) or through the
hydroxyl group of heparin (e.g., wherein R, is O). In other
words, some of they hydrophobic silyl moieties may be
attached to the heparin molecule via bonding at the amine
groups of heparin, while other hydrophobic silyl moieties
are attached to the heparin molecule via bonding at the
hydroxyl groups of heparin. It is also possible for all of the
hydrophobic silyl moieties to be consistently attached to
heparin via one or the other of the amine (e.g., R; in all
hydrophobic silyl moieties is N) or the alcohol (e.g., R, in
all hydrophobic silyl moieties is O).

The bonds between the hydrophobic silyl moieties and the
heparin molecule that effect the attachment of the silyl
moieties to the heparin molecule are covalent bonds. Thus,
the coating compositions of the present invention do not rely
upon ionic interactions between heparin and the hydropho-
bic moiety. Rather, the hydrophobic moieties are bonded to
the heparin molecule by covalent bonding through either the
amine or hydroxyl groups (or possibly a combination of both
amine and hydroxyl groups when two or more hydrophobic
silyl moieties are attached a single heparin molecule).
Because the hydrophobic silyl moiety is bound to the
heparin molecule through covalent bonding, the present
invention overcomes one weakness of conventionally
known heparin coatings. Specifically, the problem of heparin
leaching from the coating as a result of the breaking of the
ionic bond between heparin and the group which attaches
heparin to the surface is overcome by avoiding reliance upon
ionic bonding interactions between heparin and the binding
group. In the present invention, the covalent bonds between
the hydrophobic silyl moieties and the heparin molecule in
the coating composition are not disrupted by the presence of
ionic species in the blood with which the coated surface will
come into contact.

The covalent complex according to the present invention
can be prepared according to the following Scheme 1.

Scheme 1
Ry Ry Ry Ry
\ / 1) KOAc/DMF \ /
Si\)/Cl 2) NaOMe/MeOH R Si\)/OH
n n

ar NS T R A

Heparin

65

1) (CCl30),CO
NazCO:;/CHzClz

2) HON(COCHy),
EtsN/CH,Cl»

0,
Ry R
\/
Ry Si\)/o O0—N
y \"/
o 9]

wherein R, is an C, ;5 alkyl or C, 5, aryl group, each R, is
independently selected from the group consisting of C,
alkyl and C 5, aryl, R; is N or O, or n is a number from 1
to about 10, and x is a number from 1 to about 30.

1/x HEP + DMAP
DME/H,0
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Generally, the first intermediate, R;(Si(R,),CH,),Cl,
wherein n is 1, is produced by reacting an alkyl or aryl
magnesium chloride with a chloro(chloromethyl)-dialkyl
silane or chloro(chloromethyl)diaryl silane in the presence
of tetrahydrofuran (THF). The alkyl or aryl magnesium
chlorides used as starting materials are commercially
available, and include, for example, benzyl magnesium
chloride. Chloro(chloromethyl)dialkyl silanes and chloro
(chloromethyl)diaryl silanes are commercially available and
include, for example, chloro(chloromethyl)dimethyl silane.
The reaction is exothermic, and is typically conducted at
temperatures of about 10° C. or less. The reaction is carried
out for a sufficient period of time to yield about 80-90%
product. Typically the reaction is conducted over a period of
from about 2 to 15 about 24 hours.

First intermediates wherein n is 2 or higher can be
produced using a Grignard reaction involving the reaction of
the first intermediate wherein n is 1 with CISi(R,),CH,CIL.
This Grignard reaction can be repeated any number of times
to achieve the desired value for n in the first intermediate.
The reaction is carried out in the presence of a catalytic
amount of iodine and THF.

The first intermediate (wherein n is 1-10) is converted to
the second intermediate, R;(Si(R,),CH,), OH, by reacting
the first intermediate with potassium acetate (KOAc) in
dimethyl formamide (DMF), at a temperature of above
about 120° C., and preferably about 135° C. for between 12
and 24 hours. The product of this reaction is then reacted
with sodium methoxide (NaOMe) in methanol (MeOH)
under reflux for about 2 hours to achieve the second inter-
mediate.

The second intermediate is converted to the last
intermediate, R, (Si(R,),CH,),,0CO,N(COCH,),, by a two-
step reaction process. In the first step, the second interme-
diate is reacted with triphosgene and sodium carbonate in
methylene chloride at a temperature of less than 10° C., and
preferably about 0° C. The product of this reaction is reacted
with N-hydroxysuccinimide and triethylamine (Et;N) in
methylene chloride at a temperature of less than 10° C., and
preferably about 0° C.

The final intermediate is covalently conjugated to heparin
by reacting heparin with the final intermediate in a suitable
solvent (e.g., water/dimethyl formamide) at a pH of about
8.0 to 9.0, and preferably about 8.5. The pH of the reaction
is controlled by the addition of base such as sodium
hydroxide, as needed. Alternatively and preferably, a slight
excess of 4-dimethylaminopyridine (DMAP) can be used as
base for the conjugation reaction with heparin. Using these
general methods, the covalent silyl-heparin complexes of the
present invention can be produced. The covalent complexes
have the general Formula II:

Rz
R
Si/ 2o R3—THeparin
R A \"/
O
X

wherein R, is an C,_,4 alkyl or C_5, aryl group, each R, is
independently selected from the group consisting of C, ;4
alkyl and Cg 5, aryl, R; is N or O of heparin, n is a number
from 1 to about 10, and x is a number from 1 to about 30.

Preferred complexes include those complexes wherein R,
of the hydrophobic silyl moiety is aryl. In one preferred
embodiment, R, is benzyl. In one preferred embodiment,
each R, is alkyl. In one particularly preferred embodiment,
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each R, is selected from the group consisting of methyl,
ethyl, propyl, and isopropyl, particularly methyl. In one
preferred embodiment, n is a number from 2 to 3.

Specific examples of covalent complexes according to the
present invention include but are not limited to [benzyl-bis
(dimethylsilylmethyl)]-(N-heparinyl)-carbamate, [benzyl-
tris(dimethylsilylmethyl)]-(N-heparinyl)-carbamate, and
dodecyl[benzyl-bis(dimethylsilylmethyl)]-(N-heparinyl)-
carbamate. Although these three specific covalent com-
plexes are examples of currently preferred covalent com-
plexes having the general Formula II above, other specific
examples of such complexes will be apparent to those
skilled in the art and are contemplated by the instant
invention.

The silyl-heparin coatings of the present invention include
the silyl-heparin covalent complexes described above. In
addition to the silyl-heparin covalent complex, the coating
composition may also include one or more solvents that
facilitate the processes of applying the composition to the
surface. Suitable solvents include those which at least par-
tially solubilize the covalent complex, and which preferably
do not interfere with the anti-thrombogenic activity of
heparin. Examples of solvents which may be employed in
the coating compositions of the present invention include
but are not limited to aqueous solvents, alcohols, nitrites,
amides, esters, ketones, ethers, and the like. “Aqueous”,
with reference to solutions or solvents, refers to solutions or
solvents that consist primarily of water, normally greater
than 90% water by weight, and includes essentially or
substantially pure water. For example, an aqueous solution
or solvent can be distilled water, tap water, or the like.
However, an aqueous solution or solvent can also include
water having substances such as pH buffers, pH adjusters,
organic and inorganic salts, alcohols (e.g., ethanol), sugars,
amino acids, or surfactants incorporated therein. The aque-
ous solution or solvent may also be a mixture of water and
minor amounts of one or more co-solvents, including agro-
nomically suitable organic co-solvents, which are miscible
therewith, or may form an emulsion therewith. Examples of
suitable alcohol solvents include but are not limited to
methanol, ethanol, propanol, isopropanol, hexanol, as well
as glycols such as ethylene glycol and the like. Examples of
suitable nitrites include acetonitrile, propionitrile,
butyronitrile, benzonitrile and the like. Examples of suitable
amides include formamide, N,N-dimethylformamide, N,N-
dimethylacetamide and the like. Examples of suitable esters
include methyl acetate, ethyl acetate and the like. Examples
of suitable ketones include acetone, methyl ethyl ketone,
diethyl ketone and the like. Examples of suitable ethers
include diethyl ether, tetrahydrofuran, dioxane, dimethoxy-
ethane and the like. Any two or more of any of the foregoing
solvents may be utilized in the coating composition as well.
Currently preferred solvents include water, particularly dis-
tilled water, isopropanol, acetonitrile, and combinations of
any two or more of these solvents.

In one preferred embodiment, the silyl-heparin covalent
complex is solubilized in solvent to achieve a concentration
of between about 0.01 and about 10 percent by weight,
preferably between about 0.1 and about 1 percent, and more
preferably about 0.125 percent.

In addition to the foregoing solvents, the silyl-heparin
coating compositions of the present invention may also
include therein various conventional additives. Examples of
additives which may be incorporated into the compositions
of the present invention include but are not limited to
benzalkonium, 4-dimethylaminopyridinium, tetrabutylam-
monium halides, and the like.
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Contacting Surfaces of Medical Devices

The coatings may be applied to any of a wide variety of
contacting surfaces of medical devices. Contacting surfaces
include, but are not limited to, surfaces that are intended to
contact blood, cells or other bodily fluids or tissues of a
mammal, including specifically a human. Suitable contact-
ing surfaces include one or more surfaces of medical devices
that are intended to contact blood or other tissues. The
medical devices include sutures, graft materials, wound
dressings, wound coverings, bone waxes, bone prostheses,
aneurysm coils, embolization particles, microbeads, stents,
catheters, shunts, grafts, artificial blood vessels, nerve-
growth guides, artificial heart valves, prosthetics, pacemaker
leads, in-dwelling catheters, cardiovascular grafts, bone
replacement, wound healing devices, cartilage replacement
devices, urinary tract replacements, orthopedic implants,
opthalmic implants and other medical devices known in the
art. Other examples of medical devices that would benefit
from the application of the present invention will be readily
apparent to those skilled in the art of surgical and medical
procedures and are therefore contemplated by the instant
invention. The contacting surface may include a mesh, coil,
wire, inflatable balloon, or any other structure which is
capable of being implanted at a target location, including
intravascular locations, intralumenal locations, locations
within solid tissue, and the like. The implantable device can
be intended for permanent or temporary implantation. Such
devices may be delivered by or incorporated into intravas-
cular and other medical catheters.

Suitable contacting surfaces include metals such as stain-
less steel, nitinol, titanium, tungsten, platinum, graphite and
metal alloys; ceramics; any of a variety of polymeric mate-
rials such as polyvinyl chloride, polyethylene, polylactide,
polyglycolide, polycaprolactone, polymethyl methacrylate,
polyhydroxylethyl methacrylate, polyurethane, polystyrene,
polycarbonate, dacron, polytetrafluoroethylene and
extended polytetrafluoroethylene (Teflon®), related fluo-
ropolymer composites (Gore-Tex®), polyester,
polypropylene, polyamide, polyacrylate polyvinyl alcohol
and copolymers of any two or more of the foregoing;
siloxanes such as 2,4,6,8-tetramethylcyclotetrasiloxane;
natural and artificial rubbers; and glass. In general, the
contacting surface that may be coated with a silyl-heparin-
condensate complex of the present invention includes any
surface that has an affinity or attraction to the hydrophobic
silyl moiety. Such surfaces are typically hydrophobic sur-
faces.

In one embodiment, the contacting surface may be a
biodegradable or bioerodible material. Biodegradable or
bioerodible materials are known in the art, and include
polyanhydrides, polyglycolic acid, polylactic/polyglycolic
acid copolymers, polyhydroxybutyrate-valerate and other
aliphatic polyesters. Biodegradable implantable materials
are described in U.S. Pat. Nos. 5,656,297; 5,543,158, 5,484,
584; 4,897,268; 4,883,666; 4,832,686, and 3,976,071. In one
embodiment, a bioabsorbable polymeric contacting surface
is made from a biocompatible polymeric material such as
polycaprolactone, poly(D,L-lactide), poly(L-lactide),
polyglycolide, poly(dioxanone), poly(glycolide-co-
trimethylene carbonate), poly(L-lactide-co-glycolide), poly
(D,L-lactide-co-glycolide), poly(L-lactide-co-D,L-lactide)
or poly(glycolide-co-trimethylene carbonate-co-dioxanone).
In one embodiment, the persistence of the bioabsorbable
polymeric structural component within a living organism is
in excess of the anticipated period over which the nucleic
acid present in the condensate will provide a therapeutic
effect, and is preferably in excess of at least two such
periods.

Application of Silyl-Heparin Complex

The silyl-heparin complex may be coated onto any of the

contacting surfaces as set forth above. Any suitable method
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for applying the silyl-heparin complex to the surface may be
employed. One suitable method for applying the silyl-
heparin complex to the contacting surface is by dipping the
contacting surface into a coating composition containing the
silyl-heparin complex of the present invention. A liquid
coating composition containing the silyl-heparin complex of
the present invention may be prepared using any of the
solvents described above. The surface is dipped or immersed
into a bath of the coating composition. Typically, the dipping
process is carried out at elevated temperatures, such as
between about 30° C. and about 80° C., and for a defined
period of time, such as for a period of between about 5 and
about 20 minutes, preferably about 10 minutes. Thereafter,
the surface may be allowed to remain in contact with the
coating composition containing the silyl-heparin complex
for a period of between about 15-60 minutes, preferably
about 20 minutes, at room temperature.

Another method that may be employed for coating or
applying the coating compositions of the present invention
onto a contacting surface includes use of pumping or spray-
ing processes. In a pumping process, a coating composition
having a concentration of between 0.05 and about 5 percent
(w/v) silyl-heparin complex is pumped through that portion
of a medical device including a contacting surface for about
30 minutes. Thereafter any excess coating composition may
be washed out with water or saline. Similarly, the contacting
surface may be coated with the coating composition by
spraying.

Following coating, the resulting silyl-heparin complex
coated surface is typically washed with water or other
aqueous solutions prior to drying. Advantageously, the fore-
going methods for applying the coating composition to a
surface are relatively quick, commercially feasible and cost-
effective. They require no special equipment or special
technical training, and can be applied to devices with
complex surface geometries. Thus the silyl-heparin complex
may be applied to any contacting surface, including three-
dimensional matrices, rods, coils, tubes, sheets, pins, screws,
threads, braids, beads, particles, spheres and combinations
thereof.

The hydrophobic interaction between the hydrophobic
contacting surface and the hydrophobic silyl moieties of the
silyl-heparin complex forms a bond between the silyl moiety
of the silyl-heparin complex and the surface. This hydro-
phobic interaction is sufficiently strong so as to provide a
reasonable stable bond between the covalent complex and
the surface. Advantageously, and depending in part on the
hydrophobicity of the material of the contacting surface, a
definable disassociation rate may be obtained, such that a
given percentage of silyl-heparin complexes, together with
the condensate bound to heparin, disassociate from the
contacting surface, thereby providing for local or regional
delivery of the condensate over a period of time. Such
disassociation rate may be determined, in part, by the
number of silyl units per silyl moiety or the number of silyl
moieties bound to each heparin molecule, or both, and
accordingly such numbers are selected based, in part, on the
desired disassociation rate.

Nucleic Acid and Polycation Condensate

Polycation and nucleic acid polyplexes can be made under
concentrated conditions, such as DNA at a concentration of
about 87 nM, using a step dialysis protocol that allows a
change in salt concentration from about 2 M to about 0.15
M. In such a method the ratio of polycation to DNA is
typically between about one to two and one to twenty.
Although DNA-containing polyplexes can be formed by this
procedure, a certain amount of the polyplex may precipitate
because of the high DNA and polycation concentration.
Polyplexes can be formed efficiently in dilute DNA
concentrations, such as DNA at a concentration of about 3
nM, in 0.15 M salt without precipitation of the DNA. In this






