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[57] ABSTRACT

Methods for grafting unmodified PEO or any other water-
soluble polymers to the surfaces of metals and glasses to
form biocompatible surfaces having low protein affinity is
provided. One technique includes the steps of: (a) providing
a support member having a plurality of hydroxyl or oxide
groups attached to a surface of said support member; (b)
exposing said surface to a silane coupling agent to cause the
silane coupling agent to form a silane layer that is covalently
bound to the surface wherein the silane layer comprises a
plurality of vinyl groups; and (c) exposing the silane layer to
a hydrophilic polymer and causing the silane layer to react
with the hydrophilic polymer to covalently bond to the
silane layer. Exposure of the silane layer to y-radiation to
induce grafting with low radiation to induce grafting of the
hydrophilic polymer to the silane layer. Another technique
comprises grafting a silylated hydrophilic polymer or chain
having a hydrophobic domain directly to the metal or
inorganic surface.
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GRAFTING OF BIOCOMPATIBLE
HYDROPHILIC POLYMERS ONTO
INORGANIC AND METAL SURFACES

This application claims the benefit of U.S. Provisional
Application Ser. No. 60/023,360, filed on Aug. 6, 1996.

The U.S. Government has a paid-up license in this
invention and the right in limited circumstances to require
the patent owner to license others on reasonable terms as
provided for by the terms of Grant No. RO1 HL 39081-09,
awarded by NIH.

FIELD OF THE INVENTION

The present invention relates to methods for functional-
izing inorganic and metal surfaces to render them more
biocompatible. One method employs a vinyl silane coupling
agent and covalently attaches poly(ethylene oxide) (PEO) or
other hydrophilic polymers to vinylsilane functionalized
surfaces by y-irradiation. PEO is an excellent passivating
agent for surfaces in contact with blood, which prevents the
adsorption of proteins and adhesion of platelets. This
method offers several advantages over other approaches in
that no modification of the PEO is required. A second
method employs silylated PEO or other silylated hydrophilic
polymers for direct grafting of PEO (or hydrophilic
polymer) to a surface. This process is simpler than other
techniques in that it can be accomplished by dip coating.
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BACKGROUND OF THE INVENTION

When blood or biological fluids contact polymeric
biomaterials, several processes occur including adsorption
of plasma proteins, platelet adhesion and activation, and
activation of the immune complement and coagulation path-
ways. The ultimate consequences of these processes are
fouling and failure of the device and serious clinical com-
plications. Modification of the biomaterial surface with
albumin, heparin, and water soluble synthetic polymers such
as poly(ethylene oxide) (PEO) is known to decrease or
prevent these complications [1-13]. Surface modification of
biomaterials with those surface-passivating molecules,
however, has been rather difficult, since most of the bioma-
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terials do not have any chemically active functional groups
on their surfaces.

With respect to modifying surfaces with surface-
passivating polymer molecules such as albumin and PEO,
the simplest method is physical adsorption [5,8,14-16]. To
utilize this method a hydrophobic surface, such as polypro-
pylene or dimethyldichlorosilane (DDS)-glass, is exposed to
an aqueous solution of albumin or PEO. Polymer molecules
spontaneously adsorb to the surface due to the hydrophobic
interaction. There is no chemical reaction between the
polymer and surface, just physical interaction. The polymer
layer is therefore not permanently bound to the surface, and
generally can be removed with appropriate washing. This
method is often ineffective for long-term prevention of
protein adsorption and platelet adhesion, as other molecules
or cells with a greater affinity for the surface may displace
the physically adsorbed polymer. Furthermore, it has been
suggested that drying of the surface may result in a hetero-
geneous polymer layer due to polymer molecules migrating
with the receding water during the drying process. Drying
and rehydration may also result in removal of the adsorbed
polymer molecules from the surface. The surface concen-
tration of the adsorbed albumin on DDS-glass was reduced
by more than 15% by simple drying and rehydration [17].
Simple adsorption is therefore not appropriate for permanent
applications of the modified surface.

For the covalent grafting of the surface-passivating
molecules, the biomaterial surfaces have been premodified
by various methods such as simple polymer adsorption,
chemical surface-polymer coupling, and graft polymeriza-
tion [ 1-8]. Previous approaches to permanently graft hydro-
philic polymers to surfaces fall into two categories: graft
polymerization and graft coupling. In graft polymerization,
polymer chains are synthesized from the reactive surface.
Alternatively, graft coupling binds polymer molecules to the
surface through chemical reactions. Plasma polymerization
and graft polymerization are the methods commonly
employed in the former category, while various chemical
methods comprise the latter approach.

Plasma polymerization, also known as glow discharge
polymerization, is a method of polymerizing monomers
from the vapor phase at low pressure. It is commonly used
to polymerize monomers onto surfaces, resulting in a highly
crosslinked polymer layer [18]. These highly cross-linked
polymer layers are generally unable to prevent platelet
adhesion on surfaces [6,19,20]. Rather, single chains of
grafted polymer are necessary to exert the surface passivat-
ing effects. Graft polymerization is another process by which
polymers are synthesized directly onto a reactive surface. In
this approach, the substrate to be grafted is placed in a
solution of the monomer. Polymerization is initiated by
exogenous energy sources such as UV light, heat, or
y-radiation, or by chemical initiators [21-25]. The polymer-
ization reaction proceeds both in the bulk solution yielding
free-floating polymer chains and from the reactive sites on
the surface yielding grafted chains. The surface reactive
groups may resemble the monomer, so that the surface is
included into a growing polymer chain, or it may otherwise
contain the initiator groups, so that the grafted polymer
chain actually begins growing from the surface. Trichlorovi-
nylsilane (TCVS) has been used to modify surfaces prior to
graft polymerization [26]. Producing consistent grafted sur-
faces is difficult to achieve with the graft polymerization
technique. Since the polymers are synthesized in situ, there
is little if any control over the degree of polymerization and
the polymer grafting efficiency (i.e., the number of grafted
polymer chains per unit area of surface). Polydispersity in
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4

molecular weights of the grafted chains confounds surface
characterization. Depending on the polymerization method
crosslinking of polymer chains may occur, leading to a
3-dimensional network of grafted polymer on the surface,
rather than a layer of grafted individual chains. As men-
tioned above, the surface passivating effects of surface
bound polymers is attributable to free polymer chains, not
crosslinked polymer gels.

Chemical methods to graft purified polymer chains to
surfaces have also been widely used [1-4, 27-32]. These
methods employ chemical reactions between polymer mol-
ecules and reactive sites on the surface. Chemical grafting
therefore relies on the presence of complementary reactive
groups on the polymer and the surface, necessitating a
different specific approach to each system. To utilize a
specific polymer, it must already have a suitable reactive
group or must be modified to contain such a reactive group.
Because of this limitation chemical methods are of limited
utility for generalized application. Each polymer-surface
system is essentially a completely new project to be opti-
mized for polymer synthesis and grafting conditions. The
chemical methods have been used for immobilizing
enzymes on supports and grafting polymer chains to various
surfaces. Recently, surfaces have been modified with pre-
functionalized polymers which are activatable by UV light,
heat, or y radiation. The use of activatable polymers allow
grafting of polymer chains to otherwise inert surfaces.
Examples of such polymers and their utility in surface
modifications to prevent protein adsorption and cell adhe-
sion are in the literature [9-11,13,33]. y-radiation has also
been used to graft hydrophilic polymer chains to various
solid polymeric surfaces. In our laboratory we have synthe-
sized several polymers which are activated by y-radiation
[17,34-36]. When activated, the polymer chains react with
the surface and form a chemically bound polymer layer. In
this method the polymer molecules adsorb from solution to
the substrate surface and are then activated with y-radiation
to permanently graft to the surface. This approach requires
that the highly reactive intermediates be in close proximity
to the surface so that the activated polymer chains react with
the surface. If the reactive groups are oriented away from the
surface, they may react with adjacent polymer chains or with
solvent water molecules. This results in very low grafting
efficiency.

While hydrophilic polymer chains can be graft coupled to
solid polymeric surfaces rather easily, their grafting to
non-organic surfaces such as metals and glasses has been
difficult. In contrast, the use of hydrophobic alkyl side chains
to form ultrathin self-assembled polymeric films on solid
surfaces has been done. [44-48]. Metals such as titanium
and aluminum used in biomedical devices face the same
blood compatibility problems as polymeric materials. The
inorganic nature of metal surfaces makes them particularly
difficult to graft with hydrophilic polymers such as PEO.
Plasma polymerization has been used to graft metal surfaces
with synthetic hydrophilic polymers [18]. As previously
stated, however, the high degree of crosslinking inherent in
plasma polymerization processes is not suitable for prepar-
ing protein and platelet resistant surfaces.

Recently, simple methods for the covalent grafting of
surface-passivating molecules such as albumin and PEO
have been developed [9-11]. The use of ultraviolet (UV)
light, heat, or y radiation for the covalent grafting of albumin
or PEO to chemically inert surfaces such as polyethylene,
polypropylene, polycarbonate, poly(vinyl chloride), and
dimethyldichlorosilane (DDS)-coated glass was explored. In
addition to albumin and PEO, poly(ethylene oxide)/poly
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(propylene oxide)/poly(ethylene oxide) (PEO/PPO/PEO)
triblock copolymers were grafted using y-irradiation [13].

Prior art methods have all rendered the modified surfaces
resistant to protein adsorption and platelet adhesion.
However, while these approaches are simple, highly
effective, and can be applied to fully assembled devices in
various shapes, they require introduction of activatable
groups to the surface-passivating molecules. The prepara-
tion of activatable albumin or PEO requires rigorous syn-
thesis and purification chemistry. In addition, these methods
can only be used on polymeric biomaterials. Grafting of
surface-passivating molecules to metal, glass, or ceramic
surfaces is difficult with these methods.

Metallic materials are extensively used for construction of
long term implantable cardiovascular devices such as pros-
thetic heart valves and stents. Several metallic materials
enjoy wide acceptance due to their in vivo corrosion resis-
tance. The electrochemical activity of blood makes corro-
sion resistance a major concern. As these materials are in
contact with blood, it is desirable to improve their biocom-
patibility.

Titanium is used exclusively in prosthetic heart valves.
Cobalt-chrome alloys, (such as STELLITE™ 21 and
HAYNEST™ 25) tantalum, and nickel alloys are also used
in prosthetic heart valves. These materials exhibit excellent
corrosion resistance due to the high stability of the oxide
layers on their surfaces. This oxide layer protects the deeper
material from further oxidation. Clean titanium forms a
tenacious titanium oxide layer, which is stable to saline
solution, when exposed to air due to the high reactivity of the
metal. Aluminum also reacts similarly, but the oxide layer
which is formed is not stable to saline solution. The process
of anodizing is required to stabilize aluminum oxide layers.

Blood contacting metallic materials are also found in
cardiopulmonary surgical devices such as blood oxygen-
ators. The heat exchangers which control blood temperature
during surgery have very large surface areas for efficient
heat transfer. They are made of anodized aluminum or
stainless steel. Neither material is considered blood
compatible, so the anticoagulant heparin is used to prevent
blood clotting. Rendering the surfaces blood compatible by
surface passivation may greatly reduce the doses of heparin
required during such surgeries.

SUMMARY OF THE INVENTION

The present invention is based in part on the discovery of
novel methods for preparing biocompatible surfaces. One
approach is directed to grafting unmodified PEO or any
other water-soluble polymers to the surfaces of metals and
glasses.

In one aspect, the invention is directed to a method of
grafting hydrophilic polymers to a surface of an article
which includes the steps of:

(a) providing an article having a plurality of hydroxyl or
oxide groups attached to a surface of said article;

(b) exposing said surface to a silane coupling agent to
cause the silane coupling agent to form a silane layer
that is covalently bound to the surface wherein the
silane layer comprises a plurality of vinyl groups,
wherein the silane coupling agent has the structure:
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Rl
X—Si—R? where,

Rr3

X is a non-hydrolyzable organic functional group ter-
minating in a vinyl group, wherein at least one of said
R*, R?, and R? is a hydrolyzable group with the others
being a non-hydrolyzable group; and

(c) exposing the silane layer to a hydrophilic polymer and

causing the silane layer to react with the hydrophilic
polymer to covalently bond to the silane layer.

This inventive graft coupling technique enables the graft-
ing of any suitable hydrophilic polymers to surfaces regard-
less of the presence of chemical functional groups on the
polymer molecules to be grafted. Therefore, any surface
which can be coated with vinyl group containing silane
coupling agents can be grafted with virtually any polymer
molecules by simply exposing to y-irradiation. The presence
of vinyl groups or, other double-bond containing groups, on
the surface as a monolayer ensures that the polymer mol-
ecules to be grafted will be in direct contact with double
bonds which generate free radicals by y-irradiation. This
makes covalent grafting of hydrophilic polymers highly
efficient. Furthermore, it is much more likely that each
polymer molecule will have multiple bonds to the surface,
since individual polymer molecules are known to adsorb
through multiple binding sites. This results in more secure
grafting.

In another aspect, the invention is directed to a method of
grafting hydrophilic polymers to a surface of an article
includes the steps of:

(a) providing an article having a plurality of hydroxyl or

oxide groups attached to a surface of said article;

(b) exposing said surface to a silanated hydrophilic poly-

mer that has the structure:

R4
Y—(L)7—X—Si—R>

R6

wherein at least one of said R*, R> and R® is a
hydrolyzable group each containing 1 to 6 carbon
atoms, with the other(s) being nonhydrolyzable alkyl
groups each containing 1 to 4 carbons, X is selected
from an alkyl group, aryl group that is unsubstitued or
substituted by one or more C,_,, alkyl groups,
Y is a hydrophilic polymer, such as, for example, poly
(ethylene oxide) (PEO), poly(vinyl pyrrolidone) (PVP), poly
(methacrylic acid) (PMA), poly(acrylic acid) (PAA), poly
(hydroxyethylmethacrylate) (PHEMA), poly(vinyl alcohol)
(PVA), or a natural polymer such as dextran. PEO is
preferred. Hydrophilic polymers are soluble in an aqueous
solution and maintain their flexible structures in aqueous
environment. Preferably for the hydrophilic polymer, the
number of monomer units can be as large as 10,000 or higher
(i.e., the molecular weight of hydrophilic polymers can be as
large as multi-million daltons). Preferred hydrophilic poly-
mers for surface grafting have degrees of polymerization of
from 1 to 2,000, preferably 1 to 500, and most preferably 1
to 150, and L is a linking moiety having one or more linking
groups that is selected from amide (—C(O)NH—), ester
(—C(0)O—), urea (—NHC(O)NH—), urethane (—OC(0O)
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NH—), ether (—O—), thioether (—S—), thiocarbamate
(—OC(S)NH—), amine (—NH—), and mixture thercof
provided that when L comprises more than one linking
group, each is separated from the next by —(CH,),—
wherein m is an integer from 1 to 20, preferably 4 to 12, A
is equal to O or 1; and

(¢) hydrolyzing the silanated hydrophilic polymer to form
a silane layer; and

(d) curing the silane layer to cause the silane layer to be

covalently bonded to the surface of the article.

With this latter technique, silylated or silanated hydro-
philic polymer having a hydrophobic domain can be grafted
directly onto a surface. Indeed, a uniform monlayer of
biocompatible material hydrophilic polymer can be obtained
by dip coating. The invention is also directed to articles such
as medical devices having surfaces that have been modified
by the inventive techniques.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of the silanization
reaction;

FIG. 2 is a schematic representation of the y-radiation
induced polymer grafting to the vinyl-modified surface;

FIG. 3 is a graph showing fibrinogen adsorption to
albumin- or PLURONIC® F127-grafted glass treated with
either dimethyldichlorosilane (DDS) or trichlorovinylsilane
(TCVS),

FIG. 4 is a graph showing fibrinogen adsorption to
PLURONIC® F127- and bovine serum albumin (BSA)-
grafted glass treated with either DDS or TCVS;

FIG. 5 is a graph showing fibrinogen adsorption to
PLURONIC® F108-grafted TCVS glass;

FIG. 6 is a graph showing lysozyme adsorption to PLU-
RONIC® F127-grafted TCVS glass tubing;

FIG. 7 is a graph showing fibrinogen adsorption to nitinol
wires grafted with either PLURONIC® F127 or bovine
serum albumin (BSA);

FIG. 8 is a schematic representation of PEO grafting using
silanated PEO;

FIG. 9 is a graph showing the effect of the polymer
concentration on the prevention of fibrinogen adsorption;

FIG. 10 is a graph showing the surface fibrinogen con-
centration on control glass and glass surfaces grafted with
either triethoxysilylpropyl methoxy-PEO (TESP-PEO) or
trimethoxysilylpropyl-thioundecyl methoxy-PEO 1,6-
dicarbamato-hexane (TMSPTU-PEO); and

FIG. 11 is a graph showing the surface fibrinogen con-
centration on control stent and stent grafted with triethox-
ysilylpropyl methoxy-PEO.

DESCRIPTION OF PREFERRED
EMBODIMENTS

I. Grafting Hydrophilic Polymers by y-irradiation Through
Vinylsilane Modification

In one aspect, this invention relates to the introduction of
vinyl groups to the surfaces of metals (with a suitable oxide
and/or hydroxyl layer thereon), glasses, silica, clays, and
other inorganic materials using silane coupling agent inter-
mediaries which contain vinyl groups. Thereafter suitable
hydrophilic polymers are covalently grafted to the silane
coupling agent preferably by exposure to y-irradiation or
other source of radiation including, for example, X rays, and
neutron or electron beam. However, prior to describing the
invention in further detail, the following terms will be
defined:
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The term “silane coupling agent” refers to compounds of
the general formula

Rl
X—Si—R? where,

Rr3

at least one of said R*, R?, and R? is a hydrolyzable group
with the other(s) being a non-hydrolyzable group which is
preferably any group that does not interfere with the surface
silanization or polymer-surface coupling steps, and X is a
non-hydrolyzable organic functional group terminating in a
vinyl group, i.e., double-bonded carbon at the end of the
chain. Preferred non-hydrolyzable groups include, for
example, lower alkyls such as methyl and ethyl groups.
Others include, for example, n-propyl, isopropyl, n-butyl,
i-butyl, and t-butyl. Phenyl groups may also be applicable.
Most preferably, each of said R*, R?, and R? is a hydrolyz-
able group. X preferably comprises a vinyl group and
alkenyls, such as, for example, ethenyl, 3-propenyl, 4-buten-
1-enyl, 6-hex-1-enyl, 8-oct-1-enyl groups. Preferred hydro-
lyzable groups include Cl atoms, alkoxy groups preferably
having 1 to about 4 carbons, or mixtures thereof. Although
hydrogen is a hydrolyzable group it is less stable than
chloro- or alkoxysilanes. As further described herein, the
hydrolyzable groups are displaced by water molecules dur-
ing the initial curing process whereupon the silanol groups
produced by displacement of the hydrolyzable groups react
with the hydroxyl and/or oxide groups on the surface to be
treated. Silane coupling agents having only 1 or 2 hydro-
lyzable groups will result in weaker bonding of the silane
layer to the surface due to the presence of fewer bonds.

The most preferred silane coupling agents include, for
example, trichlorovinylsilane (TCVS), trimethoxyvinylsi-
lane (which is also known as vinyltrimethoxsilane), triethox-
yvinylsilane (which is also known as vinyltriethoxysilane),
vinyltriisopropoxysilane, vinyltri-t-butoxysilane,
vinyltriphenoxysilane, vinyltriacetoxysilane, vinyltris
(isobutoxy)silane, vinyltri(2-methoxyethoxy)silane, 8-oct-
1-enyltrichlorosilane, 8-oct-1-enyltriethoxysilane, 8-oct-1-
enyltrimethoxysilane, 6-hex-1-enyltrichlorosilane, 6-hex-
enyltriethoxysilane, and mixtures thereof.

Suitable silane coupling agents further include, for
example, vinylmethyldiethoxysilane,
vinylmethyldichlorosilane, vinylmethyldiacetoxysilane,
vinylmethylbis(trimethylsiloxy)silane,
vinylethyldichlorosilane, vinyldimethylethoxysilane,
vinyldimethylchlorosilane, phenylvinyldiethoxysilane,
phenylvinyldichlorosilane, phenylmethylvinylsilane,
phenylmethylvinylchlorosilane, phenylmethylchlorosilane,
4-butenyldichloromethylsilane, and mixtures thereof.

Suitable silane coupling agents characterized by the pres-
ence of at least one hydrolyzable group and at least one
non-hydrolyzable carbon-carbon double bond group,
include, for example, vinyltris(methylethylketoximine)
silane, vinylmethylbis(methylethylketoximine)silane, N-(3-
trimethoxysilylpropyl)-N-methyl-N,N-diallylammonium
chloride, 1,3,5,7-tetravinyltetramethylcyclotetrasiloxane,
1,1,3,3-tetravinyldimethyldisiloxane, (phenylethynyl)
dimethylsilane, phenylallyldichlorosilane, 8-oct-1-
enyldimethylchlorosilane, 3-methacryloxypropyltris
(vinyldimethylsiloxy)silane, 3-methacryloxypropyltris
(trimethylsiloxy)silane, 3-methacryloxypropyltris
(methoxyethoxy)silane,
3-methacryloxypropyltrimethoxysilane,
3-methacryloxypropyltrichlorosilane,
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3-methacryloxypropylmethyldimethoxysilane,
3-methacryloxypropylmethyldiethoxysilane,
3-methacryloxypropyldichlorosilane,
3-methacryloxypropyldimethylmethoxysilane,
3-methacryloxypropyldimethylethoxysilane,
3-methacryloxypropylbis(trimethylsiloxy)methylsilane,
3-methacryloxypropyltrimethoxysilane, 6-hex-1-
enyldimethylchlorosilane, 1,3
-divinyltetramethyldisiloxane, 1,3-
divinyltetracthoxydisiloxane, 1,3-divinyl-1,3-dimethyl-1,3-
dichlorodisiloxane, diphenylvinylethoxysilane,
diphenylvinylchlorosilane, 1,3-bis(3-methacryloxypropyl)
tetrakis(trimethylsiloxy)disiloxane, 1,3-bis(3-
methacryloxypropyl)tetramethyldisiloxane, bis
(dimethylamino)methylvinylsilane, 1,3-[(p-
acryloxymethyl)phenethyl]tetramethyldisiloxane, allyltris
(trimethoxysiloxy)silane, allyltrimethoxysilane,
allyltriethoxysilane, allyltrichlorosilane,
allylmethyldichlorosilane, allyldimethylsilane,
allylmethylchlorosilane, 3-acryloxypropyltris
(trimethoxysiloxy)silane,
3-acryloxypropyltrimethoxysilane,
3-acryloxypropyltrichlorosilane,
3-acryloxypropylmethyldimethoxysilane,
3-acryloxypropylmethyldichlorosilane,
3-acryloxypropylmethylbis(trimethylsiloxy)silane,
3-acryloxypropyldimethylmethoxysilane, N-(3-acryloxy-2-
hydroxypropyl)-3-aminopropyltricthoxysilane, 1,3,5,7-
tetramethyl-1,3,5,7-tetravinylcyclotetrasilazane, 3-(N-
styrylmethyl-2-aminoethylamino)propyltrimethoxysilane
hydrochloride, 1,3-divinyltetramethyldisilazane, 1,3-
divinyl-1,3-diphenyl-1,3-dimethyldisilazane, bis
(diethylamino)methylvinylsilane, and mixtures thereof.
Additional silane coupling agents include
vinyltriisopropenoxysilane, vinyltris(t-butylperoxy)silane,
vinyltriisopropoxysilane, and vinyltriethoxysilane.

The silane coupling agent is preferably dissolved in a
suitable solvent to form a solution which is placed in contact
with the surface to be modified. While the choice of solvent
employed depends, in part, on the silane coupling agent,
preferred solvents include, for example, chloroform, meth-
ylene chloride, benzene, aqueous solutions of alcohols, such
as, for example, methanol, ethanol, n-propanol, or isopro-
panol and mixtures thereof. The concentration of the silane
coupling agent in solution preferably ranges from about
0.1% to 10% (v/v), more preferably about 1% to 5% (v/v),
and most preferably about 3% (v/v). For silane coupling
agents in which the hydrolyzable groups comprise a Cl
atom, preferred solvents include organic solvent such as
chloroform or methylene chloride. For alkoxysilanes, such
as vinyltrimethoxysilane, for example, a preferred solvent is
an aqueous alcohol solution. Preferably, the concentration
range is about 0.1% to 10% (v/v) silane in a solvent of 90%
to 95% (v/v) ethanol, more preferably about of 1% to 5%
(v/v), and most preferably about 3% (v/v). The preferred
application time ranges from about 0.5 hour to 6 hours, more
preferably about 1 hour to 4 hours, and most preferably
about 3 hours at ambient temperatures.

The term “hydrophilic polymer” refers to any suitable
polymer which preferably reacts with the vinyl radicals.
Preferred polymers include, for example, poly(ethylene
oxide) (PEO), poly(hydroxyethyl methacrylate) (PHEMA),
including amphophilic block copolymers which include
PEO or PHEMA as the hydrophilic block, such as for
example PEO-containing block copolymers, such as PLU-
RONIC® (BASF Corp) PEO-PPO-PEO triblock copolymer,
and mixtures thereof. Other suitable hydrophilic polymers
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include other hydrophilic polymers and amphiphilic copoly-
mers of these, such as, for example, poly(vinyl alcohol)
(PVA), polyvinylpyrrolidone (PVP), polyacrylamide, poly
(acrylic acid), and mixtures thereof. Moreover, natural poly-
mers including, for example, albumin, heparin, dextran, and
mixtures thereof can also be employed.

Awide variety of PEO-PPO-PEO triblock copolymers are
commercially available under the name of “PLURONIC®”
(BASF Corp.) as exemplified by the list in Table 1. The types
of PLURONIC® are classified according to the physical
appearance. The liquid, paste, and solid PLURONICS® are
designated as L, P, and F, respectively. The various PLU-
RONICS® have different numbers of ethylene oxide (EO)
and propylene oxide (PO) residues in their PEO-PPO-PEO
triblock copolymers. Table 1 provides the numbers of EO
and PO monomers in the triblock copolymers. The number
of the monomer units of the PPO blocks typically range from
16 to 67, while that of PEO blocks typically range from 2 to
128.

TABLE 1
Examples of PLURONIC ®s which can be grafted to a surface.

PLURO Mol. PLURO Mol.
NIC® EO PO EO Wt. NIC® EO PO EO Wt
L1121 6 67 6 4400 L72 8 35 8 2750
L1122 13 67 13 5000 P75 24 35 24 4150
P123 21 67 21 5750 F77 52 35 52 6600
F127 98 67 98 12600

L61 3 30 3 2000
1101 7 54 7 3800 L62 8 30 8 2500
P103 20 54 20 4950 L63 10 30 10 2650
P104 31 54 31 5900 Lo64 13 30 13 2900
P105 38 54 38 6500 P65 19 30 19 3400
F108 128 54 128 14600 Fe68 75 30 75 8400
192 10 47 10 3650 142 5 21 5 1630
P94 21 47 21 4600 143 7 21 7 1850
F98 122 47 122 13000 144 11 21 11 2200
181 6 39 6 2750 131 2 16 2 1100
P84 22 39 22 4200 135 11 16 11 1900
P85 27 39 27 4600 F38 46 16 46 4700
F87 62 39 62 7700
P88 97 39 97 11400

L = liquid, P = paste, F = solid

The hydrophilic polymer is preferably dissolved in water
to form a solution which is placed in contact for a sufficient
amount of time with the surface that has been modified by
the silane coupling agent. The hydrophilic polymer concen-
tration and application time will vary depending on, among
other things, the nature of the molecule. For example,
triblock copolymers containing a hydrophobic segment,
such as PLURONIC®, can be adsorbed to the surface very
effectively even at low polymer concentrations. On the other
hand, effective adsorption of hydrophilic homopolymers
such as PEO requires high polymer concentrations as well as
y-irradiation in the presence of bulk PEO solution. The
concentration of this solution preferably ranges from 0.01%
to 50% (w/v), more preferably about 0.1% to 10% (w/v) and
most preferably about 5%(w/v). The preferred application
time ranges from about 0.25 hour to 4 hours, more prefer-
ably about 0.5 hour to 4 hours, and most preferably about 1
hour at ambient temperatures.

Protein adsorption to biomaterials grafted with PEO by
this silanization process will preferably be less than about
0.25 pg/cm® (micrograms per square centimeter), more
preferably less than about 0.10 ug/cm?, and most preferably
less than about 0.02 ug/cm®. Plasma proteins such as, for
example, fibrinogen and fibronectin preferably adsorb to
materials grafted with PEO by this process at less than about
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0.25 ug/cm?, more preferably less than about 0.10 ug/cm?
and most preferably less than about 0.02 ug/cm?.
Mechanism of silanization and polymer grafting

The inventive graft coupling technique can be applied to
improve the biocompatibility of devices having metallic or
inorganic surfaces. It is particularly suited for biomedical
devices or components which come into contact with blood.
These devices include, for example, stents, angioplasty
guidewires, pacemaker leads, and heart valves (which gen-
erally have metal components but are not totally metal).
Non-biomedical applications include, for example, the coat-
ing of glass and stainless steel containers used for protein
solutions to prevent costly product loss during pharmaceu-
tical processing and packaging.

Although the invention is not limited by any particular
theory, the inventive grafting technique will be illustrated
with TCVS as the silane coupling agent and PEO as the
hydrophilic polymer. The TCVS coating process is
described schematically in FIG. 1. First, TCVS molecules
are hydrolyzed by water adsorbed on the substrate surface
yielding silanetriols. The silanetriol molecules then interact
with each other and the hydroxyl- or oxide-rich surface by
hydrogen bonding [37]. Finally, when dried and allowed to
cure, the silanes and the surface condense forming a
covalently bound silane layer. “Curing” refers to the forma-
tion of the covalent bonds between the silane molecules and
the substrate surface [38,39].

The proposed mechanism of y-induced grafting on the
vinyl surface is similar to that of free radical polymerization.
First, a vinyl group is ionized by absorption of y photons,
leaving surface bound free radicals. The radical species then
attacks the adsorbed polymer molecule, forming a new
covalent bond between the surface and the polymer. This
mechanism of y-induced grafting of a PLURONIC® mol-
ecule onto a TCVS surface is schematically described in
FIG. 2. The long chains represent PEO blocks in the
PLURONIC® molecule. The mechanism is similar for graft-
ing of any other adsorbed molecule to the surface.
Stability of silanized surface

The stability of the surface-silane bond is of critical
importance for coatings which are meant to be permanent.
The most labile bond in the system is the ether bond between
the silane and the surface (Si—O-surface), which is suscep-
tible to cleavage by water. It has been shown that silanes
with three hydrolyzable groups (e.g., the chloro substituents
in TCVS, or alkoxy groups) form densely cross-linked
layers, affording better stability than silanes with only one or
two such groups. Also, the more hydrophobic the alkyl
substituent, the more stable is the silane coating [40-42].
TCVS was shown to have good stability in epoxy-fiberglass
systems in boiling water compared with other silanes. 8-Oct-
1-enyltrichlorosilane, which is homologous with TCVS, but
containing a saturated C, spacer between the Si atom and
vinyl group should have even better water stability. It is
known that alkyltrichlorosilanes, such as
octadecyltrichlorosilane, form self assembled monolayers
on glass where the C, g tails associate due to the hydrophobic
interaction to form a dense layer [43]. The Cg silane is
expected to exhibit the same behavior. It is expected that the
stability of the Cg layer will be at least as good as or surpass
that of TCVS. 8-Oct-1-enyltrichlorosilane may therefore be
a better choice for silanization.

The relative hydrolytic stabilities above were based on
experiments conducted by immersing silane-coated glass
fibers in water at 80° C. for up to 5000 hours. The materials
were assayed by Fourier-Transform Infrared Spectroscopy
(FTIR), a non-destructive technique, to determine the
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amount of silane remaining on the surface. The direct
applicability of these data to surfaces meant for human
biomedical applications is difficult to predict. Normal
human body temperature is 37° C., which is significantly
less than 80° C. Some of the samples in the study did not
lose any silane from the surface for several hundred hours,
followed by a relatively constant loss rate until very little
silane remained. This effect is not expected when surfaces
are subjected to a physiological medium. The long-term
hydrolytic stability of silanized surfaces under realistic
conditions, however, needs to be determined.

Another major factor to consider in silanized surface
stability is the environmental pH. A shown herein, the pH of
the solutions to which grafted surfaces will be subjected is
important. The effect of pH on hydrolytic stability can be
determined for specific applications.

EXPERIMENTAL
Method of polymer grafting on TCVS coated surfaces by
irradiation

Glass substrates to be coated were first cleaned by soaking
in chromic acid solution overnight, and rinsing in running
deionized water. Metallic substrates were cleaned by vor-
texing in 1% sodium dodecylsulfate (SDS) solution for 5
min twice followed by rinsing in running deionized water.
They were then dried in an oven at 60° C. overnight. The
clean substrates were then immersed in a solution of 5%
trichlorovinylsilane (TCVS, Aldrich Chemical Co.,
Milwaukee, Wis.) in chloroform (Mallinkrodt, analytical
grade) for 3 h at room temperature. The silane-coated
substrates were rinsed sequentially in fresh chloroform,
absolute ethanol, and running deionized water. They are
dried and cured at 60° C. overnight.

Polymers to be grafted were first dissolved in either
phosphate buffered saline (PBS) for bovine serum albumin
(BSA) or deionized distilled water (DDW) for synthetic
polymers, such as PEO and PLURONICos, or natural poly-
mers such as dextrans. The silanized substrates were then
exposed to the polymer solution for 1 h for polymer adsorp-
tion to the surface. Samples were then either directly
y-irradiated as follows, or y-irradiated after rinsing of the
unabsorbed polymer molecules. The adsorbed polymer mol-
ecules were grafted to the substrates by exposure to
y-radiation from a ®*Co source for a total dose ranging from
0.1 Mrad to 3.0 Mrad. The samples were then washed with
1% SDS overnight at room temperature to remove non-
grafted polymer. They were then rinsed with running deion-
ized water, and hydrated with PBS for at least 1 h prior to
protein adsorption and platelet adhesion assays.

Analysis of protein adsorption and platelet adhesion to
polymer grafted surfaces Protein adsorption assay:

Proteins to be adsorbed to polymer grafted test surfaces,
either human fibrinogen or chicken egg lysozyme (Sigma
Chemical Co., St. Louis, Mo.), were radiolabeled with 1251
using the Enzymobead reagent (Bio-Rad). The radiolabeled
protein is purified by gel filtration over a BioGel P6-DG
column. Radiolabeled protein is mixed with native protein to
produce the adsorption solution.

Sample surfaces were exposed to the protein solution for
1 h, then rinsed with PBS to remove non-adsorbed protein.
The samples were then assayed on a v scintillation counter
(Beckman Gamma 5500B) to determine the amount of
protein adsorbed to the surface. The raw data were divided
by the sample surface area and protein specific activity to
yield data in ug/cm? of adsorbed protein.

Platelet adhesion assay:

Platelet rich plasma (PRP) is separated from heparinized

or citrated donor blood by centrifugation at 100 g for 5
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minutes. Sample substrates were exposed to the PRP for 1 h
at room temperature, then washed with PBS to remove
non-adherent platelets. Adherent platelets were fixed with
glutaraldehyde, labeled with rhodamine-phalloidin, and
rinsed with PBS. The samples were examined by epifluo-
rescence microscopy to determine the number and degree of
activation of the adherent platelets.

Fibrinogen adsorption to TCVS glass grafted with either
PLURONIC® F127 or bovine serum albumin (BSA)

FIG. 3 shows adsorption of fibrinogen (at the bulk con-
centration of 0.07 mg/ml) to DDS-glass and TCVS-glass
which was grafted with either PLURONIC® F127 (PF127,
EO/PO/E0=98/67/98) or BSA. Samples were exposed to
0.36 Mrad of y radiation in the presence of bulk polymer
solution at the concentration of 1.0 ug/ml, then washed with
1% SDS overnight at room temperature to remove non-
covalently grafted molecules. For this graph, “PLU-
RONIC®” and “albumin” represent PLURONIC® F127-
grafted and bovine serum albumin-grafted surfaces, control
1 is DDS- or TCVS-treated glass exposed to y-radiation in
the absence of polymer, and control 2 is the plain DDS- or
TCVS-glass.

The control silanized surfaces, i.e., DDS-glass and TCVS
glass, exhibited very similar fibrinogen adsorption of 0.40
and 0.35 ug/cm?, respectively. When exposed to 0.36 Mrad
of y-radiation in the presence of PBS, the silanized surfaces
showed a lesser extent of fibrinogen adsorption of 0.37 and
0.21 ug/cm?, respectively. This is likely due to oxidation of
the surface during irradiation with a corresponding increase
in hydrophilicity. TCVS-glass grafted with either PF127 or
BSA showed very low fibrinogen adsorption of 0.004 and
0.005 ug/cm?, respectively. These values represent a reduc-
tion in fibrinogen adsorption of approximately 99% com-
pared to the control surface. Fibrinogen adsorption to DDS-
glass exposed to 0.36 Mrad vy radiation in the presence of
PF127 was 0.33 ug/cm?, very similar to the control DDS-
glass irradiated in the presence of DDW. This indicates that
PF127 was not covalently grafted to the DDS-glass.

FIG. 4 shows fibrinogen adsorption to PF127 and BSA
grafted TCVS and DDS glass. Samples were grafted as
above. Some samples were not irradiated, but BSA was
allowed to physically adsorb to the surface while the grafted
samples were being irradiated. The BSA treated samples
were washed with SDS 1%, either at room temperature
overnight or at 100° C. for 1 hour. The PF127 grafted
samples were washed at 100° C. for 1 hour. The fibrinogen
concentration in the adsorption solution was 0.10 pg/ml.
For this graph:

Albumin 1A:BSA-grafted, washed at room temperature
overnight;

Albumin 1B:BSA-grafted, washed at 100° C. for 1 hour;

Albumin 2A:BSA-adsorbed, washed at room temperature
overnight;

Albumin 2B:BSA-adsorbed, washed at 100° C. for 1 hour;

PLURONIC®:PLURONIC® F127-grafted, washed at 100°
C. for 1 hour.

Control:Plain TCVS- or DDS-glass

The control DDS- and TCVS-glass samples, which were
not y-irradiated, show fibrinogen adsorption of 0.37 and 0.38
ug/cm?, respectively. The PF127 treated DDS- and TCVS-
glass surfaces exhibited fibrinogen adsorption of 0.35 and
0.004 ug/cm®. Grafted PF127 was effective at reducing
fibrinogen adsorption to TCVS-glass by 99%, while on the
DDS-glass fibrinogen adsorption was reduced by less than
8%. The BSA grafted surfaces were more complicated to
analyze. The BSA grafted to DDS and TCVS all show very
low fibrinogen adsorption. Even the samples which were
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washed with boiling SDS kept fibrinogen adsorption below
0.025 ug/cm®. The physically adsorbed BSA proved very
difficult to remove from both surfaces by SDS washing,
however. DDS and TCVS adsorbed with BSA for 7 hours at
room temperature, then exposed to boiling SDS 1% for 1
hour showed fibrinogen adsorption of 0.33 and 0.15 ug/cm?,
respectively, while the samples washed at room temperature
overnight showed fibrinogen adsorption of 0.12 and 0.09
ug/cm?, respectively. This indicates that some BSA remains
on the surface despite the washing steps. Considering the
grafted and adsorbed samples together it seems evident that
the BSA is being efficiently grafted to the TCVS-glass
surface.

Fibrinogen adsorption to PLURONIC® F108-grafted
TCVS-glass

FIG. 5 shows fibrinogen adsorption to PLURONIC®
F108 (PF108, EO/PO/E0=128/54/128)-grafted TCVS-
glass. TCVS-glass tubing was grafted with PF108 by
adsorbing with solutions of PF108 in DDW for 1 hour,
rinsing with DDW, then exposing the samples to 0.36 Mrad
of y-radiation. The grafted samples were washed with 1%
SDS overnight. The fibrinogen concentration in the adsorp-
tion solution was 0.07 ug/ml.

The data were plotted as fibrinogen adsorption versus
surface concentration of PF108. 0 ug/cm® represents the
y-radiation control TCVS-glass sample. The untreated
TCVS-glass control surface showed fibrinogen adsorption
of 0.35 ug/cm?. The profile shows that at a low PLU-
RONIC® surface density of 0.02 ug/cm?, the fibrinogen
adsorption was similar to control values, at 0.28 ug/cm?. As
the PF108 surface density increased up to 0.16 ug/cm?,
fibrinogen adsorption steadily decreases to 0.07 ug/cm”. As
the PF108 surface concentration increases from 0.16 to 0.88
ug/cm?, fibrinogen adsorption appeared to approach a mini-
mum value of 0.02 ug/cm?. This value represents a decrease
of 94% from the untreated TCVS-glass. The same experi-
ments using PF127 grafted TCVS-glass show a consistent
99% decrease in fibrinogen adsorption when the solution
concentration was 1 ug/ml. Those experiments employed
y-irradiation in the presence of polymer solution, while the
PF108 samples were y-irradiated in the presence of water
after rinsing away excess polymer solution. Grafting in the
presence of polymer solution consistently provided greater
decrease in protein adsorption than grafting in the presence
of water. The PF127 and PF108 differ in the length of the
middle PPO segment. PF127 has a PPO block 67 units in
length, while PF108 has only 54. It is known that the
PLURONIC® polymers adsorb to hydrophobic surfaces
through this middle segment. Therefore, the PF127 with a
longer hydrophobic segment has a higher affinity for the
TCVS surface, and is therefore grafted in higher density than
PF108 at similar solution concentrations.

Lysozyme adsorption to TCVS-glass grafted with PLU-
RONIC® F127

FIG. 6 shows lysozyme adsorption to PLURONIC®
F127-grafted TCVS-glass. Samples were adsorbed with
PF127, rinsed with PBS, y-irradiated for 0.36 Mrad, then
washed with 1% SDS overnight. The lysozyme concentra-
tion used for adsorption study was 0.15 ug/ml.

The data are plotted as fibrinogen adsorption versus
surface concentration of PLURONIC®. 0 ug/cm? represents
the y-radiation control TCVS-glass sample. Lysozyme
adsorption to the control TCVS-glass, with and without
exposure to 0.36 Mrad of g radiation in the presence of PBS
was 0.19 and 0.27 ug/cm?, respectively. As with fibrinogen
adsorption to PF108 grafted TCVS-glass, lysozyme adsorp-
tion is similar to the control values at 0.14 ug/cm® when the






