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(57) ABSTRACT 

Coati are provided in Which surfaces may be activated by 
coval y bonding a silane derivative to the metal surface, 
covalently bonding a lactone polymer to the silane derivative 
by in situ ring opening polymerization, and depositing at least 
one layer of a polyester on the bonded lactone. Biologically 
active agents may be deposited With the polyester layers. 
Such coated surfaces may be useful in medical devices, in 
particular stents. 
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POLYMER COATING FOR MEDICAL 
DEVICES 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application is a Continuation of US. applica 
tion Ser. No. 11/605,634 ?led Nov. 28, 2006, Which is a 
Division of pending US. patent application Ser. No. 10/366, 
767, ?led Feb. 14, 2003, Which claims priority to US. Provi 
sional Application No. 60/357,573 ?led Feb. 15, 2002, the 
complete disclosures of Which are hereby incorporated by 
reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 
[0003] The invention relates to a polymer coated metal 
surface in Which at least one polymer layer is covalently 
bonded to the activated metal surface. The polymer coating 
may contain one or more biologically active agents. The 
polymer coated metal can be used in an implantable medical 
device such as a stent. The invention further relates to meth 
ods of coating metals surfaces and preparing medical devices. 
[0004] 2. Description of the Related Art 
[0005] Many surgical interventions require the placement 
of a medical device into the body. While necessary and ben 
e?cial for treating a variety of medical conditions, the place 
ment of metal or polymeric devices in the body can give rise 
to numerous complications. Some of these complications 
include increased risk of infection, initiation of a foreign body 
response resulting in in?ammation and ?brous encapsulation, 
and/or initiation of a Wound healing response resulting in 
hyperplasia and/ or restenosis. These and other possible com 
plications must be dealt With When introducing a metal or 
polymeric device into the body. 
[0006] One approach to reducing the potential harmful 
effects of such an introduction has been to attempt to improve 
the biocompatibility of the device. While there are several 
methods available to improve the biocompatibility of devices, 
one method Which has met With limited success is to provide 
the device With the ability to deliverbiologically active agents 
to the vicinity of the implant. By so doing, some of the 
harmful effects that can be associated With the implantation of 
medical devices can be diminished. For example, antibiotics 
can be released from the device to minimize the possibility of 
infection, and anti-proliferative drugs can be released to 
inhibit hyperplasia. Another bene?t to the local release of 
biologically active agents is the avoidance of toxic concen 
trations of drugs Which are sometimes necessary When given 
systemically to achieve therapeutic concentrations at the site 
Where they are needed. 
[0007] Those skilled in the art of medical devices have been 
challenged to meet the several stringent criteria for implant 
able medical devices. Some of these challenges are: 1) the 
requirement, in some instances, for long term (days, Weeks, 
or months) release of biologically active agents; 2) the need 
for a biocompatible, non-in?ammatory surface on the device; 
3) the need for signi?cant durability, particularly With devices 
that undergo ?exion and/or expansion When being implanted 
or used in the body; 4) concerns regarding processability, to 
enable the device to be manufactured in an economically 
viable and reproducible manner; and 5) the requirement that 
the ?nished device be capable of being steriliZed using con 
ventional methods. 
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[0008] Several implantable medical devices capable of 
delivering medicinal agents have been described. Several pat 
ents are directed to devices utiliZing biodegradable or biore 
sorbable polymers as drug containing and releasing coatings, 
including Tang et al, US. Pat. No. 4,916,193 and MacGregor, 
US. Pat. No. 4,994,071. Other patents are directed to the 
formation of a drug containing hydrogel on the surface of an 
implantable medical device, these include Amiden et al, US. 
Pat. No. 5,221,698 and Sahatijian, US. Pat. No. 5,304,121. 
Still other patents describe methods for preparing coated 
intravascular stents via application of polymer solutions con 
taining dispersed therapeutic material to the stent surface 
folloWed by evaporation of the solvent. This method is 
described in Berg et al, US. Pat. No. 5,464,650. 
[0009] A number of approaches have been used to try to 
overcome the challenges listed above. The beloW are 
examples of these approaches. 
[0010] McPherson, et. al., US. Pat. No. 6,013,855, 
describes methods for grafting hydrophilic polymers onto 
metal surfaces. This method included exposing the device 
surface to a silane coupling agent and causing the agent to be 
covalently bound to the device surface. The bonded silane 
layer Was then exposed to a hydrophilic polymer such that the 
hydrophilic polymer became covalently bound to the silane 
layer. 
[0011] Pinchuck, US. Pat. No. 5,053,048, describes curing 
a silane compound or compounds onto a surface to form a 
hydrophilic matrix. An antithrombogenic agent Was then 
coupled to the amine group on the aminosilane three-dimen 
sional matrix to provide a thromboresistant coating to the 
surface. 
[0012] Lee, et. al., US. Pat. No. 6,335,340, describes meth 
ods for coating oxide surfaces and coatings that rendered such 
surfaces hydrophilic. A functional group (Z) such as SiCl3 
Was associated With the surface. A tether of a hydrophobic 
covalent attachment, typically of approximately 5 to 20 bonds 
in length, Was formed With Z. A biopolymer-resistant domain 
Was then adhered to the tether to form the hydrophilic surface. 

[0013] Hostettler, et. al., US. Pat. No. 6,265,016, describes 
chemically treating metal surfaces to af?x amine-containing 
groups. A “tie coat” of a hydrophilic polyurethane Was then 
covalently attached to the amine groups to form a slippery, 
hydrophilic polyurethane hydrogel. 
[0014] Kamath, et. al., US. Pat. No. 6,335,029, describes 
applying at least one composite layer of a biologically active 
agent and a polymer to a base material by physical or covalent 
methods. At least one barrier layer Was positioned over and 
applied to the composite layer by a loW energy plasma poly 
meriZation process. 
[0015] Shah, et. al., US. Pat. No. 6,248,127, describes 
coatings for medical devices in Which a silane coating is 
adhered on the surface of the substrate and a ?lm containing 
a heparin-biopolymer complex is created on the surface by 
covalent linkages. 
[0016] HoWever, there remain signi?cant problems to over 
come in order to provide a durable implantable medical 
device capable of delivering a therapeutically effective 
amount of a biologically active agent for an extended period 
of time. This is particularly true When the coating composi 
tion must be kept on the device in the course of ?exion and/or 
expansion of the device during implantation or use. It is 
desirable to have a facile and easily processable method of 
controlling the rate of biologically active agent release from 
the surface of the device. 



US 2008/0160166 A1 

[0017] Although a variety of polymers have previously 
been described for use as drug release coatings, only a small 
number possess the physical characteristics that Would render 
them useful for implantable medical devices Which undergo 
?exion and/or expansion upon implantation. Many polymers 
Which demonstrate good drug release characteristics, When 
used alone as drug delivery vehicles, provide coatings that are 
too brittle to be used on devices Which undergo ?exion and/or 
expansion. Other polymers can provide an in?ammatory 
response When implanted. These or other polymers demon 
strate good drug release characteristics for one drug but very 
poor characteristics for another. 
[0018] In many respects, the success of a polymer coating 
depends on the nature of the contact betWeen at least the 
polymer layer adjacent to the metal surface and the underly 
ing metal surface. In particular, if the polymer cracks or peels 
aWay from the metal surface, the polymer and any biologi 
cally active agent contained therein may decrease in perfor 
mance. If the polymer layer is designed to contain a biologi 
cally active agent to be released, the resulting polymer/ 
biologically active agent composite may be prone to dilation, 
sWelling, degradation, and/or volume changes because of 
interactions of the incorporated compound With aqueous 
environments of the body. Also, folloWing the penetration of 
Water into the polymer layer, dissolution of the compound and 
its subsequent release, may change the structure and porosity 
of the composite. In addition, due to penetration of Water 
folloWing drug dissolution, the polymer layer could be 
exposed to a mechanical stress due to osmotic forces. These 
effects may result in detachment of the polymer layer and its 
peeling from the metal surface. Further, the changes in the 
geometry of the polymer layer and the available surface area 
are potential sources of unpredictability of the release rate for 
the incorporated compounds. Due to a combination of these 
factors, the performance of the system decreases. 
[0019] Accordingly, there is a persistent need for an 
improved polymer coating of metallic implants that provides 
a stable, biocompatible and loW-pro?le polymer coating that, 
at the same time, provides a long-term release of biologically 
active agents for periods extending to Weeks or months. Thus, 
there is a need for a method for securing the highly reproduc 
ible deposition of the polymer coating layer on the article 
surface. In many instances the polymer layer has to be thin 
enough so that it does not restrict the ?exibility and adaptation 
of the metal device. Also, the polymer layer must resist dam 
age due to device handling or deformation. 

SUMMARY OF THE INVENTION 

[0020] The invention provides for a coating for a metal 
surface With a metal-activating layer of polymeriZed silane 
derivatives covalently bound to the metal surface. A binding 
layer of one or more lactone polymers is covalently bonded to 
the polymeriZed silane derivative. The surface may further 
include a container layer of one or more sublayers of a poly 
mer adhered to the binding layer. 
[0021] In one embodiment of the invention, the composi 
tion of the binding layer or the container layer, or both, 
includes one or more biologically active agents. The biologi 
cally active agent(s) is about 0 to about 60 percent by Weight 
of the binding or container layers. The biologically active 
agent is released from the composition in an aqueous envi 
ronment. 

[0022] In another embodiment of the invention, the metal 
activating layer is a siloxane polymer having one or both of 
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hydroxy- or amino-groups on the siloxane. The siloxane 
polymer is acylated by the polyester of the binding layer. 
[0023] The binding layer and the container layers have at 
least one layer of one or more lactone polymers. 

[0024] In the binding layer, the lactone polymer may be a 
lactone homopolymer such as polyglycolide, poly(L-lactide), 
poly(D-lactide), poly(E-caprolactone), poly(p-dioxanone), 
poly(dioxepanone), or a lactone copolymer such as poly(L 
lactide-co-D-Lactide), poly(L-lactide-co-glycolide), poly 
(D-lactide-co-glycolide), poly(D,L-lactide-co-glycolide), 
poly(lactide-co-caprolactone), poly(lactide-co-dioxanone), 
poly(D,L-lactide), or poly(lactide-co-dioxepanone). 
[0025] In the container layer, the polyester polymer may be 
either a lactone homopolymer, a statistical copolymer, or a 
block copolymer With at least one polylactone block, While 
the other block or blocks of the copolymer may be a poly 
ether, a poly(amino acid), a poly(acrylate), a poly(methacry 
late), or polybutadiene. In a preferred embodiment of the 
invention, the polymer of the container layer has a molecular 
Weight of 103 to 106. 
[0026] In various preferred embodiments, the binding layer 
is a polylactide and the container layer is one or more poly 
mers such as poly(L-lactide), poly(glycolide), poly(lactide 
co-glycolide) or poly(L-lactide-co-D-lactide), and the mole 
fraction of L-lactide structural units is in the range of either 
0.7 to 1.0 or 0 to 0.3. The biologically active agent is about 0.5 
to 60 percent of the total mass of polymer of the container 
layer. 
[0027] In other preferred embodiments of the invention, the 
binding layer is a polylactide and the container layer is a 
polymer selected of poly(D,L-lactide) or poly(L-lactide-co 
D-lactide) and the mole fraction of L-lactide structural units 
is in the range of 0.3 to 0.7. The biologically active agent is 0.5 
to 60 percent of the total mass of container layer. 
[0028] In still another embodiment of the invention, the 
container layer has tWo or more sublayers of the same or 
different polymers. The concentration of the biologically 
active agent(s) in an inner container sublayer may be different 
than the concentration of the biologically active agent(s) in an 
outer container sublayer. 
[0029] In another preferred embodiment of the invention, 
the composition of the inner container sublayer is a semic 
rystalline polymer, or a semicrystalline mixture of polymers, 
and the outer container sublayer comprises at least one amor 
phous polymer. The polymer of an inner container sublayer 
may be a hydrophobic polymer Which is either a lactone 
homopolymer, a statistical lactone copolymer, a lactone 
block copolymer, and the polymer of an outer container sub 
layer is an amphiphilic copolymer of at least one of a statis 
tical copolymer and a block copolymer of lactones and eth 
ylene oxide. 
[0030] Yet another embodiment of the invention includes a 
method of coating a metal surface. The method includes 
reacting the metal surface With a silane-based activating 
reagent to form a metal surface having an activated layer, 
polymeriZing at least one lactone via ring opening polymer 
iZation in the presence of the activating layer to form a metal 
surface having a binding layer, and depositing at least one 
solvent solution comprising a polymer on the binding layer 
and evaporating the solvent to form at least one container 
layer adhered to the binding layer. The silane-based activating 
reagent is a silane derivative of general formula (R2)3iSiRl 
wherein R1 is independently selected from substituted alkyl, 
substituted alkenyl, substituted alkynyl, substituted aralkyl, 
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substituted heteroaryl, and substituted alkoxy, With the pro 
viso that R1 contains a hydroxy or amino group, or a func 
tional group that can be transformed to a radical that contains 
a hydroxy or amino group; Wherein R2 is independently 
selected from halo, optionally substituted alkoxy, optionally 
substituted aryloxy, optionally substituted silyloxy, or option 
ally substituted alkyl, With the proviso that all three R2 sub 
stituents are not simultaneously substituted alkyl. 
[0031] In a preferred embodiment, the silane-based activat 
ing reagent is an organo-trialkoxysilane derivative of a gen 
eral formula R'iSii(OR)3 Where R is a Cl_4 alkyl group, 
and R' is a hydroxyalkyl, aminoalkyl, or a functional group 
that can be transformed to hydroxyalkyl or aminoalkyl 
through a modi?cation reaction. 
[0032] In another preferred embodiment the silane-based 
activating agent is applied in a solution or in a vapor phase to 
form a metal activating layer bound to the metal surface. 
Formation of a binding layer by lactone polymerization 
includes immersing an activated metal surface in a lactone 
solution, or a lactone melt at a temperature suf?cient to keep 
the lactone in the molten state, While both environments also 
contain a polymerization catalyst, for a time suf?cient to 
alloW the in-situ ring opening polymerization of the lactone 
on the activated layer to form the binding layer. Formation of 
a container layer includes the deposition of a solvent solution 
containing the polymer onto the binding layer by bringing a 
metal surface having the activation layer and binding layer 
into contact With a polymer solution by dipping the surface 
into the solvent solution or spraying, casting, pouring or 
spreading the solution onto the surface, and evaporating the 
excess solvent. The solvent solution may contain one or more 

biologically active compounds. In certain embodiments, the 
solvent is an aprotic solvent such as an ether, ketone, aromatic 
hydrocarbon and a mixture of these solvents. The catalyst 
may be a loW-toxicity catalyst suitable for ring-opening poly 
merization of lactones by a coordination-insertion mecha 
nism. The catalyst includes tin(II), zinc, calcium carboxy 
lates, iron carboxylates, and alkyl aluminum compounds. 
[0033] In still another embodiment of the invention, the 
polymer of the container layer is compatible With the polymer 
of the binding layer. The container layer may be formed by 
deposition of one or more successive sublayers of polymer 
over the binding layer. Each sublayer of polymer may have 
the same composition as the previous container sublayer or 
each sublayer may vary in polymer composition. Each of 
these successive layers of polymer may contain one or more 
biologically active agents. 
[0034] In yet another embodiment, the invention provides 
for a medical device having a metal surface With a metal 
activating layer of polymerized silane derivatives covalently 
bonded to the metal surface, a binding layer of a polylactone 
covalently bonded to the polymerized silane derivatives, and 
a container layer of a polymer adhered to the binding layer, 
Where the container layer has a biologically active agent(s) 
releaseably associated With the polymer. The biologically 
active agent(s) may be about 0.5 to 60% by Weight of the 
container layer. 
[0035] In a further preferred embodiment, the medical 
device is, for example, a stent, vascular graft tubing, a blood 
oxygenator, an intravascular balloon, a catheter, an implant 
able pulse generator, an electrode, an electrical lead, sutures, 
a soft or hard tissue prosthesis, or an arti?cial organ. The 
container layer and the binding layer include one or more 
sublayers of one or more polylactone polymers. The poly 
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mers may be a lactone co-polymer that may include block 
copolymers of least one polylactone block. 
[0036] In another preferred embodiment, the container 
layer has tWo or more sublayers of the same or different 
polymers. The concentration of the biologically active agent 
(s) in an inner container sublayer may be different than the 
concentration of the biologically active agent in an outer 
container sublayer. 
[0037] In another preferred embodiment, at least one bar 
rier or skin layer is provided on top of the container layer. The 
composition of the barrier or skin layer may be different from 
the composition of the outermost container layer sublayer, 

DESCRIPTION OF THE FIGURES 

[0038] FIG. 1 is a schematic representation of the coated 
metal surface of the invention. 
[0039] FIG. 2 is a schematic representation of the mecha 
nism and structure involved in the reactive adsorption of 
alkoxysilane activating reagent on surfaces containing metal 
oxide groups. 
[0040] FIG. 3 is a graph shoWing the release of a biologi 
cally active agent from a coated metal surface of the present 
invention. The cumulative amount (in mg) of CVT313 
released from PDLLA ?lms to PBS plotted against time 
(days) for different initial concentrations (W/W) of CVT3 13 in 
the ?lm (n:3); o-series G (initial conc 10.3%); A-series H 
(initial conc 18.9%); +-series J (initial conc 25.1%). 
[0041] FIG. 4 is a graph shoWing the release ofa biologi 
cally active agent from a coated metal surface of the present 
invention. Comparison of the release from plates of series N 
(open points) and P (?lled points) shoWing the effect of 
PDLLA skin layer on the release of CVT313 from the same 
container matrix (PLLA) (n:4). 
[0042] FIG. 5 is a graph shoWing the controlled release of 
dexamethasone from PDLLA coated stainless steel plates for 
PDLLA/dexamethasone composition With different dexam 
ethasone loading: series A (n:3), 19/ 6% W/W (?lled points); 
series B (n:3) 12.8% W/W (open points). 
[0043] FIG. 6 is graph shoWing the release rate pro?le of 
CVT313 from coated coronary stents of the present invention. 
The symbols shoW the measured values for individual stents 
(n:3). The line represents the average values. 
[0044] FIG. 7 is a graph shoWing the release rate for the 
same data shoWn in FIG. 6 on a square-root of time scale. The 
cumulative amount of released CVT313 from coated coro 
nary stents in % of total loading plotted on a square-root-of 
time scale. The symbols shoW the measured values for indi 
vidual stents (n:3). The line represents the linear ?t. The 
linear dependence of the released amount on the square-root 
of-time indicates the compliance With the diffusion con 
trolled mechanism of release, typical for the monolithic 
matrix devices. Higuchi, T., Rate of release of medicaments 
from ointment bases containing drugs in suspensions. J. 
Pharm. Sci., 50: 874-875 (1961); Higuchi, T., Mechanism of 
sustained-action medication, theoretical analysis of rate of 
release of solid drugs dispersed in solid matrices. .1. Pharm. 
Sci, 52: 1145-1149 (1963). 
[0045] FIG. 8 is a graph shoWing the release rate pro?le for 
CVT313 from coated metal surfaces of the present invention. 
The fraction of CVT313 released over 10 days period from 
the series of coating ?lms formed by polylactide composi 
tions With different ratio of L-lactide and D-lactide structural 
units. Series Q (?lled circles): PLLA (L-LA/D-LAILOO); 
series R (open circles): PLLA/PDLLA 3:1 blend (L-LA/D 
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LA:0.88); series S (triangles): PLLA/PDLLA 1:1 blend 
(L-LA/D-LA:0.75); series T (open squares): P-LL-co-DL 
(L-LA/D-LA:0.75); and series U (?lled squares): PDLLA 
(L-LA/D-LA:0.5). 

DETAILED DESCRIPTION OF THE INVENTION 

[0046] We recently found the requirements for biologically 
active compound-releasing polymer coatings for implantable 
medical devices can be met by using polyester-based polymer 
coatings. The polymer coating can improve the performance 
of the device by providing a biocompatible interface betWeen 
the metal surface and the surrounding tissue, While the bio 
logical response of the organism, namely the local response 
of the surrounding tissue, can be modulated by sustained 
release of a suitable biologically active agent(s). We found 
that a loW-pro?le polymer layer, that does not signi?cantly 
affect mechanical properties of the device and that provides 
for a long-lasting matrix reservoir for a biologically active 
agent(s) to be released in a controlled manner, can be pro 
duced by a successive deposition of chemically compatible 
polymers on the metal surface of the implantable device. 
First, an activating silane derivative interfacing the metal 
surface is covalently bound to the metal surface to activate the 
surface and provide for suitable functional groups. Second, a 
polymer (binding) layer is covalently bound to the activating 
layer. The covalent binding of the ?rst polymer binding layer 
provides for good adhesion of any subsequent polymer layers 
to the surface of the device. This alloWs for a thin, durable and 
contiguous ?lm having a release performance Which can be 
adjusted in a reproducible manner. This method is applicable 
for use With biocompatible, medically applicable polymers, 
thus making the method suitable for coating medical devices. 
[0047] Before proceeding further With a description of the 
speci?c embodiments of the present invention, a number of 
terms Will be de?ned. 
[0048] The term “alkyl” refers to a monoradical branched 
or unbranched saturated hydrocarbon chain having from 1 to 
20 carbon atoms. This term is exempli?ed by groups such as 
methyl, ethyl, n-propyl, iso-propyl, n-butyl, iso-butyl, t-butyl, 
n-pentyl, 2-methylbutyl, n-hexyl, n-decyl, tetradecyl, and the 
like. 
[0049] The term “substituted alkyl” refers to (1) an alkyl 
group as de?ned above, having from 1 to 5 substituents, 
preferably 1 to 3 substituents, selected from the group con 
sisting of alkenyl, alkynyl, alkoxy, cycloalkyl, cycloalkenyl, 
acyl, acylamino, acyloxy, amino, aminocarbonyl, alkoxycar 
bonylamino, aZido, cyano, halogen, hydroxy, keto, thiocar 
bonyl, carboxy, carboxyalkyl, arylthio, heteroarylthio, het 
erocyclylthio, thiol, alkylthio, aryl, aryloxy, heteroaryl, 
aminosulfonyl, aminocarbonylamino, aminothiocarbony 
lamino, aminothiocarbonylamio, heteroaryloxy, heterocy 
clyl, heterocyclooxy, hydroxyamino, alkoxyamino, nitro, 
iSO-alkyl, iSO-aryl, iSO-heteroaryl, iSO2-alkyl, 
SO2-aryl and iSO2-heteroaryl. Unless otherWise con 
strained by the de?nition, all substituents may be optionally 
further substituted by alkyl, alkoxy, halogen, CF3, amino, 
substituted amino, cyano, or iS(O)nR, in Which R is alkyl, 
aryl, or heteroaryl and n is 0, 1 or 2; (2) an alkyl group as 
de?ned above that is interrupted by 1-5 atoms or groups 
independently chosen from oxygen, sulfur and iNRai, 
Where Ra is chosen from hydrogen, alkyl, cycloalkyl, alkenyl, 
cycloalkenyl, alkynyl, aryl, heteroaryl and heterocyclyl. All 
substituents may be optionally further substituted by alkyl, 
alkoxy, halogen, CF3, amino, substituted amino, cyano, or 
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iS(O)nR, in Which R is alkyl, aryl, or heteroaryl and n is 0, 
1 or 2; or (3) an alkyl group as de?ned above that has both 
from 1 to 5 substituents as de?ned above and is also inter 
rupted by 1 to 5 atoms or groups as de?ned above. 
[0050] The term “alkylene” refers to a diradical of a 
branched or unbranched saturated hydrocarbon chain, pref 
erably having from 1 to 20 carbon atoms, preferably 1 to 10 
carbon atoms, more preferably 1 to 6 carbon atoms. This term 
is exempli?ed by groups such as methylene (4CH2-), ethyl 
ene (4CH2CH2-), the propylene isomers (e.g., 
%H2CH2CH2- and %H(CH3)CH2-) and the like. 
[0051] The term “substituted alkylene” refers to (1) an 
alkylene group as de?ned above having from 1 to 5 substitu 
ents selected from the group consisting of alkyl, alkenyl, 
alkynyl, alkoxy, cycloalkyl, cycloalkenyl, acyl, acylamino, 
acyloxy, amino, aminocarbonyl, alkoxycarbonylamino, 
aZido, cyano, halogen, hydroxy, keto, thiocarbonyl, carboxy, 
carboxyalkyl, arylthio, heteroarylthio, heterocyclylthio, 
thiol, alkylthio, aryl, aryloxy, heteroaryl, aminosulfonyl, ami 
nocarbonylamino, aminothiocarbonylamino, heteroaryloxy, 
heterocyclyl, heterocyclooxy, hydroxyamino, alkoxyamino, 
nitro, iSO-alkyl, iSO-aryl, iSO-heteroaryl, i802 
alkyl, SO2-aryl and iSO2-heteroaryl. Unless otherWise con 
strained by the de?nition, all substituents may be optionally 
further substituted by alkyl, alkoxy, halogen, CF3, amino, 
substituted amino, cyano, or iS(O)nR, in Which R is alkyl, 
aryl, or heteroaryl and n is 0, 1 or 2; (2) an alkylene group as 
de?ned above that is interrupted by 1 to 5 atoms or groups 
independently chosen from oxygen, sulfur and NRai, Where 
Ra is chosen from hydrogen, optionally substituted alkyl, 
cycloalkyl, cycloalkenyl, aryl, heteroaryl and heterocycyl, or 
groups selected from carbonyl, carboxyester, carboxyamide 
and sulfonyl; or (3) an alkylene group as de?ned above that 
has both from 1 to 5 substituents as de?ned above and is also 
interrupted by 1 to 20 atoms as de?ned above. Examples of 
substituted alkylenes include chloromethylene (‘CH 
(Cl)i), aminoethylene (4CH(NH2)CH2i), methylamino 
ethylene (iCH(NHMe)CH2i), 2-carboxypropylene iso 
mers (iCH2CH(CO2H)CH2i), ethoxyethyl 
(iCH2CH2O4CH2CH2i), ethylmethylaminoethyl 
(iCH2CH2N(CH3 )CH2CH2i), 1-ethoxy-2-(2-ethoxy 
ethoxy)ethane (iCH2CH2O4CH2CH2iOCH2CH2i 
OCHZCHZi), and the like. 
[0052] The term “aralkyl” refers to an aryl group covalently 
linked to an alkylene group, Where aryl and alkylene are 
de?ned herein. “Optionally substituted aralkyl” refers to an 
optionally substituted aryl group covalently linked to an 
optionally substituted alkylene group. Such aralkyl groups 
are exempli?ed by benZyl, phenylethyl, 3-(4-methoxyphe 
nyl)propyl, and the like. 
[0053] The term “alkoxy” refers to the group R4Oi, 
Where R is optionally substituted alkyl or optionally substi 
tuted cycloalkyl, or R is a group iY-Z, in WhichY is option 
ally substituted alkylene and Z is optionally substituted alk 
enyl, optionally substituted alkynyl, or optionally substituted 
cycloalkenyl, Where alkyl, alkenyl, alkynyl, cycloalkyl and 
cycloalkenyl are as de?ned herein. Preferred alkoxy groups 
are optionally substituted alkyl-Oi and include, by Way of 
example, methoxy, ethoxy, n-propoxy, iso-propoxy, n-bu 
toxy, tert-butoxy, sec-butoxy, n-pentoxy, n-hexyloxy, 1,2 
dimethylbutoxy, tri?uoromethoxy, and the like. 
[0054] The term “alkenyl” refers to a monoradical of a 
branched or unbranched unsaturated hydrocarbon group pref 
erably having from 2 to 20 carbon atoms, more preferably 2 to 
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10 carbon atoms and even more preferably 2 to 6 carbon 
atoms and having 1 to 6, preferably 1, double bond (vinyl). 
Preferred alkenyl groups include ethenyl or vinyl 
(4CH:CH2), l-propylene or allyl (4CH2CH:CH2), iso 
propylene (iC(CH3):CH2), bicyclo[2.2.l]heptene, and 
the like. In the event that alkenyl is attached to nitrogen, the 
double bond cannot be alpha to the nitrogen. 
[0055] The term “substituted alkenyl” refers to an alkenyl 
group as de?ned above having from 1 to 5 substituents, and 
preferably 1 to 3 substituents, selected from the group con 
sisting of alkyl, alkenyl, alkynyl, alkoxy, cycloalkyl, 
cycloalkenyl, acyl, acylamino, acyloxy, amino, aminocarbo 
nyl, alkoxycarbonylamino, aZido, cyano, halogen, hydroxy, 
keto, thiocarbonyl, carboxy, carboxyalkyl, arylthio, het 
eroarylthio, heterocyclylthio, thiol, alkylthio, aryl, aryloxy, 
heteroaryl, aminosulfonyl, aminocarbonylamino, aminothio 
carbonylamino, heteroaryloxy, heterocyclyl, heterocyclooxy, 
hydroxyamino, alkoxyamino, nitro, iSO-alkyl, iSO-aryl, 
iSO-heteroaryl, iSOZ-alkyl, SO2-aryl and iSOZ-het 
eroaryl. All substituents may be optionally further substituted 
by alkyl, alkoxy, halogen, CF3, amino, substituted amino, 
cyano, or iS(O)nR, in Which R is alkyl, aryl, or heteroaryl 
andn is 0, l or 2. 
[0056] The term “alkynyl” refers to a monoradical of an 
unsaturated hydrocarbon, preferably having from 2 to 20 
carbon atoms, more preferably 2 to 10 carbon atoms and even 
more preferably 2 to 6 carbon atoms and having at least 1 and 
preferably from 1 to 6 sites of acetylene (triple bond) unsat 
uration. Preferred alkynyl groups include ethynyl, 
(4CECH), propargyl (or prop-l-yn-3-yl, iCHZCECH), 
and the like. In the event that alkynyl is attached to nitrogen, 
the triple bond cannot be alpha to the nitrogen. 
[0057] The term “substituted alkynyl” refers to an alkynyl 
group as de?ned above having from 1 to 5 substituents, and 
preferably 1 to 3 substituents, selected from the group con 
sisting of alkyl, alkenyl, alkynyl, alkoxy, cycloalkyl, 
cycloalkenyl, acyl, acylamino, acyloxy, amino, aminocarbo 
nyl, alkoxycarbonylamino, aZido, cyano, halogen, hydroxy, 
keto, thiocarbonyl, carboxy, carboxyalkyl, arylthio, het 
eroarylthio, heterocyclylthio, thiol, alkylthio, aryl, aryloxy, 
heteroaryl, aminosulfonyl, aminocarbonylamino, aminothio 
carbonylamino, heteroaryloxy, heterocyclyl, heterocyclooxy, 
hydroxyamino, alkoxyamino, nitro, iSO-alkyl, iSO-aryl, 
iSO-heteroaryl, iSOZ-alkyl, SO2-aryl and iSOZ-het 
eroaryl. All substituents may be optionally further substituted 
by alkyl, alkoxy, halogen, CF3, amino, substituted amino, 
cyano, or iS(O)nR, in Which R is alkyl, aryl, or heteroaryl 
andn is 0, l or 2. 

[0058] The term “aryl” refers to an aromatic carbocyclic 
group of 6 to 20 carbon atoms having a single ring (e.g., 
phenyl) or multiple rings (e.g., biphenyl), or multiple con 
densed (fused) rings (e.g., naphthyl or anthryl). Preferred 
aryls include phenyl, naphthyl and the like. 
[0059] Unless otherWise constrained by the de?nition for 
the aryl substituent, such aryl groups can optionally be sub 
stituted With from 1 to 5 substituents, preferably 1 to 3 sub 
stituents, selected from the group consisting of alkyl, alkenyl, 
alkynyl, alkoxy, cycloalkyl, cycloalkenyl, acyl, acylamino, 
acyloxy, amino, aminocarbonyl, alkoxycarbonylamino, 
aZido, cyano, halogen, hydroxy, keto, thiocarbonyl, carboxy, 
carboxyalkyl, arylthio, heteroarylthio, heterocyclylthio, 
thiol, alkylthio, aryl, aryloxy, heteroaryl, aminosulfonyl, ami 
nocarbonylamino, aminothiocarbonylamino, heteroaryloxy, 
heterocyclyl, heterocyclooxy, hydroxyamino, alkoxyamino, 
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nitro, iSO-alkyl, iSO-aryl, iSO-heteroaryl, i802 
alkyl, SO2-aryl and iSOZ-heteroaryl. All substituents may 
be optionally further substituted by alkyl, alkoxy, halogen, 
CF 3, amino, substituted amino, cyano, or is (O)nR, in Which 
R is alkyl, aryl, or heteroaryl and n is 0, l or 2. 
[0060] The term “aryloxy” refers to the group aryl-Oi 
Wherein the aryl group is as de?ned above, and includes 
optionally substituted aryl groups as also de?ned above. The 
term “arylthio” refers to the group RiSi, Where R is as 
de?ned for aryl. 
[0061] The term “amino” refers to the group iNHZ. 
[0062] The term “substituted amino” refers to the group 
iNRR Where each R is independently selected from the 
group consisting of hydrogen, alkyl, cycloalkyl, carboxyalkyl 
(for example, benZyloxycarbonyl), aryl, heteroaryl and het 
erocyclyl provided that both R groups are not hydrogen, or a 
group iY-Z, in Which Y is optionally substituted alkylene 
and Z is alkenyl, cycloalkenyl, or alkynyl, All substituents 
may be optionally further substituted by alkyl, alkoxy, halo 
gen, CF3, amino, substituted amino, cyano, or iS(O)nR, in 
Which R is alkyl, aryl, or heteroaryl and n is 0, l or 2. 
[0063] The term “halogen” or “halo” refers to ?uoro, 
bromo, chloro, or iodo. 
[0064] The term “acyl” denotes a group 4C(O)R, in Which 
R is hydrogen, optionally substituted alkyl, optionally substi 
tuted cycloalkyl, optionally substituted heterocyclyl, option 
ally substituted aryl, or optionally substituted heteroaryl. 
[0065] The term “heteroaryl” refers to an aromatic group 
(i.e., unsaturated) comprising 1 to 15 carbon atoms and l to 4 
heteroatoms selected from oxygen, nitrogen and sulfur Within 
at least one ring. 
[0066] Unless otherWise constrained by the de?nition for 
the heteroaryl substituent, such heteroaryl groups can be 
optionally substituted With 1 to 5 substituents, preferably 1 to 
3 substituents selected from the group consisting of alkyl, 
alkenyl, alkynyl, alkoxy, cycloalkyl, cycloalkenyl, acyl, acy 
lamino, acyloxy, amino, aminocarbonyl, alkoxycarbony 
lamino, aZido, cyano, halogen, hydroxy, keto, thiocarbonyl, 
carboxy, carboxyalkyl, arylthio, heteroarylthio, heterocy 
clylthio, thiol, alkylthio, aryl, aryloxy, heteroaryl, aminosul 
fonyl, aminocarbonylamino, aminothiocarbonylamino, het 
eroaryloxy, heterocyclyl, heterocyclooxy, hydroxyamino, 
alkoxyamino, nitro, iSO-alkyl, iSO-aryl, iSO-het 
eroaryl, iSOZ-alkyl, SOZ-aryl and iSOZ-heteroaryl. All 
substituents may be optionally further substituted by alkyl, 
alkoxy, halogen, CF3, amino, substituted amino, cyano, or 
iS(O)nR, in Which R is alkyl, aryl, or heteroaryl and n is 0, 
l or 2. Such heteroaryl groups can have a single ring (e.g., 
pyridyl or furyl) or multiple condensed rings (e.g., indoliZ 
inyl, benZothiaZolyl, or benZothienyl). Examples of nitrogen 
heterocycles and heteroaryls include, but are not limited to, 
pyrrole, imidaZole, pyraZole, pyridine, pyraZine, pyrimidine, 
pyridaZine, indoliZine, isoindole, indole, indaZole, purine, 
quinoliZine, isoquinoline, quinoline, phthalaZine, naphth 
ylpyridine, quinoxaline, quinaZoline, cinnoline, pteridine, 
carbaZole, carboline, phenanthridine, acridine, phenanthro 
line, isothiaZole, phenaZine, isoxaZole, phenoxaZine, phe 
nothiaZine, imidaZolidine, imidaZoline, and the like as Well as 
N-alkoxy-nitrogen containing heteroaryl compounds. 
[0067] “Optional” or “optionally” means that the subse 
quently described event or circumstance may or may not 
occur, and that the description includes instances Where said 
event or circumstance occurs and instances in Which it does 
not. 
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[0068] The term “homopolymer” means a polymer derived 
from one species of monomer. 
[0069] The term “copolymer” means a polymer derived 
from more than one species of monomer. 

[0070] The term “statistical copolymer” means a copoly 
mer consisting of macromolecules in Which the sequential 
distribution of the monomeric units obeys knoWn statistical 
laWs, eg the sequential distribution of monomer units fol 
loWs Markovian statistics. 
[0071] The term “block copolymer” means a polymer com 
posed of macromolecules consisting of a linear sequence of 
blocks, Wherein the term “block” means a portion of macro 
molecule comprising many constitutional units that has at 
least one feature Which is not present in the adjacent portions. 
[0072] The term “polymer matrix” refers to all of the poly 
mer layers or sublayers on the metal surface. This can include 
activating, binding, container, and/or barrier layers. 
[0073] The term “amphiphilic copolymer” means a poly 
mer containing both hydrophilic (Water-soluble) and hydro 
phobic (Water-insoluble) segments. 
[0074] The term “polyester” means a polymer With struc 
tural units connected by ester bonds, comprising polyesters 
obtained from dicarboxylic acids and diols, or from hydroxy 
alkanoic acids by polycondensation, and includes polylac 
tones obtained by ring-opening polymerization of lactones, 
such as polyglycolides polylactides, polycaprolactone and 
related copolymers. 
[0075] The term “metal” means surfaces made of, for 
example, stainless steel, titanium or tantalum With oxide 
groups on their surface, as Well as other surfaces made of, for 
example, polymers or glass, With hydroxyl groups or other 
functional groups that can be transformed to hydroxyl groups 
on their surfaces. The surface may be of any shape and may be 
a part of any medical devices. Examples of such devices 
include both implantable or extracorporeal devices such as 
vascular graft tubing, blood oxygenators, intravascular bal 
loons, catheters, implantable pulse generators, electrodes, 
electrical leads, stents, sutures, soft or hard tissue prosthesis, 
arti?cial organs and the like. Further, there are likely to be 
many applications for the coated metal outside the medical 
?eld. Accordingly, it Will be appreciated by those skilled in 
the art that the invention described may be applied to many 
medical devices and in ?elds outside of medicine Where a 
polymer coated metal surface of the invention may be useful. 
[0076] A coating composition of this invention is prefer 
ably used to coat an implantable medical device that under 
goes ?exion or expansion in the course of its implantation or 
use in vivo. The Words “?exion” and “expansion” as used 
herein With regard to implantable devices Will refer to a 
device, or portion thereof, that is bent (e.g., by at least about 
30 degrees or more) and/or expanded (e.g., to greater than its 
initial dimension), either in the course of its placement, or 
thereafter in the course of its uses in vivo. 

[0077] Stents are designed to mechanically prevent the col 
lapse and reocclusion of the coronary arteries. The coating 
composition can also be used to coat stents, Which are typi 
cally prepared from materials such as stainless steel or tanta 
lum. A variety of stent con?gurations are knoWn including but 
not limited to shape memory alloy stents, expandable stents 
and stents formed in situ e.g., either self-expanding stents 
(such as the Wallstent variety), or balloon-expandable stents 
(as are available in a variety of styles, for instance, Gianturco 
Roubin, PalmaZ-ShatZ, Wiktor, Strecker, ACS Multi-Link, 
Cordis, AVE Micro Stent). Other suitable metals for such 
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stents include gold, molybdenum-rhenuim alloy, platinum 
iridium alloy and combinations thereof. See, for example, 
U.S. Pat. No. 4,733,655, U.S. Pat. No. 4,800,882 and Us. 
Pat. No. 4,886,062, all of Which are incorporated by reference 
in their entirety. 
[0078] The polymer coating or coating composition on the 
metal surface can be composed of several layers. Referring 
noW to FIG. 1, the metal surface has a ?rst coat (shoWn as A 
in FIG. 1), referred to herein as the metal activating layer that 
is composed of silane polymer derivatives covalently bound 
to the metal surface. A second layer (shoWn as B in FIG. 1), 
referred to herein as the binding layer, is composed of a 
polylactone covalently bonded to the chemical groupings 
provided by the silane polymer in the metal activating layer. A 
third layer (shoWn as C(1) in FIG. 1), referred to herein as the 
container layer, is deposited on the surface of the binding 
layer. The container layer may optionally be composed of one 
or more sublayers of the same or different polymers. The 
binding layer and the coating layer may optionally contain 
one or more biologically active compounds releasably dis 
persed in the polymer matrix. Once the coated metal surface 
is placed in an aqueous environment, typically the body ?u 
ids, such as blood, lymph or extracellular ?uids, the biologi 
cally active compounds are released into the aqueous envi 
ronment. The composition of the binding layer and the 
container layer may, for example, be adjusted to provide for a 
controlled release of these compounds into a surrounding 
aqueous medium and/or to modify the tissue reaction to the 
presence of the device, for example, to make the surface 
thromboresistant. The coated metal surface may be composed 
of tWo or more sublayers With different functions, optionally 
the uppermost layer may function as a barrier or skin layer 
(shoWn as C(2) in FIG. 1). 
[0079] The barrier or skin layer can be used to control the 
biologically active agent release from the polymer matrix. For 
example, if a single polymer matrix container layer is formed 
on the surface, a skin layer of the same polymer that is used in 
the container layer can be added on top of the container layer. 
This skin layer could either not contain a biologically active 
agent, or could contain a much loWerbiologically active agent 
loading than is present in the container layer, and thus Would 
function as a diffusion barrier for the biologically active 
agent. 
[0080] The skin layer can also have different properties, for 
example, crystallinity, or solubility in solvents, from the con 
tainer layer. Thus, it may be possible to apply a skin layer 
using solvents that do not dissolve the underlying container 
layer and/or extract the incorporated biologically active 
agent. 
[0081] A skin layer made of a hydrophobic polymer can 
provide better release control for hydrophilic biologically 
active agents (or agents With high solubility in Water) than a 
hydrophilic skin. A hydrophilic polymer in the skin layer 
Would facilitate uptake of Water into the container layer, 
increase the hydration, concentration of soluble fraction and, 
consequently, make the release faster. On the other hand, the 
agent loading in the container layer is high, close to the 
percolation limit, a single hydrophilic skin layer may not 
provide suf?cient release control. 
[0082] The outermost skin or barrier layer can comprise 
more than one sublayer. The innermost sublayer of the skin 
layer can be hydrophobic. There may be a hydrophilic sub 
layer on the outside of the innermost skin sublayer Which 
Would provide a biocompatible, nonadsorptive or otherWise 
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biospeci?c interface between the device and the tissue envi 
ronment into Which the device is placed. 
[0083] The biologically active (e.g., pharmaceutical) 
agents useful in the present invention include virtually any 
therapeutic substance Which possesses desirable therapeutic 
characteristics for application to the implant site. As used 
herein “biologically active agent” refers to a single biologi 
cally active agent or several biologically active agents. It is 
contemplated that one or more biologically active agents may 
be releasably associated With the polymers on the metal sur 
face. These agents include, but are not limited to: thrombin 
inhibitors, antithrombogenic agents, thrombolytic agents 
(eg factor Xa inhibitors), ?brinolytic agents, vasospasm 
inhibitors, calcium channel blockers, vasodilators, antihyper 
tensive agents, antimicrombial agents, antibiotics, inhibitors 
of surface glycoprotein receptors, antiplatelet agents, antimi 
totics, microtubule inhibitors, anti secretory agents, actin 
inhibitors, remodeling inhibitors, antisense nucleotide, anti 
metabolites, antiproliferatives (e.g. E2F antisense com 
pounds, Rapamycin (sirolimus), tacrolimus, Taxol, pacli 
taxol, Cyclin Dependent Kinase inhibitors) anticancer che 
motherapeutic agents, anti-in?ammatory steroid or non 
steroidal anti-in?ammatory agents, immunosuppressive 
agents, groWth hormone antagonists (e.g. PDGF receptor 
tyrosine kinase inhibitors), groWth factors, dopamine ago 
nists, radiotheraputic agents, peptides, proteins, enZymes, 
extracellular matrix components, ACE inhibitors, free radical 
scavengers, chelators, antioxidants, antipolyermases, 
riboZymes, antiviral agents, photodynamic therapy agents, 
and gene therapy agents. 
[0084] A preferred biologically active agent is a compound 
of the folloWing formula: 

[0085] This compound, an anti-proliferative agent knoWn 
generally as CVT 313, is named 2-{(2-hydroxyethyl)-[9-iso 
propyl-6-(4-methoxybenZylamino)-9H-purin-2-yl]-amino} 
ethanol or also knoWn as 2-diethanolamino-6-(4-methoxy 
benZylamino)-9-isopropylpurine. It is described in Us. Pat. 
No. 5,866,702, Which is incorporated by reference herein in 
its entirety. 
[0086] Other compounds Within the scope of either WO/08/ 
05335 or WO/00/44750, both of Which are incorporated 
herein in their entireties, include 
[0087] 2-[[6-(4-cholorbenZylamino)-9-isopropyl-9H-pu 

rin-2-yl]-(2-hydroxyethyl)-amino]-ethanol, also knoWn as 
6-(4-chlorobenZylamino)-[bis-(2-hydroxyethylamino)] 
9-isopropylpurine; 
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[0088] N2-(2-aminoethyl)-N6-(4-chlorobenZyl)-9-isopro 
pyl-9H-purine-2,6-diamine, also knoWn as 2-(2-aminoet 
hylamino)-6-(4-chlorobenZylamino)-9-isopropylpurine; 

[0089] 2-[[6-(2,5-di?urorbenZylamino)-9-isopropyl-9H 
purin-2-yl] -(2-hydroxyethyl)-amino] -ethanol, also knoWn 
as 6- [(2,5 -di?uorophenyl)methylamino] -2-[bis-(2 -hy 
droxyethylamino)] -9-isopropylpurine; 

[0090] 2-[6-(2,5-di?uoror-benZylamino)-9-isopropyl-9H 
purin-2-ylamino]-3-methyl-butan-l-ol, also knoWn as 
6 - [(2, 5 -di?uororphenyl)methylamino] -2- (l -hydroxym 
ethyl-2 -methylethylamino)-9-isopropylpurine; 

[0091] 2-{[6-(4-bromophenylamino)-9-isopropyl-9H-pu 
rin-2 -yl] - (2 -hydroxyethyl) -amino } -ethanol, also knoWn as 
6-4-bromophenylamino)-2-[bis-(2-hydroxyethylamino)] 
9-isopropylpurine; 

[0092] 2-{(2-hydroxyethyl)-[9-isopropyl-6-(quinolin-3 
ylamino)-9H-purin-2-yl]-amino}-ethanol, also knoWn as 
6-(quinolin-3 -ylamino)-2-[bis-(2-hydroxyethylamino)] 
9-isopropylpurine; 

[0093] N2-(2-aminopropyl)-N6-(4-chlorobenZyl)-9-iso 
propyl-9H-purine-2,6-diamine, also knoWn as 2-(2-amino 
propylamino)-6-(4-chlorobenZylamino)-9-isopropylpu 
rine; and 

[0094] 3-{[2-(2-aminoethylamino)-9-isopropyl-9H-purin 
6-ylamino] -methyl}-benZoic acid. 

[0095] Other preferred biologically active agents are 
adenosine A2a receptor agonists Which are knoWn to increase 
endothelial cell migration and prevent smooth muscle cell 
groWth. Examples of these compounds are represented by the 
folloWing formulae and are described in detail in the refer 
enced patents and patent applications, each of Which is incor 
porated by reference herein in its entirety. 
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grafted, or attached, to the metal activating layer. The grafted 
polymer binding layer is formed by the in-situ ring opening 
polymerization of lactone monomers initiated by suitable 
functional groups of the polymer of the metal activating layer 
and a catalyst added to the polymerization reaction. 
[0109] Suitable functional groups for initiating the grafting 
polymerization of lactones (“initiating functional groups”) 
can be created on metal surfaces through the reaction of a 
metal surface With selected silane derivatives, referred to 
herein as silane-based activating reagents (“SAR” or 
“SARs”). SAR is a silane derivative of general formula (R) 
3iSiRl wherein R1 is independently selected from substi 
tuted alkyl, substituted alkenyl, substituted alkynyl, substi 
tuted aralkyl, substituted heteroaryl, and substituted alkoxy 
With the proviso that R1 contains a hydroxy or amino group, 
or a functional group that can be transformed to a radical that 
contains a hydroxy or amino group; Wherein R2 is indepen 
dently selected from halo, optionally substituted alkoxy, 
optionally substituted aryloxy, optionally substituted sily 
loxy, or optionally substituted alkyl With the proviso that all 
three R2 substituents are not simultaneously substituted alkyl. 
[0110] Typical SARs can be selected from alkoxysilane 
derivatives such as tetraalkoxysilanes and organo-trialkox 
ysilane derivatives. Examples of tetraalkoxysilanes are 
alkoxysilanes of the formula Si(OR)4 in Which the R repre 
sents a C1 to C4 alkyl group, such as tetramethoxysilane, 
tetraethoxysilane, tetra-n-propoxysilane, tetra-n-butoxysi 
lane, and analogues. Typical examples of organo-trialkylsi 
lanes are compounds of a general formula R'iSii(OR)3 in 
Which the R represents C1 to C4 alkyl groups, and the R' 
represents a non-hydrolyzable organic substituent. 
[0111] Also, alkoxysilane derivatives acting as SARs can 
be formed in situ by the reaction of halosilane derivatives With 
alcohols. Examples of suitable halosilanes effective in this 
mode Will include tetrachlorosilane, trichloroalkyl silanes 
and dichlorodialkyl silanes. It becomes obvious that in this 
mode, the actual SAR is composed of a mixture of chemical 
species that, in addition to the original halosilane used, Will 
contain tetraalkoxysilanes, trialkoxysilanes as Well as 
dialkoxydialkyl silanes. The silicone industry offers a num 
ber of various halosilane and haloalkylsilane as Well as 
tetralkoxy- and organo-trialkoxy-silane derivatives, and 
many possibilities exist for the organic substituents. See, for 
example, GELEST Catalogue 2000: Silanes, Silicones and 
Metal-Organics. Gelest, Inc., Dr. Barry Arkles, TullytoWn, 
Pa., USA. 
[0112] Several structural features of SARs are important to 
the present invention. It is knoWn that alkoxy groups of alkox 
ysilanes easily undergo hydrolysis in the presence of Water to 
form silanol groups. Subsequent condensation of silanol 
groups produces siloxane from silanols. It is also knoWn that 
through condensation, silanol groups form siloxane chains. 
Analogously, Without Wishing to be bound by any theory, it is 
hypothesized that through the reaction of silanol groups With 
surface hydroxyl groups of hydrated metal oxides, siloxane 
bonds betWeen the silicone and metal atoms are formed, thus 
binding the silane molecules to the surface. At the same time 
the other alkoxysilane bonds undergo hydrolysis-condensa 
tion reaction betWeen silane molecules, thus leading to oli 
gomerization and polymerization of silane and forming a tWo 
or three dimensional siloxane netWork. A schematic repre 
sentation of the mechanism and structure involved in the 
reactive adsorption of alkoxysilane SARs on surfaces con 
taining metal oxide groups is shoWn in FIG. 2. A metal oxide 
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surface comprising metal atoms M having hydroxyl substitu 
ents OH is reacted With a SAR having the formula R'iSi 
(OR)3. Following the removal of Water from the reaction, the 
SAR is covalently bound to the metal surface. In addition, the 
SAR provides an initiating functional group, such as an 
alkanol or hydroxyalkyl group, for the initiation of in-situ 
polymerization of a polyester to provide the binding layer on 
the metal surface. 

[0113] While FIG. 2 shoWs the hydrolysis/condensation 
reaction achieving the siloxane activating layer as a tWo 
dimensional (monomolecular) layer, it is expected that the 
hydrolytic polymerization of a SAR produces oligomeric 
species of three-dimensional, cyclic and cross-linked aggre 
gates that interact With the metal surface to provide the silox 
ane activating layer. Therefore, it is expected that the cross 
linked polymerized structure of the siloxane layer has 
multiple attachment points With the metal, that results in the 
siloxane layer being ?rmly adhered to the metal surface. 
[0114] Suitable functional groups for R' are hydroxyalkyl 
groups that can form alkoxides through the reaction With a 
metal catalyst. In this Way, the siloxane activating layer With 
free hydroxyalkyl groups can be prepared by using functional 
trialkoxysilanes as SAR. Examples of suitable trialkoxysi 
lanes include hydroxyalkyl alkoxysilane derivatives. In addi 
tion, the folloWing are examples of commercially available 
silane-based activating reagents that contain a hydroxy 
group: N-(3 -triethoxysilylpropyl)-4-hydroxybutyramide, 
N-(3 -triethoxysilylpropyl)gluconamide, 3 - [Bis (2 -hydroxy 
ethyl)amino]propyl-trimethoxysilane, and 3-[Bis(2-hy 
droxyethyl)amino]propyl-triethoxysilane. 
[0115] In addition to alkanol and hydroxyalkyl groups, the 
polymerization of lactones in the presence of suitable metal 
catalysts can be ef?ciently initiated also by other strong 
nucleophiles, inparticular by amines, including primary alkyl 
amines, sterically unhindered secondary amines and com 
pounds containing a nucleophilic amino alkyl chain. Under 
certain conditions, the reaction of amines With lactones is fast 
enough to initiate polymerization of lactones in solution or 
melt. The initial reaction of the amine With lactones, such as 
lactide, glycolide or e-caprolactone, provides for amides hav 
ing an (Jo-hydroxyalkyl group, such as lactoyllactyl amide, 
glycolylglycylamide or 6-hydroxycaproyl amide, respec 
tively. Through their (Jo-hydroxyalkyl groups these amides 
can form alkoxides With a suitable metal catalyst and in 
presence of an additional lactone monomer (monomer is 
de?ned to include the cyclic dimers of lactic acid and glycolic 
acid as Well as other cylic lactone monomers), polymerization 
can continue by a propagation reaction, typical for lactone 
ring-opening polymerization. Suitable reaction conditions 
for the initiation of the lactone polymerization by alkylamine 
groups on the surfaces are Well compliant With those required 
for lactone polymerization in general. These conditions 
include exclusion of Water and other protic compounds from 
the system, except the protic groups presented by activated 
surface, either in solution or a melt. Typically, an elevated 
temperature Would be bene?cial, as it increases the reaction 
rate of amine and lactone species and the formation of amide 
bonds. Typical temperature range Will be 20 to 2500 C., pre 
ferrably 20 to 1200 C., for solution reactions, With the upper 
limit of this range depending on the solvent and the decom 
position temperature of the lactone, While the minimum tem 
perature of the reaction in bulk or a lactone melt Will be 
dependent on the melting temperature of selected lactone 
monomer. 
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[0116] Thus, the lactone polymerization can be ef?ciently 
initiated by the aminoalkyl groups present in the surface 
activating layer. This allows for the formation of grafting 
susceptible functional groups at the metal surfaces by using 
silane-based activating agents With an amino group. Typical 
examples of commercially available reagents that may be 
useful as SARs to be applied in this Way include 
[01 17] N- (3 -aminoethyl)-3 -aminopropyltrimethoxysilane, 
[01 18] 3 -aminopropyl-trimethoxysilane, 
[01 19] 3 -aminopropyltriethoxylsilane, 
[0120] methyl(2-(3 -trimethoxysilylpropylamino)-3-propi 

onate, 
[0121] 3 -(N-styrylmethyl-3 -aminoethylamino)-propyl-tri 

methoxysilane hydrochloride, 
[0122] 4-aminobutyltriethoxysilane, 
[01 23] 3 -(3 -aminopropoxy)3 , 3 -dimethyl -l -propenyltri 

methoxysilane, 
[0124] N- (6 -aminohexyl)aminopropyltrimethoxysilane, 
[0125] N-(3 -trimethoxysilylethyl)ethylenediamine, 
[0126] N-(2-(N-vinylbenZylamino)ethyl)-3 -aminopropyl 

trimethoxysilane hydrochloride, 
[0127] l -trimethoxysilyl-2-(aminomethyl)phenylethane, 
[0128] N-2-(aminoethyl)-3-aminopropyltris-(2-ethyloxy) 

silane, 
[0129] 3-(N-allylamino)propyltrimethoxysilane, 
[0130] 3-(2-aminoethylamino)propyltrimethoxysilane, 
and 

[0131] 3-(2-aminoethylamino)propyltriethoxysilane. 
[0132] In addition to using alkoxy silane and amino silane 
derivatives to derivatiZe a metal surface, the same result can 
be achieved by using reactive alkoxysilane intermediates 
containing a functionaliZed alkyl group that can be converted 
to hydroxyalkyl or an amino alkyl group through a subse 
quent modi?cation reaction With nucleophiles. Typical 
examples of suitable silylating reactants useful for this mode 
of the procedure include 
[0133] (3-isocyanatopropyl)triethoxysilane, 
[0134] (3-thioisocyanatopropyl)triethoxysilane, 
[0135] (3-glycidyloxypropyl)trimethoxysilane, 
[013 6] (3- glycidyloxypropyl)triethoxysilane, 
[0137] (3-bromopropyl)trimethoxysilane, chloropropyl) 

trimethoxysilane and analogous compounds. 
[0138] The isocyanate, thiocyanate, glycidyl or haloalkyl 
groups present in these reagents can be used for introduction 
of hydroxyalkyl and/or amine groups by their reaction With 
diols, amino alcohols, amines and/or diamines. Analogously, 
alkenyl alkoxysilanes, containing an unsaturated bond in 
their alkenyl chain, such as allyltrialkoxysilanes, (6-hexen-l - 
yl)trialkoxysilanes, (7-Octen-l-yl)trialkoxysilanes and ana 
logues, can be modi?ed by the reaction With sulphanyl 
alkanols and sulphanyl amines. These and other analogous 
reactions are knoWn to those skilled in the art and are consis 
tent With the scope of the invention. 
[0139] The folloWing are commercially available reagents 
that contain a functional group that can be activated to a 
hydroxy group or amino group through a chemical transfor 
mation and Which may be useful and silane based activating 
reagents: 
[0140] 3 -chloropropyltrimethoxysilane, 
[0141] 3 -mercaptopropyltrimethoxysilane, 
[0142] 3 -glycidoxypropyltrimethoxysilane, 
[0143] vinyltris(2 -methoxyethoxy)silane, 
[0144] vinyltrimethoxysilane, 
[0145] vinyltriethoxysilane, 
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[0146] allyltriethoxysilane, 
[0147] 2-(3,4-epoxycyclohexyl)ethyltrimethoxysilane, 
[0148] 3 -chloropropyltriethoxysilane, 
[0149] 2-cyanoethyltriethoxysilane, 
[0150] 3 -cyanopropyltrimethoxysilane, 
[0151] vinyltriphenoxysilane, 
[0152] chloromethyltriethoxysilane, 
[0 1 53] 2 -cyano ethyltrimethoxysilane, 
[0154] 3 -acetoxypropyltrimethoxysilane, 
[0155] 3 -thiocyanatopropyltriethoxysilane, 
[0156] 3 -isocyanatopropyltrimethoxysilane, 
[0 1 57] (p-chloromethyl)phenyltrimethoxysilane, 
[0158] tetraallyloxysilane, 
[0159] triethoxysilylpropylethylcarbamate, 
[01 60] allyltrimethoxysilane, 
[01 61] 3 -bromopropyltrimethoxysilane, 
[01 62] 3 -mercaptopropyltriethoxysilane, 
[01 63] 4-((chloromethyl)phenethyl)trimethoxysilane, 
[01 64] 2-carbethoxyethyltriethoxysilane, 
[01 65] allyltris(trimethylsiloxy) silane, 
[0 1 6 6] diethylpho spato ethyltriethoxysilane, 
[01 67] 3 -iodopropyltrimethoxysilane, 
[01 68] 8-bromooctyltrimethoxysilane, 
[01 69] diethyl(triethoxysilylpropyl)malonate, 
[0170] l -methyl-4-(l -methyl-(2 -triethoxysilyl)ethyl)-cy 

clohexene, 
[0171] 3 -butenyltriethoxysilane, 
[0172] 4-(trimethoxysilyl)-l -butene, 
[0173] (2-(3 -cyclohexenyl)ethyl)triethoxysilane, 
[0174] 4-(trimethoxysilyl)butane-l ,2-epoxide, 
[0175] 2-(3,4-epoxycyclohexyl)ethyltriethoxysilane, 
[0176] triallyloxyvinylsilane, 
[0177] 5 -(bicycloheptenyl)triethoxysilane, 
[0178] acetoxymethyltriethoxysilane, 
[0179] acetoxymethyltrimethoxysilane, 
[0180] (p-chloromethyl)phenyl-tri -N-propoxysilane, 
[0181] 3 -(triethoxysilyl) -2 -methylpropylsuccinic anhy 

dride, 
[0182] 2-(triethoXysilylethyl)-5 -(chloroacetoxy)bicyclo 

heptane, 
[0183] 2-(chloromethyl)allyltrimethoxysilane, 
[0184] 2-carboethoxytriethoxsilane, 
[0185] ll-cyanoundecyltrimethoxysilane, 
[0186] 5 ,6-epoxyhexyltriethoxysilane, 
[0187] mercaptomethyltrimethoxysilane, 
[0188] 3 -(N-cyclohexylamino)propyltrimethoxysilane, 
[0189] triethoxysilylpropylmaleamic acid, 
[0190] 3 -bromopropyltriethoxysilane, 
[0191] 3 -tri?uoroacetoxypropyltrimethoxysilane, 
[0192] vinyltrichlorosilane, 
[0193] allyltrichlorosilane, 
[0194] (3-acetoxypropyl)trichloro silane, 
[0195] 3 -chloropropyltrichlorosilane, 
[0196] 3 -cyanopropyltrichlorosilane, 
[0197] 3 -chloropropyltrichlorosilane, 
[0198] 2-(carbomethoxy)ethyltrichloro silane, 
[0199] acetoxyethyltrichlorosilane, 
[0200] 3 -bromopropyltrichlorosilane, 
[0201] 7-octenyltrichloro silane, 
[0202] [2-(3 -cyclohexenyl)ethyl]trichlorosilane, 
[0203] (p-chloromethyl)phenyltrichloro silane, 
[0204] 2-chloroethylsilane, 
[0205] bicycloheptenyl-2 -trichloro silane, 
[0206] 3 -(trichloro silyl)cyclopentene, 
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[0207] (3-cyanobutyl)trichlorosilane, 
[0208] 3 -cyclohexenyltrichloro silane, 
[0209] (chloromethyl)phenethyl)trichlorosilane, 
[021 0] 5 -hexenyltrichlorosilane, 
[021 1] 2-(chloromethyl)allyltrichlorosilane, 
[0212] 1 1-bromoundecyltrichlorosilane, 
[0213] p-(T-butyl)phenethyltrichlorosilane, 
[0214] 2-(chloromethyl)propyltrichlorosilane, 
[0215] 8-nonenyltrichlorosilane, 
[021 6] 10-undecenyltrichlorosilane, 
[0217] (4-cyclooctenyl)trichlorosilane, 
[0218] 14-tetradec-1-enyltrichlorosilane, 
[0219] 2-bromoethyltrichlorosilane, 
[0220] methacryloxypropyltris(methoxyethoxy) silane, 
[0221] methacryloxypropyltris(trimethylsiloxy)silane, 
[0222] 3-methacryloxypropyltris(vinyldimethylsiloxy)si 

lane, 
[0223] (3-acryloxypropyl)trimethoxysilane, and 
[0224] methacryloxypropyltriethoxysilane. 
[0225] The modi?cation reactions of reactive silane inter 
mediates can be conveniently performed in conjunction With 
the silylation of the metal surfaces. Accordingly, the silyla 
tion reaction is carried out With the SAR having a reactive 
silane intermediate in the presence of nucleophiles such as 
diols, amino alcohols or amines. Otherwise, the silylation 
reaction can be performed in one step and, subsequently, the 
modi?cation With nucleophile reactants can be applied on the 
silylated metal surfaces. 
[0226] To treat metal surfaces, the SAR can be applied in 
solution or in a vapor phase. A variety of solvents and solvent 
compositions can be used. In this respect, numerous refer 
ences are available, teaching the use of silane derivatives in 
sol-gel processes and as adhesion promoters in corrosion 
protection. For a revieW of this art see for example, Iler, R. K. 
The Chemistry of Silica, Wiley, NeW York, 1979; Brinker, C. 
1., Scherer, G. W., Sol-Gel Science: the Physics and Chemis 
try of Sol-Gel Processing, Academic Press, NeW York, 1990; 
Jang, 1., Kim, E. K. Corrosion Protection of Epoxy-Coated 
Steel Using Different Silane Coupling Agents, .1. Applied 
Polym Sci. (1999), 71:585, each of Which is incorporated 
herein by reference in its entirety. 
[0227] It is expected that the siloxane polymer is bonded to 
the metal surface through a siloxane bond to the oxygen atom 
of the metal oxide. Therefore, the presence of metal oxide on 
the surface is expected to be important. Most of the metal 
articles, due to their contact With air, already exhibit a layer of 
metal oxide on their surface, Which Would be su?icient to 
carry out the procedure according to this invention. HoWever, 
a treatment of the metal surface by an oxidizing agent prior to 
application of SAR, for example, the treatment of the metal 
surface by an oxidizing agent as a part of a cleansing proce 
dure is consistent With this invention. 
[0228] The polymerization of alkoxysilane involves the 
hydrolysis of alkoxides as one of the reaction steps. There 
fore, the presence of Water molecules in the reaction medium 
is expected to be important. Accordingly, SAR may be 
applied in a solution Which contains Water either added inten 
tionally, or present as an impurity, as it is common in com 
mercial grades of many solvents. Water can also be added to 
the system by letting it adsorb on the metal surface to be 
treated, either by exposing the oxidized surface to the Water 
vapors or, in some cases, the amount of Water adsorbed from 
the air in contact With metal Will be suf?cient. 
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[0229] The polymerization of alkoxysilanes involves con 
densation reactions including silanols, alkoxides and metal 
oxides, during Which Water and/or alcohol molecules are 
liberated. Therefore, conditions enhancing the removal of the 
leaving compounds may be employed. Such conditions 
include treatment of silanized surfaces at elevated tempera 
ture or the application of a vacuum. 

[0230] Following the silylation of the metal surface, a bind 
ing polymer layer is applied to the surface. To apply the 
polymer of the binding layer, a binding or grafting reaction is 
carried out by exposing the SAR-activated surface to a solu 
tion of lactone and the catalyst in a suitable aprotic solvent, or 
to a mixture of catalyst and a lactone in bulk. In the initiation 
reaction of the grafting polymerization, the ?rst lactone 
monomer forms a covalent bond With the functional group of 
the SAR bound to the metal surface. In subsequent steps, the 
polylactone chain propagates by a stepWise addition of lac 
tone monomer. The resulting polymer molecules thus remain 
covalently bound to the surface through its initial structural 
unit. The chemical mechanisms that apply in the polymeriza 
tion grafting used in this embodiment are analogous to those 
that apply in the ring-opening polymerization of lactones in 
bulk or a solution. The ?eld of lactone polymerization either 
in bulk or a solution is Well described in numerous literature 
and principles of these reactions are knoWn to those, skilled in 
the art. Examples of the most frequently used polymerization 
reactions can be found in Dubois, P. et al., Aluminium Alkox 
ides: A Family of Versatile Initiators for the Ring-Opening 
Polymerization of Lactones and Lactides, Makromol. Chem, 
Macromol. Symp. (1991) 42/431103-116; Inoue, S., Coordi 
nation Ring-Opening Polymerization. Prog. Polymer Sci. 
(1988) 13:63-81; Jonte, J. M. et al., Polylactones. 4. Cationic 
Polymerization of Lactones by Means of Alkylsulfonates. J. 
Macromol. Sci-Chem. (1986) A231495-514; Kricheldorf, H. 
R. et al., Anionic and Pseudoanionic Polymerization of Lac 
tonesia Comparison. Makromol. Chem, Macromol. Symp. 
(1990), 32:285-298; Kricheldorf, H. R. et al., Poly(Lactones). 
9. Polymerization Mechanism of Metal Alkoxide Initiated 
Polymerizations of Lactide andVarious Lactones, Macromol 
ecules (1988) 21 :286-293; and Lofgren,A. et al., J. M S.-Rev. 
Macromol. Chem. Phys. (1995) C351379-41 8, each ofWhich 
are incorporated by reference in their entirely. 
[0231] It is knoWn that typical initiating species in lactone 
polymerization are metal alkoxides Which can be added to the 
reaction mixture or are formed in situ from the metal catalyst 
and alkanols or other hydroxyl-containing compounds. 
According to a preferred embodiment of the invention, only 
the functional groups of the metal activating layer bound to 
the metal surface are to be involved in the initiation of lactone 
polymerization. Thus, during the initiation of the grafting 
polymerization, the hydroxyl and/ or amine groups present in 
the siloxane polymer Will become acylated by lactone mono 
mer and, subsequently, through the continuing chain addition 
of monomer, the polyester chain Will groW anchored by its 
initial acyl bond to the siloxane functional groups. This 
method of polymerization is hereafter termed a grafting poly 
merization. 

[0232] Accordingly, in contrast to the usual lactone poly 
merization in bulk or a solution, it is preferred in the present 
invention that the addition of free species, that can act as 
initiating species of lactone polymerization, into the polymer 
ization medium is avoided. The incidental presence of these 
compounds or protic impurities, Which may lead to the for 
mation of free initiating species in the medium, could initiate 



US 2008/0160166 Al 

the growth of free polylactone polymers in the bulk (or a 
solution) Which Will not be bound to the surface. Such free 
polymer chains Will be inef?cient in formation of the binding 
layer, as they Would be easily Washed out by a polymer 
solvent. 

[0233] Suitable monomers in grafting polymerization are 
lactones. Typical examples of lactones include four to seven 
membered lactones, for example, the families of compounds 
comprising oxetan-2-one and 4-alkyl-oxetan-2-one, dihydro 
furan-2-one and 5-alkyl-dihydrofuran-2-one, tetrahydropy 
ran-2-one and 6-alkyl-tetrahydropyran-2-one, oxepan-2-one 
and 7-alkyl-oxepan-2-one, l,4-dioxan-2,5-dione, 3,6-alkyl 
l,4-dioxan-2,5-dione, 1,3-dioxepan-2-one, 1,3-dioxan-2 
one, 1,3-dioxolan-2-one, 1,5-dioxepan-2-one, l,4-dioxepan 
2-one, 1,3-dioxepan-4-one, and their substituted analogues, 
Wherein the alkyl is Cl -Cl0 alkyl or a substituted alkyl. In a 
preferred embodiment of the invention the lactone monomer 
comprises lactide (3,6-dimethyl-l,4-dioxane-2,5-dione) in 
its various enantiomeric forms (L-lactide, D-lactide, meso 
lactide and their mixtures), glycolide (l ,4-dioxane-2,5-di 
one), and e-caprolactone. 
[0234] For the binding layer, combinations of lactone 
monomers may be used to provide for grafting copolymer 
iZation. These copolymers can be made available With differ 
ent ratios of the co-monomers. Both the homopolymers and 
copolymers can be used in different molecular-Weight ranges. 
Preferably, the lactone copolymer includes one of poly(L 
lactide-co-D-Lactide), poly(L-lactide-co-glycolide), poly 
(D-lactide-co-glycolide), poly(D,L-lactide-co-glycolide), 
poly(lactide-co-caprolactone), poly(lactide-co-dioxanone), 
and poly(lactide-co-dioxepanone). 
[0235] The grafting of lactone molecules onto the func 
tional groups at the surface can be carried out by applying the 
coordination-insertion mechanism of lactone polymeriza 
tion. This method is particularly suitable, because it does not 
involve strongly acidic or alkaline conditions or reactants. 
Therefore, the metal siloxane bonds of the activating polysi 
loxane layer are preserved. 
[0236] In the coordination-insertion mechanism, the poly 
meriZation process starts by the reaction of hydroxyalkyl 
groups attached to the surface With a metal catalyst, thus 
leading to the formation of metal-alkoxides With a covalent or 
coordination metal-oxygen bond and energetically favorable 
free p- or d-orbitals. The coordination of the metal atom of the 
alkoxide With the oxygen of the lactone molecule leads to the 
Weakening of the acyl bond of the lactone ring Which, subse 
quently, opens and is inserted betWeen the metal and oxyalkyl 
residue, thus propagating the metal-alkoxide grouping. By 
repeating this step With other lactone molecules, the polymer 
chain propagates. Suitable metal catalysts in this mechanism 
are metal carboxylates, alkyl metallic and halide metallic 
compounds. Typical examples of suitable catalysts include 
tin(II), antimony, Zinc, iron or calcium carboxylates, organo 
aluminum and organo-tin compounds, tin, Zinc, titanium, 
Zirconium, ytterbium halides, etc. In general, the classes of 
catalysts that can be used are generally knoWn to those skilled 
in the art for the polymerization of lactones in bulk or solu 
tion. In applications related to medical devices, non toxic and 
loW-toxicity catalysts, such as tin(II), Zinc, calcium and iron 
carboxylates, and alkyl aluminum compounds, are preferred. 
Examples of the preferred catalysts may include tin(II) 
2-ethyl hexanoate, tin(II) lactate, Zinc(II) 2-ethylhexanoate, 
Zinc(II) lactate, triethyl aluminum and diethylaluminum 
chloride. 
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[0237] Typical examples of aprotic solvents for carrying 
out the grafting reaction in solution include ethers (e.g., tet 
rahydrofuran, dioxane, di(ethylene glycol), diethyl ether), 
ketones (e.g. ethylmethyl ketone, diisobutyl ketone) and aro 
matic hydrocarbons (e.g. toluene, xylene), and mixtures of 
these solvents. Those skilled in the art can readily identify 
other solvents Which Would be useful for the grafting reac 
tion. 
[0238] The concentration of the lactone in the solution 
should be such that there is su?icient surplus of the mole 
amount of lactone over the mole amount of initiating func 
tional groups on the activated metal surface to be grafted. 
These conditions are easily achieved for a Wide range of 
lactone concentrations. The preferred concentration of lac 
tone is such that the mole amount of lactone is higher than the 
amount of surface functional groups. More preferably, the 
mole amount of lactone should be at least ten times higher 
than the amount of surface functional groups. In practice, 
these conditions Will be Well achieved With the Weight con 
centration of lactone in the solution being in a range of 0.1 to 
50%, typically, in a range of 0.1 to 10% (W/W). 
[0239] The grafting reaction can be carried With a Wide 
range of catalyst concentrations. It has been found that the 
most efficient mole amount of the catalyst is the mole amount 
equal to or higher than the mole amount of functional initiat 
ing groups on the surface to be grafted. The mole ratio of the 
catalyst to lactone is not speci?cally limited. The selection of 
a suitable mole ratio is guided by practical reasons and type of 
catalyst used, taking into account possible toxicity of some 
catalysts, that Would call for minimiZing the catalyst concen 
tration on one hand, and the fact that the rate of polymeriza 
tion increases With the increasing catalyst/lactone ratio on the 
other. A preferred catalyst-to-lactone mole ratio is in a range 
of 1/10 to 1/1000. 

[0240] In addition, the grafting reaction can be carried out 
in the absence of solvent, i.e., in the mixture formed by a 
lactone in bulk and a catalyst. In this mode of the invention, 
the temperature of the reaction is preferably such as to keep 
the lactone in a liquid state, such as above the melting tem 
perature of the lactone. The reaction in lactone melt is carried 
out for the time necessary to form a binding layer of a desired 
thickness. After carrying out the reaction for a given time, the 
surface is removed from the melt, the residual lactone is 
Washed from the surface by a suitable solvent and the grafted 
surface is dried. 

[0241] The polylactone-grafted metal surfaces exhibit 
novel properties affecting their surface energy, Wettability, 
adsorptivity, and their interactions in the biological environ 
ments. Such interactions include protein adsorption, throm 
bogeneity, platelet adhesion and activation, and modi?ed tis 
sue reactions. 

[0242] The covalently grafted polymer binding layer is 
?rmly bonded to the metal surface. As a result of this covalent 
binding the grafted polymer layer is resistant to removal by 
treatment With solvents. HoWever, thermodynamically good 
solvents can penetrate into the grafted polymer layer, causing 
the polymer chains to expand and thus become capable of 
adsorbing or accumulating compounds from solutions. The 
adsorbed or accumulated compounds can be either biologi 
cally active agents or molecules of another polymer that have 
a similar or a compatible chemical structure or that are mis 

cible With the grafted polymer. These features of the grafted 
polylactone layer can be employed either for direct incorpo 
ration of biologically active agents to be released from the 




























