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ABSTRACT 

The present invention is directed to a novel poly(diol 
citrates)-based coating for implantable devices. More spe 
ci?cally, the speci?cation describes methods and composi 
tions for making and using implantable devices coated With 
citric acid copolymers or citric acid copolymers impregnated 
With therapeutic compositions and/or cells. 
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FUNCTIONALIZING IMPLANTABLE DEVICES 
WITH A POLY (DIOL CO-CITRATE) POLYMER 

[0001] The present application claims bene?t of US. 
Provisional Application No. 60/771,348 ?led Feb. 8, 2006. 
The entire text of the aforementioned application is incor 
porated herein by reference 

FIELD OF THE INVENTION 

[0002] The present invention describes methods and com 
positions for coating implantable devices With a polymer to 
improve the long-term biocompatibility and/or patency of 
the device. 

BACKGROUND 

[0003] Implantable medical devices are used in the treat 
ment and assessment of a variety of medical conditions. 
Such devices may be introduced into the body for a short 
period of time or may be placed therein permanently and 
have been used for the treatment of diseased, injured, or 
deformed body vessels. In cases Where malfunctioning body 
vessels have reduced inner diameters, there is usually 
reduced How of vital ?uid or gas through the vessels and in 
extreme cases, the vessels often are occluded. Implantable 
medical devices have proven useful to open and/or expand, 
or to otherWise treat such obstructed or constricted vessels. 
These devices often are placed inside the vessel for a period 
of time and serve to mechanically support the inside of the 
malfunctioning vessel to keep the vessel open or patent. 

[0004] The coated implantable medical device may be 
partly or completely placed into the esophagus, trachea, 
colon, biliary tract, urinary tract, vascular system or other 
location Within a human or veterinary patient. Many treat 
ments of the vascular or other systems involve the insertion 
of a stent, a catheter, a balloon, a Wire guide, a cannula or the 
like into such a location Within a human or veterinary 
patient. A stent is most simply considered as a cylinder of 
relatively short length Which opens a body passage or lumen 
or Which maintains a body passage or lumen in an open 
condition. In addition, balloons such as angioplasty or 
dilation balloons are expanded to open a body passage or 
vessel lumen, thereby causing potential trauma or injury to 
the expanded passage or vessel. 

[0005] While implantable medical devices have gained 
Widespread use, they do have attendant drawback. For 
example, introduction of a stent into the vascular system of 
a patient may cause the blood vessel Walls into Which the 
stent is being placed to become disrupted or injured. Healing 
of the injury site Will involve clot formation (i.e., thrombo 
sis), thereby causing stenosis (i.e., vessel closing) of the 
blood vessel. Moreover, if the medical device is left Within 
the patient for an extended period of time, thrombus often 
forms on the device itself, again causing stenosis. As a 
result, the patient is placed at risk of a variety of compli 
cations, including heart attack, pulmonary embolism, and 
stroke. Thus, the use of such a medical device can entail the 
risk of precisely the problems that its use Was intended to 
ameliorate. 

[0006] Another site of injury during implantation of medi 
cal devices is the tissue at and beyond the ends of the 
implanted stent. Regardless of the cause of the trauma or 
injury to the vessel Wall, the tissue Will react such as With 
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smooth muscle cell proliferation and the like thereby creat 
ing an adverse reaction and subsequent closure or stenosis of 
the vessel. 

[0007] Another Way in Which blood vessels undergo 
stenosis is through disease. Probably the most common 
disease causing stenosis of blood vessels is atherosclerosis. 
Indeed, atherosclerotic vascular disease, in the form of 
coronary artery and peripheral vascular disease remains the 
leading cause of mortality in the United States. [1] Many 
medical devices and therapeutic methods are knoWn for the 
treatment of atherosclerotic disease. Autogenous veins are 
the ?rst choice of treatment for vein grafts because of their 
long-term patency especially in beloW knee anastomosis. 
HoWever, for many patients suitable vein grafts are not 
available. [2] Allografts are in short supply and carry the risk 
of poor healing characterized by sloW Wall lysis, compaction 
and loss of elastic tissue, ulceration, mural thrombosis, and 
calci?cation. [3] Large-diameter (>6 mm inner diameter) 
blood vessels could be replaced by using non-degradable 
polymeric materials such as Dacron (polyethylene tereph 
thalate) and ePTFE (expanded polytetra?uorotethylene). 

[0008] Unfortunately, Dacron and ePTFE are not appli 
cable to small-diameter (26 mm inner diameter) blood 
vessels (SDBV), especially in locations beloW the knee. 
Synthetic materials trigger in?ammatory responses and acti 
vate platelets and leukocytes, initiating thrombogenesis and 
intimal hyperplasia. Poor patency is problematic due in part 
to incomplete endothelialiZation, thrombosis, and intimal 
hyperplasia particularly at the distal anastomosis. [10, 11] 

[0009] Tissue engineering is an emerging alternative 
Which utiliZes biodegradable scaffolds seeded With cells to 
reconstruct lost tissues or organs. Signi?cant progress has 
been made for in vitro regeneration of SDBV, [4-6] hoWever, 
there is still a long Way to go before tissue engineered blood 
vessel substitutes are approved by Food and Drug Admin 
stration (FDA). [7] Modi?cation of existing vascular grafts 
to improve performance remains a viable option With room 
for innovation. It is Well knoWn that synthetic grafts do not 
spontaneously endothelialiZe in humans. In addition, the 
highly hydrophobic surfaces of ePTFE grafts limit endot 
helial cell adhesion. Various modi?cations have been pro 
posed to either stimulate in vivo graft endothelialiZation or 
improve the retention of in vitro seeded endothelial cells 
When they are exposed to physiological blood How. [12]. 
These modi?cations included coating or immobiliZation of 
endothelial-speci?c adhesion ligands such as collagen, albu 
min, thrombomodulin, gelatin, ?bronectin, collagen-elastin 
matrices, dipyridamole, ?brin glue, heparin, and peptides 
(such as RGD, REDV). [13-17] HoWever, issues of stability 
of the coating, transmission of pathogens, and high costs 
remain. [18] Plasma treatment is a convenient and Widely 
used method for modifying the surface of materials Without 
altering their bulk properties, [19-23] typically used to 
confer hydrophilicity to a surface. HoWever, Without the 
inclusion of a polymeriZable agent, the plasma-induced 
effects are temporary and dif?cult to control. Using plasma 
to polymeriZe compounds such as ethylene to form a coating 
on materials can provide a modi?ed surface that is stable. 
[24] Nevertheless, the resulting ?lm is normally non-de 
gradable, and long-term biocompatibility and the increased 
compliance mismatch of the modi?ed grafts are a concern. 

[0010] It Would be desirable to develop implantable medi 
cal devices and methods for reliably delivering suitable 
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therapeutic and diagnostic agents, drugs and other bioactive 
materials directly into a body portion during or following a 
medical procedure, so as to treat or prevent the abrupt 
closure and/or restenosis of a body portion such as a 
passage, lumen or blood vessel. 

SUMMARY OF THE INVENTION 

[0011] The present invention is directed to a novel poly 
(diol citrates)-based coating for implantable devices. More 
speci?cally, the speci?cation describes methods and com 
positions for making and using implantable devices coated 
With citric acid copolymers or citric acid copolymers 
impregnated With therapeutic compositions and/or cells. 

[0012] More particularly, the present invention provides 
an implantable medical device Wherein at least one surface 
of said device has deposited thereon a coating comprising a 
citric acid polyester having the generic formula (A-B-C)n, 
Wherein A is a linear aliphatic dihydroxy monomer; B is 
citric acid, C is a linear aliphatic dihydroxy monomer, and 
n is an integer greater than 1. 

[0013] Preferably, in the citric acid polymer A is a linear 
diol comprising betWeen about 2 and about 20 carbons. In 
other embodiments, C is a linear diol comprising betWeen 
about 2 and about 20 carbons. In some embodiments, both 
A and C are the same linear diol. In other embodiments A 
and C are different linear diols. In speci?c embodiments a 
preferred linear diol is 1,8-octanediol. In speci?c embodi 
ments, the linear diol is aliphatic dihydroxy poly 1,8 
octanediol co-citric acid. In other embodiments, the linear 
aliphatic dihydroxy poly l,l0-decanediol co-citric acid. 

[0014] The base material from Which the implantable 
device is prepared may be any base material that is typically 
used in medical devices and in prosthetic materials. Exem 
plary implantable devices may be prepared from one or 
more materials selected from the group consisting of: stain 
less steel, tantalum, titanium, nitinol, gold, platinum, 
inconel, iridium, silver, tungsten, a biocompatible metal, 
carbon, carbon ?ber, cellulose acetate, cellulose nitrate, 
silicone, polyethylene terephthalate, polyurethane, polya 
mide, polyester, polyorthoester, polyanhydride, polyether 
sulfone, polycarbonate, polypropylene, high molecular 
Weight polyethylene, polytetra?uoroethylene, a biocompat 
ible polymeric material, polylactic acid, polyglycolic acid, a 
polyanhydride, polycaprolactone, polyhydroxybutyrate val 
erate, a biodegradable polymer, a protein, an extracellular 
matrix component, collagen, ?brin, a biologic agent, 
PEBAX, polyethylene, irradiated polyethylene or a suitable 
mixture, copolymer, or alloy of any of these. Preferably, the 
base material is ePTFE. 

[0015] In speci?c preferred embodiments compositions of 
the present invention are such that they can be used to 
improve the medical device to give it improved properties 
for use in blood vessels or any other use for Which the base 
material of the implantable device is used. In particular 
embodiments, the implantable medical device having the 
coating of the invention is rendered less thrombogenic than 
a similar device prepared from ePTFE that lacks said 
coating. 

[0016] In preferred embodiments, the coating also may 
comprise a therapeutic or other agent for delivery to an in 
vivo site. In speci?c embodiments, such a therapeutic or 
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other agent may be a bioactive agent Wherein the bioactive 
agent is selected from the group consisting of: an antisense 
nucleotide, a thrombin inhibitor, an antithrombogenic agent, 
a tissue plasminogen activator, a thrombolytic agent, a 
?brinolytic agent, a vasospasm inhibitor, a calcium channel 
blocker, a nitrate, a nitric oxide promoter, a vasodilator, an 
antimicrobial agent, an antibiotic, an antiplatelet agent, an 
antimitotic, a microtubule inhibitor, an actin inhibitor, a 
remodeling inhibitor, an agent for molecular genetic inter 
vention, a cell cycle inhibitor, an inhibitor of the surface 
glycoprotein receptor, an antimetabolite, an antiproliferative 
agent, an anti-cancer chemotherapeutic agent, an anti-in 
?ammatory steroid, an immunosuppressive agent, an anti 
biotic, a radiotherapeutic agent, iodine-containing com 
pounds, barium-containing compounds, a heavy metal 
functioning as a radiopaque agent, a peptide, a protein, an 
enZyme, an extracellular matrix component, a cellular com 
ponent, a biologic agent, an angiotensin converting enZyme 
(ACE) inhibitor, ascorbic acid, a free radical scavenger, an 
iron chelator, an antioxidant, a radiolabelled form or other 
radiolabelled form of any of the foregoing, or a mixture of 
any of these. 

[0017] In preferred embodiments, the coating acts as an 
extracellular matrix to support groWth of cells. It may be 
impregnated With speci?c factors that facilitate groWth of 
cells, e. g., groWth factors, cytokines, chemokines and the 
like. 

[0018] In other preferred embodiments, the coating com 
prises cells selected from the group consisting of endothelial 
cells, ligament tissue, muscle cells, bone cells, cartilage 
cells. In preferred embodiments, the coating comprises 
endothelial cells. In other preferred embodiments, the coat 
ing comprises smooth muscle cells. Preferably, the coating 
Will support the groWth of cells in vivo such that ultimately 
those cells are able to form part of the tissue site at Which the 
medical device is implanted. 

[0019] In other preferred embodiments, the coating further 
comprises a second polymer selected from the group con 
sisting of poly(hydroxyvalerate), poly(lactide-co-glycolide), 
poly(hydroxybutyrate), poly(hydroxybutyrate-co-valerate), 
polyorthoester, polyanhydride, poly(glycolic acid), poly(g 
lycolide), poly(L-lactic acid), poly(L-lactide), poly(D,L-lac 
tic acid), poly(D,L-lactide), poly(caprolactone), poly(trim 
ethylene carbonate), and polyester amide. 

[0020] Also contemplated by the invention is a method of 
producing engineered tissue, comprising preparing an 
implantable medical device of the invention as outlined 
above; and culturing cells of said tissue on the scaffold. The 
scaffold may be biphasic. 

[0021] The invention provides methods of decreasing the 
thrombogenicity of a graft comprising coating said graft 
With a coating comprising a citric acid polyester having the 
generic formula (A-B-C)n, Wherein A is a linear aliphatic 
dihydroxy monomer; B is citric acid, C is a linear aliphatic 
dihydroxy monomer, and n is an integer greater than 1 
Wherein said graft is less thrombogenic than a similar graft 
that does not comprise said coating. 

[0022] In the methods of the invention the coating is 
preferably deposited on the inner lumen surface of the small 
diameter blood vessel graft, on the outer surface of the small 
blood vessel graft or on both the inner lumen surface and the 
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outer surface of the small diameter blood vessel graft. In 
other preferred embodiments, the graft further comprises a 
layer of endothelial cells deposited on the surface of said 
coating. In some preferred methods, the graft further com 
prises an addition therapeutic agent impregnated into said 
coating. The therapeutic agent may be selected from the 
group consisting of an antisense nucleotide, a thrombin 
inhibitor, an antithrombogenic agent, a tissue plasminogen 
activator, a thrombolytic agent, a ?brinolytic agent, a vasos 
pasm inhibitor, a calcium channel blocker, a nitrate, a nitric 
oxide promoter, a vasodilator, an antimicrobial agent, an 
antibiotic, an antiplatelet agent, an antimitotic, a microtu 
bule inhibitor, an actin inhibitor, a remodeling inhibitor, an 
agent for molecular genetic intervention, a cell cycle inhibi 
tor, an inhibitor of the surface glycoprotein receptor, an 
antimetabolite, an antiproliferative agent, an anti-cancer 
chemotherapeutic agent, an anti-in?ammatory steroid, an 
immunosuppressive agent, an antibiotic, a radiotherapeutic 
agent, iodine-containing compounds, barium-containing 
compounds, a heavy metal functioning as a radiopaque 
agent, a peptide, a protein, an enZyme, an extracellular 
matrix component, a cellular component, a biologic agent, 
an angiotensin converting enZyme (ACE) inhibitor, ascorbic 
acid, a free radical scavenger, an iron chelator, an antioxi 
dant, a radiolabelled form or other radiolabelled form of any 
of the foregoing, or a mixture of any of these. In speci?c 
embodiments, the therapeutic agent is an anti-in?ammatory 
agent. 

[0023] In preferred embodiments, the implantable device 
is one Which is formulated for use as small diameter blood 
vessel and the small diameter blood vessel has an improved 
property selected from the group consisting of blood ?oW, 
vessel tone, platelet activiation, adhesion, and aggregation, 
leukocyte adhesion, SMC migration and SMC proliferation 
as compared to a small diameter blood vessel prepared from 
a graft that does not comprise said coating. 

[0024] Other features and advantages of the invention Will 
become apparent from the folloWing detailed description. It 
should be understood, hoWever, that the detailed description 
and the speci?c examples, While indicating preferred 
embodiments of the invention, are given by Way of illustra 
tion only, because various changes and modi?cations Within 
the spirit and scope of the invention Will become apparent to 
those skilled in the art from this detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] The folloWing draWings form part of the present 
speci?cation and are included to further illustrate aspects of 
the present invention. The invention may be better under 
stood by reference to the draWings in combination With the 
detailed description of the speci?c embodiments presented 
herein. 

[0026] FIG. 1 is a schematic representation of the synthe 
sis of poly(l,8-octanediol-co-citric acid). 

[0027] FIG. 2 shoWs SEM images of the graft lumen. A) 
untreated ePTFE graft; B) POC-ePTFE graft With 1 POC 
coating (POC-ePTFE lC); C) POC-ePTFE graft With 3 
coatings (POC-ePTFE 3C); D) POC-ePTFE graft With 6 
coatings (POC-ePTFE 6C). Scale bar=50 pm. 

[0028] FIG. 3 shoWs the effect of POC coating on the 
compliance of the ePTFE graft. Compliance of untreated 
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ePTFE grafts (control) and POC-ePTFE grafts With: a) l 
coating, b) 3 coatings and c) 6 coatings. * P>0.05 vs. control; 
# P<0.05 vs. control. 

[0029] FIG. 4 shoWs the surface FTIR analysis of coated 
and uncoated grafts. A) untreated ePTFE and B) ePTFE With 
3 coatings of POC. 

[0030] FIG. 5 shoWs XPS analysis of the grafts. A) con 
trol; and B) POC-ePTFE With 3 coatings. 

[0031] FIG. 6 shoWs the effect of POC coating on Water 
in-air contact angle. A) untreated ePTFE; and B) POC 
ePTFE graft With 3 coatings. 

[0032] FIG. 7 shoWs a comparison of Platelet adhesion on 
various type of materials. 

[0033] FIG. 8 shoWs a plasma re-calci?cation clotting 
pro?les. Platelet poor plasma on TCP (blue), PLGA 
(80:20)(red), and POC (green). Clotting is signi?cantly 
delayed on POC relative to TCP and PLGA. Purple marks 
are PPP on TCP With no calcium. Mean:S.D., N=5. 

[0034] FIG. 9 shoWs In vivo assessment in pigs of the 
foreign body reaction to the grafts. A) Intraoperative photo 
of the implanted grafts. (B) contrast-enhanced MR angio 
gram demonstrating patency of both grafts at 7 days, I=li 
gated native common iliac arteries. C) MAC 387 stain for 
neW macrophages and granulocyte (arroWheads) on POC 
ePTFE graft; D) MAC 387 stain for neW macrophages and 
granulocyte (arrowheads) on control ePTFE graft; L=lumen 
ofthe graft. Scale bars=50 um. E) and (F): SEM ofthe lumen 
of the grafts. Scale bars=l00 um. 

[0035] FIG. 10 shoWs representative SEM photographs of 
endothelial progenitor cells (EPCs) that Were cultured on 
ePTFE graft (A and B) and POC-ePTFE graft (C and D) for 
10 days. Scale bar: A and C 1 mm; B and D 50 um. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0036] While there are numerous technologies available 
for the treatment and prevention of disorders resulting from 
occluded or damaged vessels that are based on the use of 
implantable medical devices, there is a need for improved 
implantable devices. It Would be desirable to produce such 
implantable devices that have improved biocompatibility, 
cell adhesion properties, endothelialiZation as Well as to 
decrease thrombogenicity. Further, it Would be desirable to 
limit the systemic exposure of a subject to the bioactive 
materials that are being used in the treatment regimen, 
particularly When the agent is a toxic or chemotherapeutic 
agent being delivered to a speci?c site of action through an 
intravenous catheter (Which itself has the advantage of 
reducing the amount of agent needed for successful treat 
ment), by preventing stenosis both along the catheter and at 
the catheter tip. It Would be desirable to similarly improve 
other therapies. Of course, it Would also be desirable to 
avoid degradation of the agent, drug or bioactive material 
during its incorporation on or into any such device. It Would 
further be highly desirable to develop a method for coating 
an implantable medical device With a drug, therapeutic 
agent, diagnostic agent or other bioactive material Which 
entailed a minimum number of steps, thereby reducing the 
ultimate cost of treating the patient. It Would be desirable to 
deliver the bioactive material Without causing additional 
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problems With a poor biocompatible carrier or containment 
material. Finally, it Would be highly desirable to develop a 
method for coating an implantable medical device With a 
drug, therapeutic agent, diagnostic agent or other bioactive 
material Which could be carried out in such a Way as to 
minimize any environmental or personal risks or inconve 
niences associated With the manufacture of the device. 

[0037] Tissue engineering is an emerging alternative 
Which utiliZes biodegradable scaffolds seeded With cells to 
reconstruct lost tissues or organs. Signi?cant progress has 
been made for in vitro regeneration of small diameter blood 
vessels (SDBV), [4-6] hoWever, there is still a long Way to 
go before tissue engineered blood vessel substitutes are 
approved by Food and Drug Administration (FDA). [7] 
Modi?cation of existing vascular grafts to improve perfor 
mance remains a viable option With room for innovation. 
The intrinsic hydrophobicity of ePTFE grafts limit the 
ability of endothelial cell to adhere to them. 

[0038] By Way of explanation, a functional endothelium 
provides a continuous thromboresistant layer betWeen blood 
and the blood vessel Wall. It also controls blood How and 
vessel tone, platelet activation, adhesion and aggregation, 
leukocyte adhesion, and SMC migration and proliferation. 
[25] Mammalian cells maintained in vitro require nutrients 
and groWth factors but also require an appropriate substra 
tum upon Which to attach and spread. The intrinsic hydro 
phobicity of ePTFE grafts limit the ability of endothelial cell 
to adhere to them. Previous studies have con?rmed that ECs 
are able to secrete extracellular matrix (ECM). [8,9] To date, 
no vascular graft has successfully achieved long-term 
patency When used for SDBV applications. The synthetic 
graft market is currently dominated by ePTFE and Dacron; 
therefore, We are proposing a novel approach Which could 
signi?cantly reduce the thrombogenicity of ePTFE grafts, 
thereby facilitating their use in SDBV applications. As of 
yet, no one has investigated the use of a synthetic biode 
gradable scalfold as a means to create a more stable and 

functional endothelial cell monolayer on ePTFE grafts. 

[0039] The present invention describes implantable medi 
cal devices suitable for use inside or outside anatomical 
structures, such as body vessels (e.g., vessels of the vascu 
lature like blood vessels). The invention is based the prin 
ciple of coating ePTFE grafts using our oWn neWly devel 
oped coating technique, a spin-shearing method, With 
biodegradable elastomeric polymers are used as coating 
materials, Which could be any other biodegradable elas 
tomers currently available in the market, such as poly(diol 
citrates) and its derivatives, polyurethane and its derivatives, 
polycarbonate and its derivatives, polyhydroxyalkanoates 
(PHAs) and their derivatives, or aliphatic biodegradable 
polyester elastomers (such as poly(glycolide-co-caprolac 
tone)(PGCL), polycaprolactone (PCL), poly(glycerol seba 
cate)(PGS)). Particularly preferred materials are poly(diol 
citrates) and their derivatives. The biodegradable elasto 
meric polymers could be mixed With other materials to 
modify the grafts. The coating can be applied on either the 
lumen or outside or both inside and outside of grafts. 

[0040] In exemplary embodiments, the spin-shearing 
method is performed to prepare a small diameter blood 
vessel or similar graft from ePTFE, comprising modifying 
the lumen of said small diameter blood vessel by coating the 
small diameter blood vessel through a spin-shearing method 
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Wherein said method comprises coating a glass-rod With said 
citric acid polymer by use of a mechanical stirrer; rotating 
said coated glass rod at a loW speed of about 300 rpm; 
contacting said rotating glass rod With ePTFE or other 
materials used to form the coating; shearing the lumen of the 
graft by rotating the graft in a direction counter to the 
direction in Which it is spinning. These steps optionally are 
repeated 2, 3, 4, 5, 6, 7, 8 or more times. 

[0041] The grafts can contain endothelial cells, stem cells, 
or endothelial progenitor cells (EPCs) Which can be groWn 
on the graft to form an endothelium layer on top of the 
underlying polymer coating. In addition, or as an alternative, 
the coating may be impregnated With a therapeutic agent 
such as any anticoagulant and anti-in?ammation drugs or 
any other therapeutic agent that it is desired to release at the 
site at Which the device is implanted. In certain embodi 
ments, NO-release agents could be incorporated into the 
polymer coating for controlled release. 

[0042] The present invention for the ?rst time shoWs the 
use of a novel biodegradable elastomeric polymer, poly(diol 
citrates) to modify the ePTFE graft via a convenient method 
to tissue engineer an endothelium. A particularly preferred 
method to accomplish this is the spin-shearing method. In 
preferred embodiments, the vascular graft Was coated With 
a POC elastic polymer on the graft lumen via an interfacial 
in-situ polycondensation method. This layer of biodegrad 
able elastic coating is expected to support attachment, pro 
liferation and gene expression of the endothelial cells (ECs) 
Without signi?cantly altering the mechanical properties of 
the vessel. This is done by facilitating mechanical interlock 
ing betWeen secreted extracellular matrix and ePTFE ?brils 
in the lumen of the graft. As the polymer degrades, it Will be 
replaced by an endothelium and its secreted extracellular 
matrix, improving EC retention under dynamic ?oW condi 
tions. In addition, this approach also alloWs controlled 
delivery of anti-in?ammatory drugs or other nitric oxide 
(NO) releasing compounds by incorporating them in the 
post-polymerization reaction resulting in a drug-loaded 
graft. The resultant vascular graft could serve better for 
coronary and peripheral vascular replacement, and poten 
tially as a viable option in small-diameter blood vessel 
applications. This method to modify the vascular graft can 
be extended to other medical implants and devices such as 
devices prepared for implantation to replace valves, bones 
and other prosthetic structures. It is contemplated that the 
coatings prepared according to the present invention Will 
improve the biocompatibility and comfort of use of such 
devices. Such devices may be prepared from a base material 
that comprises one or more materials selected from the 
group consisting of: stainless steel, tantalum, titanium, niti 
nol, gold, platinum, inconel, iridium, silver, tungsten, a 
biocompatible metal, carbon, carbon ?ber, cellulose acetate, 
cellulose nitrate, silicone, polyethylene terephthalate, poly 
urethane, polyamide, polyester, polyorthoester, polyanhy 
dride, polyether sulfone, polycarbonate, polypropylene, high 
molecular Weight polyethylene, polytetra?uoroethylene, a 
biocompatible polymeric material, polylactic acid, polygly 
colic acid, a polyanhydride, polycaprolactone, polyhydroxy 
butyrate valerate, a biodegradable polymer, a protein, an 
extracellular matrix component, collagen, small intestine 
submucosa (SIS), ?brin, a biologic agent, PEBAX, polyeth 
ylene, irradiated polyethylene or a suitable mixture, copoly 
mer, or alloy of any of these. 
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[0043] Compositions of poly(diol citrates) that are used to 
coat the implantable medical device comprise a citric acid 
polyester having the generic formula (A-B-C)n, Wherein A 
and C could be any of the diols or any combination of the 
diols; B could be citric acid, malic acid or their combina 
tions. The diols include linear or non-linear aliphatic diols, 
branched diol, cyclodiol, triol, heteroatom containing diol 
(such as N-methyldiethanolamine, MDEA) and macrodiol 
or their combinations. Any medical device coated With any 
biodegradable elastomers (e.g. poly diol-citric acid, poly 
urethanes, polycaprolactone and copolymers thereof) is con 
templated to be Within the aspects of the present invention. 

[0044] POC has been shoWn to be compatible (i.e. as per 
cell adhesion, proliferation, and differentiation assays) With 
several cell types including human and pig endothelial cells, 
human and pig smooth muscle cells, bovine chondrocytes, 
and bovine ?broblasts [16, 30]. It Was also shoWn to be 
biocompatible in vivo in a rat subcutaneous implantation 
model [15]. In another co-pending application, the favorable 
cell adhesion and spreading characteristics of POC Were 
con?rmed in vitro With the use of primary human osteo 
blasts. 

[0045] Poly(diol citrates) are a family of biodegradable 
and biocompatible elastomers that have shoWn signi?cant 
potential for soft tissue engineering, see e.g., U.S. patent 
application see U.S. 60/721,687 and applications depending 
therefrom. HoWever, While those prior compositions are 
useful in the production of matrices for tissue culture and 
implantable tissue patches, those compositions have not 
previously been demonstrated for coating implantable 
devices to produce devices that Will be useful in implantable 
devices and in coating prostheses and other implantable 
devices. The methods and compositions of the present 
invention are directed to the use of poly(diol citrate) based 
polymers to prepare improved implantable devices. 

[0046] Methods and compositions for preparing POC are 
described in detail in PCT/US2004/030631 and Us. 60/721, 
687, each of Which is incorporated herein by reference in its 
entirety. Brie?y, equimolar amounts of citric acid and 1,8 
octanediol Were stirred and melted together at 160° C. for 15 
minutes, decrease temperature to 140° C. and continue 
stirring for 1 hr. The pre-polymer is puri?ed by precipitation 
in Water and then post-polymerized at 80° C. for 2 days. The 
pre-polymer is soluble in ethanol or 1,4-dioxane, Which are 
less toxic than other commonly used solvents. The mechani 
cal properties and degradation rates of the elastomer can be 
modulated by controlling synthesis conditions such as 
crosslinking temperature and time, vacuum, choice of diol, 
and initial monomer molar ratio. [28] No permanent defor 
mation Was found during mechanical tests. Other poly(diol 
citrates) could also be synthesiZed using the method 
described above. Polycondensation of poly(diol citrates) can 
be conducted under no vacuum, no catalyst, and loW reac 
tion temperature (under 1000 C., such as 60° C., 80° C., even 
as loW as 37° C.). Catalyst and high temperature could also 
be applied if needed. 

[0047] Composition of poly(diol citrates) comprise a citric 
acid polyester having the generic formula (A-B-C)n, 
Wherein A and C could be any of the diols or any combi 
nation of the diols; B could be citric acid, malic acid or their 
combinations. The diols include aliphalic diols or branched 
diols, cyclodiols, triols, heteroatom-containing diols and 
macrodiols or their combinations; 
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[0048] In addition to the POC-based polymers, it is con 
templated that the implantable devices may further be coated 
With another biodegradable and biocompatible polymer. 
TWo such polymers are poly(L-lactic acid) (PLLA) and 
poly(lactic-co-glycolic acid) (PLGA). These polymers are 
rigid and strong and have been used in many tissue engi 
neering applications. Furthermore, the rate of degradation 
could be tailored to match that of the surrounding elasto 
meric matrix. Poly(L-lactic acid) has a degradation time of 
greater than tWo years While poly(glycolic acid) has a 
degradation time of 1-2 months. By changing the ratio of 
lactic to glycolic acid, the degradation rate could be varied 
from fast (1-2 months) to sloW (>2 years). For tissue 
engineering, the rate of degradation of the polymer scalfold 
should match that of tissue regroWth. 

[0049] The polymer may be a biodegradable polymer or a 
non-biodegradable polymer, but preferably is a biodegrad 
able polymer. Biodegradable polymers include, but are not 
limited to collagen, elastin, hyaluronic acid and derivatives, 
sodium alginate and derivatives, chitosan and derivatives 
gelatin, starch, cellulose polymers (for example methylcel 
lulose, hydroxypropylcellulose, hydroxypropylmethylcellu 
lose, carboxymethylcellulose, cellulose acetate phthalate, 
cellulose acetate succinate, hydroxypropylmethylcellulose 
phthalate), casein, dextran and derivatives, polysaccharides, 
poly(caprolactone), ?brinogen, poly(hydroxyl acids), 
poly(L-lactide) poly(D,L lactide), poly(D,L-lactide-co-gly 
colide), poly(L-lactide-co-glycolide), copolymers of lactic 
acid and glycolic acid, copolymers of .epsilon.-caprolactone 
and lactide, copolymers of glycolide and .epsilon.-caprolac 
tone, copolymers of lactide and 1,4-dioxane-2-one, poly 
mers and copolymers that include one or more of the residue 

units of the monomers D-lactide, L-lactide, D,L-lactide, 
glycolide, .epsilon.-caprolactone, trimethylene carbonate, 
1,4-dioxane-2-one or 1,5-dioxepan-2-one, poly(glycolide), 
poly(hydroxybutyrate), poly(alkylcarbonate) and poly 
(orthoesters), polyesters, poly(hydroxyvaleric acid), poly 
dioxanone, poly(ethylene terephthalate), poly(malic acid), 
poly(tartronic acid), polyanhydrides, polyphosphaZenes, 
poly(amino acids). The biodegradable polymers used herein 
may be copolymers of the above polymers as Well as blends 
and combinations of the above polymers. (see generally, 
Illum, L., Davids, S. S. (eds.) “Polymers in Controlled Drug 
Delivery” Wright, Bristol, 1987; Arshady, J. Controlled 
Release 17:1-22, 1991; Pitt, Int. J. Phar. 59:173-196, 1990; 
Holland et al., J. Controlled Release 4:155-0180, 1986). 

[0050] In particular preferred embodiments, the biode 
gradable or resorbable polymer is one that is formed from 
one or more monomers selected from the group consisting of 

lactide, glycolide, e-caprolactone, trimethylene carbonate, 
1,4-dioxan-2-one, 1,5-dioxepan-2-one, 1,4-dioxepan-2-one, 
hydroxyvalerate, and hydroxybutyrate. In one aspect, the 
polymer may include, for example, a copolymer of a lactide 
and a glycolide. In another aspect, the polymer includes a 
poly(caprolactone). In yet another aspect, the polymer 
includes a poly(lactic acid), poly(L-lactide)/poly(D,-L-Lac 
tide) blends or copolymers of L-lactide and D,L-lactide. In 
yet another aspect, the polymer includes a copolymer of 
lactide and e-caprolactone. In yet another aspect, the poly 
mer includes a polyester (e.g., a poly(lactide-co-glycolide). 
The poly(lactide-co-glycolide) may have a lactide:glycolide 
ratio ranges from about 20:80 to about 2:98, a lactide:gly 
colide ratio of about 10:90, or a lactide:glycolide ratio of 
about 5:95. In one aspect, the poly(lactide-co-glycolide) is 
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poly(L-lactide-co-glycolide; see e.g., US. Pat. No. 6,531, 
146 and US. application No. 2004/0137033.). Other 
examples of biodegradable materials include polyglactin, 
and polyglycolic acid. 

[0051] Representative examples of non-biodegradable 
compositions include ethylene-co-vinyl acetate copolymers, 
acrylic-based and methacrylic-based polymers (e.g., poly 
(acrylic acid), poly(methylacrylic acid), poly(methyl 
methacrylate), poly(hydroxyethyl methacrylate), poly(alky 
lcynoacrylate), poly(alkyl acrylates), poly(alkyl 
methacrylates)), polyole?ns such as poly(ethylene) or 
poly(propylene), polyamides (e.g., nylon 6,6), poly(ure 
thanes) (e.g., poly(ester urethanes), poly(ether urethanes), 
poly(carbonate urethanes), poly(ester-urea)), polyesters 
(e.g., PET, polybutyleneterephthalate, and polyhexylene 
terephthalate), olyethers (poly(ethylene oxide), poly(propy 
lene oxide), poly(ethylene oxide)-poly(propylene oxide) 
copolymers, diblock and triblock copolymers, poly(tetram 
ethylene glycol)), silicone containing polymers and vinyl 
based polymers (polyvinylpyrrolidone, poly(vinyl alcohol), 
poly(vinyl acetate phthalate), poly(styrene-co-isobutylene 
co-styrene), ?uorine containing polymers (?uoropolymers) 
such as ?uorinated ethylene propylene (PEP) or polytet 
ra?uoroethylene (e.g., expanded PTFE). 
[0052] The polymers may be combinations of biodegrad 
able and non-biodegradable polymers. Further examples of 
polymers that may be used are either anionic (e.g., alginate, 
carrageenin, hyaluronic acid, dextran sulfate, chondroitin 
sulfate, carboxymethyl dextran, caboxymethyl cellulose and 
poly(acrylic acid)), or cationic (e.g., chitosan, poly-I-lysine, 
polyethylenimine, and poly(allyl amine)) (see generally, 
Dunn et al., J. Applied Polymer Sci. 50:353, 1993; Cascone 
et al., J. Materials Sci.: Materials in Medicine 5:770, 1994; 
Shiraishi et al., Biol. Pharm. Bull. 16:1164, 1993; Thachar 
odi and Rao, Int’l J. Pharm. 120:115, 1995; Miyazaki et al., 
Int’l J. Pharm. 118:257, 1995). Preferred polymers (includ 
ing copolymers and blends of these polymers) include 
poly(ethylene-co-vinyl acetate), poly(carbonate urethanes), 
poly(hydroxyl acids) (e.g., poly(D,L-lactic acid) oligomers 
and polymers, poly(L-lactic acid) oligomers and polymers, 
poly(D-lactic acid) oligomers and polymers, poly(glycolic 
acid), copolymers of lactic acid and glycolic acid, copoly 
mers of lactide and glycolide, poly(caprolactone), copoly 
mers of lactide or glycolide and e-caprolactone), poly(vale 
rolactone), poly(anhydrides), copolymers prepared from 
caprolactone and/or lactide and/or glycolide and/or polyeth 
ylene glycol. 
[0053] Methods for making POC-PLLA or PLGA or other 
like composites are described in US. 60/721,687. 

[0054] In speci?c embodiments, the compositions of the 
invention (i.e., the compositions that are made up of a 
poly(diol citrate) polymer) are used to coat the inner lumen 
of an implantable device. Such a coating may be comprised 
of just the poly(diol citrate) or the polymer may be impreg 
nated or otherWise loaded With a drug or other biologically 
active agent to be delivered (e.g., in a controlled-release 
manner) or it may be seeded With cells so that they can act 
as cellular tissue patches or tissue grafts. 

[0055] In speci?c embodiments, the POC materials made 
according to the methods of the present invention Will be 
useful both as substrata for the groWth and propagation of 
tissues cells that may be seeded on the substrata and also as 
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coating on the implantable devices. In those embodiments 
Where the elastomeric composites are used in bioimplantable 
devices, the substrate may be formulated into a shape 
suitable for implantation. For example, as described in US. 
Pat. No. 6,620,203 (incorporated herein by reference), it 
may be desirable to produce prosthetic organ tissue for 
implantation into an animal, such as e.g., testicular tissue 
described in the US. Pat. No. 6,620,203 patent. Other 
organs for Which tissue implantation patches may be gen 
erated include, but are not limited to skin tissue for skin 
grafts, myocardial tissue, bone tissue for bone regeneration, 
testicular tissue, endothelial cells, blood vessels, and any 
other cells from Which a tissue patch may be generated. 
Thus, those of skill in the art Would understand that the 
aforementioned organs/cells are merely exemplary organs/ 
cell types and it should be understood that cells from any 
organ may be seeded onto the biocompatible elastomeric 
composites of the invention to produce useful tissue for 
implantation and/or study. 

[0056] The cells that may be seeded onto the POC or other 
polymers of the present invention may be derived from 
commercially available cell lines, or alternatively may be 
primary cells, Which can be isolated from a given tissue by 
disaggregating an appropriate organ or tissue Which is to 
serve as the source of the cells being groWn. This may be 
readily accomplished using techniques knoWn to those 
skilled in the art. Such techniques include disaggregation 
through the use of mechanically forces either alone or in 
combination With digestive enzymes and/or chelating agents 
that Weaken cell-cell connections betWeen neighboring cells 
to make it possible to disperse the tissue into a suspension 
of individual cells Without appreciable cell breakage. Enzy 
matic dissociation can be accomplished by mincing the 
tissue and treating the minced tissue With any of a number 
of digestive enzymes either alone or in combination. Diges 
tive enzymes include but are not limited to trypsin, chymot 
rypsin, collagenase, elastase, and/or hyaluronidase, Dnase, 
pronase, etc. Mechanical disruption can also be accom 
plished by a number of methods including, but not limited 
to the use of grinders, blenders, sieves, homogenizers, 
pressure cells, or sonicators to name but a feW. For a revieW 
of tissue disaggregation techniques, see Freshney, Culture of 
Animal Cells. A Manual of Basic Technique, 2d Ed., A. R. 
Liss, Inc., NeW York, 1987, Ch. 9, pp. 107-126. 

[0057] Once the primary cells are disaggregated, the cells 
are separated into individual cell types using techniques 
knoWn to those of skill in the art. For a revieW of clonal 
selection and cell separation techniques, see Freshney, Cul 
ture of Animal Cells. A Manual of Basic Techniques, 2d Ed., 
A. R. Liss, Inc., NeW York, 1987, Ch. 11 and 12, pp. 
137-168. Media and buffer conditions for groWth of the cells 
Will depend on the type of cell and such conditions are 
knoWn to those of skill in the art. 

[0058] In certain embodiments, it is contemplated that the 
cells attached to the biocompatible elastomeric composite 
substrates of the invention are groWn in bioreactors. A 
bioreactor may be of any class, size or have any one or 
number of desired features, depending on the product to be 
achieved. Different types of bioreactors include tank biore 
actors, immobilized cell bioreactors, holloW ?ber and mem 
brane bioreactors as Well as digesters. There are three classes 
of immobilized bioreactors, Which alloW cells to be groWn: 
membrane bioreactors, ?lter or mesh bioreactors, and carrier 
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particle systems. Membrane bioreactors grow the cells on or 
behind a permeable membrane, allowing the nutrients to 
leave the cell, while preventing the cells from escaping. 
Filter or mesh bioreactors grow the cells on an open mesh of 
an inert material, allowing the culture medium to ?ow past, 
while preventing the cells from escaping. Carrier particle 
systems grow the cells on something very small, such as 
small nylon or gelatin beads. The bioreactor can be a 
?uidized bed or a solid bed. Other types of bioreactors 
include pond reactors and tower ferrnentors. Any of these 
bioreactors may be used in the present application for 
regenerating/engineering tissues on the citric acid based 
elastomeric compositions of the present invention. 

[0059] Certain tissues that are regenerated by use of the 
citric acid based elastomeric composition of the invention 
may be encapsulated so as to allow the release of desired 
biological materials produced by the cells at the site of 
implantation, while sequestering the implanted cells from 
the surrounding site. Cell encapsulation can be applied to all 
cell types secreting a bioactive substance either naturally or 
through genetic engineering means. In practice, the main 
work has been performed with insulin secreting tissue. 

[0060] Encapsulation procedures are most commonly dis 
tinguished by their geometrical appearance, i.e. micro- or 
macro-capsules. Typically, in microencapsulation, the cells 
are sequestered in a small permselective spherical container, 
whereas in macroencapsulation the cells are entrapped in a 
larger non-spherical membrane, Lim et al. (US. Pat. Nos. 
4,409,331 and 4,352,883) discloses the use of microencap 
sulation methods to produce biological materials generated 
by cells in vitro, wherein the capsules have varying perme 
abilities depending upon the biological materials of interest 
being produced, Wu et al, Int. J. Pancreatology, 3:91-100 
(1988), disclose the transplantation of insulin-producing, 
microencapsulated pancreatic islets into diabetic rats. 

[0061] As indicated above, the cells that are seeded on the 
elastomeric composites of the present invention may be cell 
lines or primary cells. In certain preferred embodiments, the 
cells are genetically engineered cells that have been modi 
?ed to express a biologically active or therapeutically effec 
tive protein product. Techniques for modifying cells to 
produce the recombinant expression of such protein prod 
ucts are well known to those of skill in the art. In particular 
preferred embodiments, the compositions of the invention 
may be used to form of a tissue graft or tissue patch. 
Endothelial cells are particularly preferred. Smooth muscle 
cells also may be used. The cells for the tissue graft may be 
an autograft, allograft, biograft, biogenic graft or xenograft. 

[0062] Tissue grafts may be derived from various tissue 
types. Representative examples of tissues that may be used 
to prepare biografts include, but are not limited to, rectus 
sheaths, peritoneum, bladder, pericardium, veins, arteries, 
diaphragm and pleura. For such grafts the cells may be 
endothelial cells, ligament tissue, muscle cells, bone cells, 
cartilage cells. Such cells may be grafted into the compo 
sitions of the invention alone or in combination with a drug 
or biologically active agent to be delivered to an in vivo site. 
For example, such cells for the biograft may be harvested 
from a host, loaded with the agent of interest and then 
applied in a perivascular manner at the site where lesions 
and intimal hyperplasia can develop. Once implanted, the 
agent of interest (e.g., paclitaxel and/or rapamycin) is (are) 
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released from the graft and can penetrate the vessel wall to 
prevent the formation of intimal hyperplasia at the treatment 
site. In certain embodiments, the biograft may be used as a 
backing layer to enclose a composition (e.g., a gel or paste 
loaded with anti-scarring agent). 

[0063] The patches made of the compositions of the 
present invention may be combined with drugs for delivery 
or therapeutic agents that can form part of a tissue patch 
prepared from the polymers of the invention. For example, 
the compositions of the invention may be used to form a 
mesh or a patch made of the biodegradable polymeric matrix 
that conforms to the tissue and releases the agent (e.g., a 
therapeutic agent such as a drug or a diagnostic agent such 
as a marker, dye or other marker of that will allow visual 
iZation of a diseased state). In preferred examples, the 
compositions are fashioned into coating on the surface 
(inner, outer or inner and outer surface of an implantable 
device such as an ePTFE-based device for use in angio 
plasty). Such a coating also may incorporate a drug that can 
be released in a controlled release manner. See, e.g., US. 
Pat. No. 6,461,640. Such a drug may be present in the 
coating alone, or alternatively, the coating also may com 
prise cells that form e.g., an endothelial layer that coats a 
surface of the implantable device. The drug may be any 
therapeutic agent. 

[0064] The coating made of the compositions of the inven 
tion may be impregnated with an antioxidant and/or anti 
microbial. See, e.g., US. Pat. No. 6,572,878. The tissue 
patch made of the cells, the ePTFE compound and the 
coating of the compositions of the invention may be pre 
pared to be wrapped around a nerve in a canal to reduce 
?broplasia. See, e.g., US. Pat. No. 6,106,558. The tissue 
patch may be a resorbable collagen membrane that is 
wrapped around the spinal chord to inhibit cell adhesions. 
See, e.g., US. Pat. No. 6,221,109. The tissue patch may be 
used as a dressing to cover a wound and promote wound 
healing. See, e.g., US. Pat. No. 6,548,728. The composi 
tions of the present invention may be prepared as a bandage 
that contains a scar treatment pad with a layer of silicone 
elastomer or silicone gel. See, e.g., US. Pat. Nos. 6,284,941 
and 5,891,076. The compositions maybe used to incorporate 
a biologically active compound. See, e.g., US. Pat. Nos. 
6,323,278; 6,166,130; 6,051,648 and 5,874,500. 

[0065] Methods for incorporating the biologically active 
material onto or into the coating of the present invention 
include: (a) a?ixing (directly or indirectly) to the patch such 
a biologically active material (e.g., by either a spraying 
process or dipping process as described above, with or 
without a carrier), (b) incorporating or impregnating a 
biologically active material into the coating made with the 
composition (e.g., by either a spraying process or dipping 
process as described above, with or without a carrier), (c) by 
coating the coating made with the composition with a 
substance such as a hydrogel which will in turn absorb the 
biologically active material, (d) constructing the patch made 
with the composition itself with the biologically active 
material in either the biodegradable polymer, the poly(diol 
citrate) polymer, or in the mixture of the two, or (e) by 
covalently binding the biologically active material directly 
to the surface of the composition of the invention. 

[0066] In speci?c and preferred embodiments, the poly 
(diol citrate) compositions of the present invention are used 
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to coat devices such as medical stents and the like. For 
devices that are coated, the coating process can be per 
formed in such a manner as to (a) coat only one surface of 
device With the compositions of the invention or (b) coating 
all or parts of the device With the compositions of the 
invention. 

[0067] The poly(diol citrate)-based coatings or devices 
coated With the same may be made sterile either by prepar 
ing them under aseptic environment and/or they may be 
terminally steriliZed using methods knoWn in the art, such as 
gamma radiation or electron beam sterilization methods or a 
combination of both of these methods. 

[0068] Thus, the therapeutic agent may advantageously be 
delivered to adjacent tissues or tissues proximal to the 
implant site. Biologically-active agents Which may be used 
alone or in combination in the implant precursor and implant 
include, for example, a medicament, drug, or other suitable 
biologically-, physiologically-, or pharmaceutically-active 
substance Which is capable of providing local or systemic 
biological, physiological, or therapeutic effect in the body of 
the patient. The biologically-active agent is capable of being 
released from the solid implanted matrix into adjacent or 
surrounding tissue ?uids during biodegradation, bioerosion, 
or bioresorption of the implant made from the compositions 
of the invention. 

[0069] Other agents also maybe used in the coating com 
positions of the invention. Preferably, such agents are 
capable of preventing infection in the host, either systemi 
cally or locally at the defect site, are contemplated as 
illustrative useful additives. These additives include anti 
in?ammatory agents, such as hydrocortisone, prednisone, 
and the like, NSAIDS, such as acetaminophen, salicylic 
acid, ibuprofen, and the like, selective COX-2 enZyme 
inhibitors, antibacterial agents, such as penicillin, erythro 
mycin, polymyxin B, viomycin, chloromycetin, streptomy 
cins, cefaZolin, ampicillin, aZactam, tobramycin, cepha 
losporins, bacitracin, tetracycline, doxycycline, gentamycin, 
quinolines, neomycin, clindamycin, kanamycin, metronida 
Zole, and the like, antiparasitic agents such as quinacrine, 
chloroquine, vidarabine, and the like, antifungal agents such 
as nystatin, and the like, antiviricides, particularly those 
effective against HIV and hepatitis, and antiviral agents such 
as acyclovir, ribarivin, interferons, and the like. Systemic 
analgesic agents such as salicylic acid, acetaminophen, 
ibuprofen, naproxen, piroxicam, ?urbiprofen, morphine, and 
the like, and local anaesthetics such as cocaine, lidocaine, 
bupivacaine, xylocaine, benZocaine, and the like, also can be 
used as additives in the composites. 

[0070] Other therapeutic agents include bioactive agents 
such as those selected from the group consisting of: an 
antisense nucleotide, a thrombin inhibitor, an antithrombo 
genic agent, a tissue plasminogen activator, a thrombolytic 
agent, a ?brinolytic agent, a vasospasm inhibitor, a calcium 
channel blocker, a nitrate, a nitric oxide promoter, a vasodi 
lator, an antimicrobial agent, an antibiotic, an antiplatelet 
agent, an antimitotic, a microtubule inhibitor, an actin 
inhibitor, a remodeling inhibitor, an agent for molecular 
genetic intervention, a cell cycle inhibitor, an inhibitor of the 
surface glycoprotein receptor, an antimetabolite, an antipro 
liferative agent, an anti-cancer chemotherapeutic agent, an 
anti-in?ammatory steroid, an immunosuppressive agent, an 
antibiotic, a radiotherapeutic agent, iodine-containing com 

Sep. 6, 2007 

pounds, barium-containing compounds, a heavy metal func 
tioning as a radiopaque agent, a peptide, a protein, an 
enZyme, an extracellular matrix component, a cellular com 
ponent, a biologic agent, an angiotensin converting enZyme 
(ACE) inhibitor, ascorbic acid, a free radical scavenger, an 
iron chelator, an antioxidant, a radiolabelled form or other 
radiolabelled form of any of the foregoing, or a mixture of 
any of these. 

[0071] In yet another aspect, the implantable device coat 
ings made from the compositions of the invention may be 
used for delivering a speci?c therapeutic or other agent to an 
external portion (surface) of a body passageWay or cavity. 
Examples of body passageWays include arteries, veins, the 
heart, the esophagus, the stomach, the duodenum, the small 
intestine, the large intestine, biliary tracts, the ureter, the 
bladder, the urethra, lacrimal ducts, the trachea, bronchi, 
bronchiole, nasal airWays, Eustachian tubes, the external 
auditory mayal, vas deferens and fallopian tubes. Examples 
of cavities include the abdominal cavity, the buccal cavity, 
the peritoneal cavity, the pericardial cavity, the pelvic cavity, 
perivisceral cavity, pleural cavity and uterine cavity. 

EXAMPLE 1 

Biodegradable Elastomeric Polymers 

[0072] The coating compositions of the invention are 
based on biodegradable elastomeric polymers of poly(diol) 
citrate molecules. Such molecules typically comprising a 
polyester netWork of citric acid copolymeriZed With a linear 
aliphatic di-OH monomer in Which the number of carbon 
atoms ranges from 2 to 20. Polymer synthesis conditions for 
the preparation of these molecules vary from mild condi 
tions, even at loW temperature (less than 100° C.) and no 
vacuum, to tough conditions (high temperature and high 
vacuum) according the requirements for the materials prop 
erties. By changing the synthesis conditions (including, but 
not limited to, post-polymerization temperature, time, 
vacuum, the initial monomer molar ratio, and the di-OH 
monomer chain length) the mechanical properties of the 
polymer can be modulated over a Wide range. This series of 
polymers exhibit a soft, tough, biodegradable, hydrophilic 
properties and excellent biocompatibility in vitro. 

[0073] The poly(diol)citrate polymers used herein have a 
general structure of: 

[0074] Where A is a linear, aliphatic diol and C also is a 
linear aliphatic diol. B is citric acid. The citric acid co 
polymers of the present invention are made up of multiples 
of the above formula, as de?ned by the integer n, Which may 
be any integer greater than 1. It is contemplated that n may 
range from 1 to about 1000 or more. It is particularly 
contemplated that n may be 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 
12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 
28, 29, 30, 31, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 
43, 44, 45, 46, 47, 48, 49, 50, or more. 

[0075] In preferred embodiments, the identity of “A” 
above is poly 1,10-decanediol and in another preferred 
embodiment the identity of A is 1,8-octanediol. HoWever, it 
should be understood that these are merely exemplary linear, 
aliphatic diols. Those of skill are aWare of other aliphatic 
alcohols that Will be useful in polycondensation reactions to 
produce citric acid polymers. Exemplary such aliphatic diols 
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include any diols of between about 2 carbons and about 20 
carbons. While the diols are preferably aliphatic, linear, 
unsaturated diols, With the hydroxyl moiety being present at 
the C l and CK position (Where x is the terminal carbon of the 
diol), it is contemplated that the diol may be an unsaturated 
diol in Which the aliphatic chain contains one or more double 
bonds. The preferred identity for “C” in one embodiment is 
1,8-octanediol, hoWever as With moiety “A,”“C” may be any 
other aliphatic alcohols. While in speci?c embodiments, 
bothA and C are both the same diol, e.g., 1,8-octanediol, it 
should be understood that A and C may have different carbon 
lengths. For example, Amay be 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 
12, 13, 14, 15, 16, 17, 18, 19, 20 or more carbons in length, 
and C may independently be 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 
13, 14, 15, 16, 17, 18, 19, 20 or more carbons in length. 
Exemplary methods for the polycondensation of the citric 
acid With the linear diols are provided in this Example. 
These materials are then used as starting materials for the 
grafts described in Example 2. 

[0076] Synthesis of Poly(1,10-decanediol-co-citric acid) 
(PDC) In a typical experiment, 19.212 g citric acid and 
17.428 g 1,10-decanediol Were added to a 250 ml three-neck 
round-bottom ?ask, ?tted With an inlet adapter and an outlet 
adapter. The mixture Was melted Within 15 min by stirring 
at 160-165° C. in silicon oil bath, and then the temperature 
of the system Was loWered to 120° C. The mixture Was 
stirred for half an hour at 120° C. to get the pre-polymer. 
Nitrogen Was vented throughout the above procedures. The 
pre-polymer Was post- polymerized at 60° C., 800 C. or 120° 
C. With and Without vacuum for predetermined time from 
one day to 3 Weeks depending on the temperature to achieve 
the Poly(1,10-decanediol-co-citric acid). Nitrogen Was 
introduced into the reaction system before the polymer Was 
taken out from reaction system. 

[0077] Preparation of Poly(1,8-Octanediol-co-citric acid) 
(POC) In a typical experiment, 19.212 g citric acid and 
14.623 g octanediol Were added to a 250 mL three-neck 
round-bottom ?ask, ?tted With an inlet adapter and an outlet 
adapter. The mixture Was melted Within 15 min by stirring 
at 160-165° C. in silicon oil bath, and then the temperature 
of the system Was loWered to 140° C.; The mixture Was 
stirred for another 1 hr at 140° C. to get the pre-polymer. 
Nitrogen Was vented throughout the above procedures. The 
pre-polymer Was post- polymeriZed at 60° C., 80° C. or 120° 
C. With and Without vacuum for predetermined time (from 
one day to 3 Weeks depending on the temperature, With the 
loWer temperatures requiring longer times) to achieve the 
Poly(1,8-octanediol-co-citric acid). Nitrogen Was intro 
duced into the reaction system before the polymer Was taken 
out from the reaction system. 

[0078] Porous scaffolds of POC (tubular and ?at sheets) 
Were prepared via a salt leaching technique as folloWs: POC 
pre-polymer Was dissolved into dioxane to form a 25 Wt % 
solution, and then the sieved salt (90-120 microns) Was 
added into pre-polymer solution to serve as a porogen. The 
resulting slurry Was cast into a poly(tetra?uoroethylene) 
(PTFE) mold (square and tubular shape). After solvent 
evaporation for 72 h, the mold Was transferred into a vacuum 
oven for post-polymerization. The salt in the resulting 
composite Was leached out by successive incubations in 
Water (produced by Milli-Q Water puri?cation system every 
12 h for a total 96 h. The resulting porous scaffold Was 
air-dried for 24 hr and then vacuum dried for another 24 hrs. 
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The resulting scaffold Was stored in a dessicator under 
vacuum before use. Porous scaffolds are typically preferred 
When cells are expected to migrate through a 3-dimensional 
space in order to create a tissue slice. Solid ?lms Would be 
used When a homogenous surface or substrate for cell 
groWth is required such as an endothelial cell monolayer 
Within the lumen of a vascular graft. 

[0079] Using similar techniques, porous scaffolds of PDC 
or other poly(diol)citrates can be prepared. In other embodi 
ments, biphasic scaffolds can be prepared. Biphasic scaf 
folds consist of an outside porous phase and an inside 
non-porous phase as depicted in the schematic draWing 
shoWn in FIG. 15 of PCT PCT/US2004/030631, incorpo 
rated herein by reference. The non-porous phase is expected 
to provide a continuous surface for EC adhesion and spread 
ing, mechanical strength, and elasticity to the scaffold. The 
porous phase Will facilitate the 3-D groWth of smooth 
muscle cells. Biphasic scaffolds Were fabricated via the 
folloWing procedures. Brie?y, glass rods (~3 mm diameter) 
Were coated With the pre-polymer solution and air dried to 
alloW for solvent evaporation. Wall thickness of the tubes 
can be controlled by the number of coatings and the percent 
pre-polymer in the solution. The pre-coated pre-polymer 
Was partially post-polymerized under 60° C. for 24 hr; the 
pre-polymer-coated glass rod is then inserted concentrically 
in a tubular mold that contains a salt/pre-polymer slurry. The 
pre-polymer/outer-mold/glass rod system is then placed in 
an oven for further post-polymerization. After salt-leaching, 
the biphasic scaffold Was then de-molded from the glass rod 
and freeZe dried. The resulting biphasic scaffold Was stored 
in a desiccator before use. The same materials or different 
materials from the above family of elastomers can be 
utiliZed for both phases of the scaffold. Other biomedical 
materials Widely used in current research and clinical appli 
cation such as polylactide (PLA), polycaprolactone (PCL), 
poly(lactide-co-glycolide) (PLGA) may also be utiliZed for 
this novel scaffold design. 

[0080] The thickness, degradation, and mechanical prop 
erties of inside non-porous phase can be Well controlled by 
choosing various pre-polymers of this family of elastomers, 
pre-polymer concentration, coating times and post-polymer 
iZation conditions (burst pressure can be as high as 2800 
mmHg). The degradable porous phase and non-porous 
phases are integrated since they are formed in-situ via 
post-polymerization. The cell culture experiments shoWn in 
FIG. 16 con?rm that both HAEC and HASMC can attach 
and groW Well in biphasic sca?folds. The results suggest that 
a biphasic scaffold design based on poly(diol citrate) is a 
viable strategy toWards the engineering of small diameter 
blood vessels. 

[0081] Synthesis of Poly(1,6-hexanediol-co-citric acid) 
(PHC). In a typical experiment, 19.212 g citric acid and 
11.817 g 1,6-hexanediol Were added to a 250 ml three-neck 
round-bottom ?ask, ?tted With an inlet adapter and an outlet 
adapter. The mixture Was melted Within 15 min by stirring 
at 160-165° C. in a silicon oil bath, and then the temperature 
of the system Was loWered to 120° C. The mixture Was 
stirred for half an hour at 120° C. to get the pre-polymer. 
Nitrogen Was vented throughout the above procedures. The 
pre-polymer Was post- polymerized at 60° C., 80° C. or 120° 
C. With and Without vacuum for a predetermined time from 
one day to 3 Weeks, depending on the temperature, to 
achieve the Poly(1,6-hexanediol-co-citric acid). Nitrogen 
















