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(57) ABSTRACT 

The invention provides an implantable medical device com 
prising a fibrous polymer body comprising a plurality of 
electrospun poly(urethane) fibers, a Support filament 
wrapped around the body, an outer layer around the filament 
for adhering the filament to the body, the outer layer compris 
ing a plurality of electrospun poly(urethane) fibers, and a 
polymer primer coating at least the fibers of the body. The 
polymer primer comprises poly(lactide) and is attached to a 
heparin residue through a linker 
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IMPLANTABLE MEDICAL DEVICE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. The present application is a Continuation-In-Part of 
United States Non-Provisional application Ser. No. 12/137, 
504, filed on Jun. 11, 2008, and entitled STENTS, which 
claims priority to U.S. Provisional Application 60/943,305, 
filed on Jun. 11, 2007, the entire disclosures of which are 
incorporated herein by reference in their entirety for all pur 
poses. 

BACKGROUND OF THE INVENTION 

0002 Treatment of various medical conditions commonly 
involves implantation of medical devices and prostheses into 
a body. Examples of implantable devices for treatment 
include a stent device or graft placed into a diseased vein or 
artery, a catheter, and a fistula. Other devices are partially or 
temporarily placed in a body or positioned external to a body. 
Implantable medical devices are commonly used in various 
medical applications including cardiovascular, urological, 
gastrointestinal, and gynecological applications. 
0003 Various implantable medical devices can be 
deployed within the lumen of a body vessel using minimally 
invasive transcatheter techniques. For example, implantable 
medical devices can function as a stent, a shunt, or a replace 
ment valve. Such devices can include an expandable frame 
configured for implantation in the lumen of a body vessel, 
Such as an artery or a vein. Minimally-invasive techniques 
and instruments for placement of endoluminal and intralume 
nal medical devices have been developed to treat and repair 
undesirable conditions by implantation of a medical device at 
a body vessel. 
0004. The use of stent-graft medical devices, or other 
types of endoluminal mechanical Support devices has devel 
oped into a primary therapy for lumen Stenosis or obstruction. 
Stents in body lumens are commonly used to maintain open 
passageways such as the prostatic urethra, the esophagus, the 
biliary tract, intestines, and various coronary arteries and 
veins, as well as more remote cardiovascular vessels such as 
the femoral artery, etc. Stents and grafts may be designed for 
either temporary placement—to maintain the patency of the 
body lumen—or permanent placement. Grafts and similar 
devices are also commonly configured as artificial conduits. 
0005. A common problem with implantable vascular pros 
theses is intimal hyperplasia after intervention in the vessel, 
Such as a coronary artery. For example, a significant percent 
age of arterial bypass grafts and vein grafts fail due to intimal 
hyperplasia after coronary bypass Surgery. Endothelial denu 
dation, platelet adherence, and leukocyte infiltration are some 
of the functions which can contribute to the proliferation of 
vascular smooth muscle cells (VSMCs) in the vessel and 
Subsequent onset of arterial Stenosis. 
0006. There is a need for an effective, biocompatible 
approach for securing an implantable medical device into or 
onto biological tissue within a body vessel. Existing 
approaches to securing implantable medical devices have had 
limited Success. In one approach, the medical device is 
anchored to the Surrounding tissues by physical or mechani 
cal means. Another approach is directed to modifying the 
medical device surface or material to induce the production of 
fibrous (scar) tissue to anchor the medical device upon 
implantation within the body vessel. 
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0007. There is a need to reduce or prevent the formation of 
biofilm and infection from bacteria and other microorganisms 
on catheters, orthopedic implants, pacemakers, contact 
lenses, stents, vascular grafts, embolic devices, aneurysm 
repair devices and other medical devices. There is also a need 
in the art for materials and structures that can replace or 
improve biological functions or promote the growth of new 
tissue in a subject. Tissue regeneration may be influenced by 
porosity among other factors. 
0008 Conventional grafts are made from various biocom 
patible plastics and metals such as poly(ethylene terephtha 
late) (PET). Such stents are known to cause irritation and 
undesirable biologic responses from the Surrounding tissues 
in a lumen. Although conventional permanent medical 
devices are designed to be implanted for an extended period 
of time, it is sometimes necessary to remove the device pre 
maturely, for example, because of poor patency or harsh 
biological responses. In this case, the device generally must 
be removed through a secondary Surgical procedure. The 
Surgical removal of the device will resultingly cause undesir 
able pain and discomfort to the patient and possibly addi 
tional trauma to the lumentissue. In addition to the pain and 
discomfort, the patient must be subjected to an additional 
time consuming and complicated Surgical procedure with the 
attendant risks of Surgery. 
0009 Polyurethane (PU) and PU-based devices have com 
monly used for vascular grafts, blood conduits, and other 
devices for several decades. More recently, the use of PU for 
medical devices has been called into question. For example, 
PU-based vascular grafts have excellent records in animal 
trials but disappointing results in clinical applications. PU 
based grafts have problematic long-term in vivo biostability 
and raise carcinogenic concerns as they degrade in the body. 
Thus, there is a need for implantable medical devices with 
biocompatibility, which is influenced by surface chemistry 
and topography. 
0010 Bioabsorbable and biodegradable materials have 
emerged more recently as a common material for medical 
devices. The conventional bioabsorbable or bioresorbable 
materials from which Such stents and grafts are made are 
selected to absorb or degrade over time, thereby eliminating 
the need for Subsequent Surgical procedures to remove the 
stent from the body lumen. Such bioabsorbable and biode 
gradable materials also tend to have Superior biocompatibil 
ity characteristics to biocompatible metals and other materi 
als. 

0011. There are, however, known disadvantages associ 
ated with the use of bioabsorbable or biodegradable materi 
als. One of the problems is that the materials break down at a 
faster rate than is desirable for the application. Premature 
degradation can lessen the affectivity of the device. Another 
problem is that conventional materials may break down into 
large, rigid fragments which may cause obstructions in the 
interior of a lumen, such as the urethra. Alternatively, the 
materials may take too long to breakdown and stay in the 
target lumen for a considerable period of time after their 
therapeutic use has been accomplished. 
0012. There is also the need to provide medical devices 
having mechanical compatibility or enhanced mechanical 
properties. For example, a mismatch between the stiffness, 
hardness, and porosity of the device in comparison to the 
Surround tissue environment can cause irritation and other 
complications after implantation. In more drastic cases, the 
device can damage the tissue wall. There is also a need for 
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devices have enhanced mechanical properties such as 
increased wall strength. Such properties may be useful for 
enabling easier navigation through the body and increased 
patency. 
0013 There is a need for medical devices and prostheses, 
and in particular implantable medical devices, which over 
come these and other problems. 
0014. The information disclosed in this Background of the 
Invention section is only for enhancement of understanding 
of the general background of the invention and should not be 
taken as an acknowledgement or any form of Suggestion that 
this information forms the prior art already known to a person 
skilled in the art. 

SUMMARY OF THE INVENTION 

00.15 Various aspects of the invention are directed to an 
implantable medical device comprising a fibrous polymer 
body comprising an electrospun poly(urethane) fiber, a Sup 
port filament wrapped around the body, an outer layer around 
the filament for adhering the filament to the body, the outer 
layer comprising an electrospun poly(urethane) fibers; and a 
covering composition covering the fiber of the body. The 
covering composition comprises poly(lactide) and has the 
formula: 

O 
O 

HO ---~-N-r's O pi 

wherein A is a heparin residue, n is an integer between about 
1000 and about 10000, and m is an integer between about 50 
and about 100. In various embodiments, the body comprises 
a plurality of thermoplastic urethane fibers. In various 
embodiments, the filament comprises thermoplastic poly 
ether urethane. In various embodiments, A is heparin Sodium. 
0016. In various embodiments, the filament is configured 
to provide a degree of anti-kinking resistance to the device. 
The filament may be configured to prevent kinking of the 
device when bending at a radius greater than about 1 mm. The 
filament may be spirally wound around the body and has a 
pitch of between about 1 mm and about 6 mm. The filament 
may be spirally wound around the body and has a pitch of 
about 4 mm. 
0017. In various embodiments, the outer layer comprises a 
plurality of thermoplastic urethane fibers. In various embodi 
ments, the body and outer layer each comprise a plurality of 
electrospun fibers and essentially all of the fibers of the body 
and outer layer is coated with the polymer primer. The body 
may be monolithically formed and the polymer primer may 
be integrated into the body by dip coating. In various embodi 
ments, the body comprises a plurality of electrospun fibers, 
and the covering composition essentially fills interstices 
between the plurality of fibers. The polymer primer may be 
attached to the body by adsorption. In various embodiments, 
the device is a tubular vascular graft. 
0018 Various aspects of the invention are directed to a 
process for producing an implantable medical device com 
prising electroSpinning a fibrous polymer body, the body 
comprising a plurality of electrospun fibers; wrapping a Sup 
port filament around the electrospun body; providing an elec 
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trospun outer layer around the filament to adhere the filament 
to the body thereby forming an uncoated device; applying a 
polymer primer in a solution to the uncoated device under 
Sufficient conditions to cause attachment of the primer to at 
least one of the plurality of fibers of the body; after the 
applying, immobilizing a linker molecule to the applied poly 
merprimer, the linker molecule forming a covalent bond with 
the primer; and after the immobilizing, covalently attaching 
heparin residue to the immobilized linker molecule. 
0019. In various embodiments, the polymer primer solu 
tion has an inherent viscosity midpoint of about 2.0 dl/g at 
room temperature. In various embodiments, the applying is 
performed under sufficient conditions such that essentially all 
of the plurality offibers of the body are covered with polymer 
primer. In various embodiments, the applying, immobilizing 
and attaching are accomplished by Successive dip coating. 
0020. The devices and methods of the present invention 
have other features and advantages which will be apparent 
from or are set forth in more detail in the accompanying 
drawings, which are incorporated herein, and the following 
Detailed Description of the Invention, which together serve to 
explain certain principles of the present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0021 FIG. 1A is a perspective view of an exemplary 
implantable medical device in accordance with the present 
invention. 
0022 FIG. 1B is a cross-sectional, schematic view of the 
device of FIG. 1A, illustrating the various layers of the device. 
0023 FIG. 2A is a scanning electron microscope (SEM) 
image of the lumen of the device body of FIG. 1A. The body 
includes a plurality of electrospun, randomly-aligned poly 
mer fibers. 
0024 FIG. 2B is a SEM image of a cross-section of the 
wall body of FIG. 2A. 
0025 FIG. 3 is a schematic view of a portion of an elec 
trospun fiber of the body or outer layer, illustrating a plurality 
of bioactive agents attached to the fiber. 
0026 FIG. 4 is a schematic view of an electrospinning 
apparatus and mandrel for forming the device of FIG. 1A in 
accordance with the present invention. 
0027 FIG. 5 is a perspective view of the electrospinning 
apparatus of FIG. 4. 
0028 FIG. 6 is an enlarged view of a portion of the elec 
trospinning apparatus of FIG. 5, illustrating forming of a 
polymer body. 
(0029 FIG. 7A is an enlarged view of a portion of the 
electrospinning apparatus of FIG. 5, illustrating the deposi 
tion of a longitudinally aligned fiber layer on a on the man 
drel. 
0030 FIG. 7B is an enlarged view of a portion of the 
electrospinning apparatus of FIG. 5, illustrating the deposi 
tion of a randomly aligned fiber layer on the mandrel. 
0031 FIG. 8 is an illustration of a longitudinally aligned 
polymer sheet for forming the body of FIG. 1A. 
0032 FIG. 9 is a schematic diagram showing the rolling 
process for creating the tubular body of FIG. 1A with the 
sheet of FIG. 8. The sheet is rolled around a rod and later 
Sutured, fastened, or adhered along the seam. 
0033 FIG. 10 is an illustration of a criss-cross sheet 
similar to FIG.8 which comprises aligned sheets. 
0034 FIG. 11 is a flow diagram showing the process for 
making the device of FIG. 1A. 
0035 FIG. 12 is a front view of the device of FIG. 1A bent 
at a nearly Zero radius. 
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DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Definitions and Abbreviations 

0036. The abbreviations and terminology used herein gen 
erally have their conventional meaning within the chemical, 
biological, and mechanical arts unless otherwise noted. 
0037. As used herein, the singular forms “a”, “and”, and 
“the include plural referents unless the context clearly dic 
tates otherwise. 
0038. “Fibrous refers to structures formed of one or more 

fibers. The term “fiber' includes the singular and plural ref 
erents unless the context clearly dictates otherwise. In an 
exemplary embodiment, the device includes a body and outer 
layer formed of one or more fibers. 
0039 Stent, graft, stent-graft, venae cavae filter, 
endoprosthesis, and other implantable medical devices, col 
lectively referred to hereinafter as a device, are typically, 
though not always, an intraluminal (e.g., intravascular) 
device capable of being implanted transluminally. In the case 
of a stent, the device may be self-expanding, expanded by an 
internal radial force. Such as when mounted on a balloon, or a 
combination of self-expanding and balloon-expandable (hy 
brid expandable). The device may be implanted in a variety of 
body lumens or vessels such as within the vascular system, 
urinary tracts, bile ducts, fallopian tubes, coronary vessels, 
secondary vessels, etc. The device may be used to reinforce 
body vessels and to prevent restenosis following angioplasty 
in the vascular system. 
0040. As used herein, and unless otherwise indicated, a 
composition that is “essentially free” of a component means 
that the composition contains less than about 20% by weight, 
such as less than about 10% by weight, less than about 5% by 
weight, or less than about 3% by weight of the respective 
component. 
0041. “Peptide' refers to a polymer in which the mono 
mers are amino acids and are joined together through amide 
bonds, alternatively referred to as a polypeptide. Addition 
ally, unnatural amino acids, for example, B-alanine, phenylg 
lycine and homoarginine are also included. Amino acids that 
are not gene-encoded may also be used in the present inven 
tion. Furthermore, amino acids that have been modified to 
include reactive groups, glycosylation sites, polymers, thera 
peutic moieties, bioactive agents and the like may also be 
used in the invention. All of the amino acids used in the 
present invention may be either the D- or L-isomer. In addi 
tion, other peptidomimetics are also useful in the present 
invention. As used herein, "peptide' refers to both glycosy 
lated and unglycosylated peptides. Also included are peptides 
that are incompletely glycosylated by a system that expresses 
the peptide. For a general review, see, Spatola, A. F., in CHEM 
ISTRY AND BIOCHEMISTRY OF AMINO ACIDS, PEPTIDES AND 
PROTEINS, B. Weinstein, eds., Marcel Dekker, New York, p. 
267 (1983). 
0042. The term "amino acid refers to naturally occurring 
and synthetic amino acids, as well as amino acid analogs and 
amino acid mimetics that function in a manner similar to the 
naturally occurring amino acids. Naturally occurring amino 
acids are those encoded by the genetic code, as well as those 
amino acids that are later modified, e.g., hydroxyproline, 
Y-carboxyglutamate, and O-phosphoserine. Amino acid ana 
logs refers to compounds that have the same basic chemical 
structure as a naturally occurring amino acid, i.e., an O. carbon 
that is bound to a hydrogen, a carboxyl group, an amino 
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group, and an R group, e.g., homoserine, norleucine, 
methionine sulfoxide, methionine methyl sulfonium. Such 
analogs have modified R groups (e.g., norleucine) or modi 
fied peptide backbones, but retain the same basic chemical 
structure as a naturally occurring amino acid. Amino acid 
mimetics refers to chemical compounds that have a structure 
that is different from the general chemical structure of an 
amino acid, but that functionina manner similar to a naturally 
occurring amino acid. 
0043. As used herein, the term "copolymer describes a 
polymer which contains more than one type of Subunit. The 
term encompasses polymer which include two, three, four, 
five, six, or more types of Subunits. 
0044. The term "isolated’ refers to a material that is sub 
stantially or essentially free from components, which are used 
to produce the material. The lower end of the range of purity 
for the compositions is about 60%, about 70% or about 80% 
and the upper end of the range of purity is about 70%, about 
80%, about 90% or more than about 90%. 
0045. The term “attached, as used herein encompasses 
interaction including, but not limited to, covalent bonding, 
ionic bonding, chemisorption, physisorption and combina 
tions thereof. 
0046. The term “bioactive agent” as used herein refers to 
an organic molecule that has activity to produce a desired 
effect in a biological system. The organic molecule can be of 
biological origin, made by living organisms, or made syn 
thetically. This includes, but is not limited to, antithrombo 
genic agents such as heparin. 
0047 “Small molecule” refers to species that are less than 
1 kD in molecular weight, preferably, less than 600 D. 
0048. Where substituent groups are specified by their con 
ventional chemical formulae, written from left to right, they 
equally encompass the chemically identical Substituents, 
which would result from writing the structure from right to 
left, e.g., —CHO— is intended to preferably also recite 
—OCH2—. 
0049. By “effective” amount of a drug, formulation, or 
permeant is meant a Sufficient amount of an active agent to 
provide the desired local or systemic effect. A “therapeuti 
cally effective” amount refers to the amount of drug needed to 
affect the desired therapeutic result. 
0050. The term, “aligned’, as used herein, refers to the 
orientation offibers in a fibrous structure wherein at least 50% 
of the fibers are oriented in a general direction and their 
orientation forms an average axis of alignment. The orienta 
tion of any given fiber can deviate from the average axis of 
alignment and the deviation can be expressed as the angle 
formed between the alignment axis and orientation of the 
fiber. A deviation angle of 0° exhibits perfect alignment and 
90° (or -90°) exhibits orthogonal alignment of the fiber with 
respect to the average axis of alignment. In an exemplary 
embodiment, the standard deviation of the fibers from the 
average axis of alignment can be an angle selected from 
between 0° and 19, between 0° and 39, between 0° and 5°, 
between 0° and 10°, between 0° and 15°, between 0° and 20°, 
or between 0° and 30°. 

0051. The term “rod', as used herein, refers to a fibrous 
polymer structure which is essentially in the shape of a filled 
cylinder. Spaces and channels can be present between the 
individual fibers which compose the rod. 
0052. The term “conduit', as used herein, refers to an 
object that is essentially cylindrical in shape. The conduit has 
an inner wall and an outer wall, an interior diameter, an 
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exterior diameter, and an interior space which is defined by 
the inner diameter of the conduit as well as its length. Spaces 
and channels can be present between the individual fibers 
which compose the conduit. 
0053. The term “filled conduit', as used herein, refers to a 
conduit in which a portion of the interior space is composed of 
filler material. This filler material can be a fibrous polymer. 
Spaces and channels can be present between the individual 
fibers which compose the filled conduit. 
0054 The term "seam” or "seamed’, as used herein, refers 
to a junction formed by fitting, joining, or lapping together 
two sections. These two sections can be held together by 
mechanical means, such as Sutures, or by chemical means, 
Such as annealing or adhesives. For example, a seam is 
formed by joining one region of a sheet to another region. 
0055. The term "seamless', as used herein, refers to an 
absence of a seam. 
0056. The term “cell” can refer to either a singular (“cell') 
or plural (“cells”) situation. 
0057 The symbol M, whether utilized as a bond or 
displayed perpendicular to a bond, indicates the point at 
which the displayed moiety is attached to the remainder of the 
molecule, for example, a polymer. 
0058. The term “poly(urethane)” and “polyurethane' as 
used herein refers to modified or unmodified polyurethanes, 
any co-polymer thereof, and blends or mixtures comprising 
said modified or unmodified polyurethanes and/or any co 
polymer thereof. This includes, for example, thermoplastic 
and thermoset polyurethane elastomers, poly(ester urethane), 
poly(esterurethane)urea, polyether urethane, poly(etherester 
urethane)urea, silicone polyether urethane, polycarbonate 
urethane, silicone polycarbonate urethane, segmented poly 
caprolactone polyurethane, and segmented polyethylene 
oxide polyurethane. 
0059. The term “poly(lactide)” and “polylactide' as used 
herein refers to poly(lactide) and blends including, but not 
limited to, poly(L-lactide), poly(D-lactide), poly(DL-lac 
tide), poly(lactic acid) and combinations thereof. In various 
embodiments, the term “poly(lactide) and “polylactide' 
encompasses copolymers of L-lactide, D-lactide, and/or DL 
lactide with other types of Subunits including, for example, 
poly(L-lactide-co-glycolide), poly(DL-lactide-co-gly 
collide), poly(DL-lactide-co-caprolactone), poly(L-lactide 
co-caprolactone-co-glycolide), and combinations thereof. 

The Implantable Device 

0060 Reference will now be made in detail to various 
embodiments of the present invention(s), examples of which 
are illustrated in the accompanying drawings and described 
below. While the invention(s) will be described in conjunc 
tion with exemplary embodiments, it will be understood that 
present description is not intended to limit the invention(s) to 
those exemplary embodiments. On the contrary, the invention 
(s) is/are intended to cover not only the exemplary embodi 
ments, but also various alternatives, modifications, equiva 
lents and other embodiments, which may be included within 
the spirit and scope of the invention as defined by the 
appended claims. 
0061 Turning now to FIGS. 1A, 1B, 2A, 2B, and 3, the 
present invention relates to a medical device, generally des 
ignated 30, configured for implantation into a body. In various 
embodiments, the device is an implantable vascular prosthe 
ses or vascular graft for the treatment of vascular disease. In 
various embodiments, the device is a vascular graft. In Vari 
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ous embodiments, the device is configured for revasculariz 
ing tissue. In various embodiments, the device is an arterio 
venous graft (A-V graft). One will appreciate from the 
description herein that the device of the present invention may 
be a variety of medical devices configured for different appli 
cations. 
0062) Exemplary device 30 includes a hollow, tubular 
inner wall structure or body, generally designated 32. The 
exemplary body is formed of a fibrous material. In various 
embodiments, the body (and the device formed therefrom) is 
a cylindrically-shaped structure which functions to hold open 
and/or expand a segment of a blood vessel or other lumen 
Such as a coronary artery. In various embodiments, the device 
is configured for carrying biological fluids. In various 
embodiments, the device is configured for implantation into a 
human body. 
0063. An exemplary device of the invention possesses a 
unique set of properties: it can travel through Small and tor 
tuous body lumens to the treatment site. As will be understood 
by one of skill in the art, device 30 may dimensioned and 
configured to exhibit a very high modulus of elasticity, a very 
low yield point, a high tensile strength, a variable work hard 
ening rate, good fatigue resistance, and/or flexibility for navi 
gating the tortuous vascular anatomy. In various embodi 
ments, the device is made of a material having a high degree 
of radiopacity or good corrosion resistance and biocompat 
ibility to vascular tissue, blood and other bodily fluids. 
0064. In various embodiments, device 30 is an implant 
able medical device formed from a combination of fibrous 
polymer body 32, a Support structure 33, and a covering 
composition 35 covering at least a portion of the fibers of the 
body. In an exemplary embodiment, the covering composi 
tion includes a polymer primer 36 functionalized with a bio 
active agent 41 through one or more linkers 43. The exem 
plary body is formed of a plurality of polymer fibers. 

Fibrous Body 
0065. In various embodiments, body 32 is fibrous polymer 
body. “Fibrous” and “fibrous structure” refer to an element 
formed of one or more fibers. In various embodiments, the 
body is formed of electrospun poly(urethane) fiber. “Fiber' 
refers to one or more fibers. In various embodiments, the body 
is formed of polymer fibers in random alignment. In various 
embodiments, the body is formed from a continuous fiber. In 
various embodiments, the plurality of polymer fibers are 
aligned in the longitudinal direction or the circumferential 
direction. In various embodiments, the body is monolithically 
formed. 
0.066 A variety of materials can be used to form the body 
including synthetic and/or natural sources. In an exemplary 
embodiment, the body is formed from electrospun poly(ure 
thane) fibers. 
0067 Body 32 is defined by an inner wall structure. One 
will appreciate that the body may be formed of a single 
electrospun fiber, Such as a continuous filament, or may be 
formed of a plurality of fibers. One will appreciate that the 
actual wall thickness of the body may not be uniform because 
of the inherent nature of the fibrous structure. The electro 
spinning system may be adjusted to increase or decrease the 
variation in the wall structure. 
0068 Invarious embodiments, the inner wall structure has 
an average thickness of approximately 0.9 mm. In various 
embodiments, the inner wall structure has an average thick 
ness of approximately 0.7 mm. In various embodiments, the 
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inner wall structure is homogenous and has substantially 
uniform porosity. In various embodiments, the inner wall 
structure is formed by two or more layers of materials, such 
two layers of electrospun polymer fibers. 
0069. In a first aspect, the invention provides a body which 
comprises at least one layer composed of plurality of polymer 
fibers. A fibrous polymer layer includes a fiber or fibers which 
can have a range of diameters. In an exemplary embodiment, 
the average diameter of the fibers in the fibrous polymer layer 
is in the nanodiameter range. In various embodiments, the 
diameter is from about 0.1 nanometers to about 50000 
nanometers. In another exemplary embodiment, the average 
diameter of the fibers in the fibrous polymer layer is from 
about 25 nanometers to about 25,000 nanometers. In an 
exemplary embodiment, the average diameter of the fibers in 
the fibrous polymer layer is from about 50 nanometers to 
about 20,000 nanometers. In an exemplary embodiment, the 
average diameter of the fibers in the fibrous polymer layer is 
from about 100 nanometers to about 5,000 nanometers. In an 
exemplary embodiment, the average diameter of the fibers in 
the fibrous polymer layer is from about 1,000 nanometers to 
about 20,000 nanometers. In an exemplary embodiment, the 
average diameter of the fibers in the fibrous polymer layer is 
from about 10 nanometers to about 1,000 nanometers. In an 
exemplary embodiment, the average diameter of the fibers in 
the fibrous polymer layer is from about 2,000 nanometers to 
about 10,000 nanometers. In an exemplary embodiment, the 
average diameter of the fibers in the fibrous polymer layer is 
from about 0.5 nanometers to about 100 nanometers. In an 
exemplary embodiment, the average diameter of the fibers in 
the fibrous polymer layer is from about 0.5 nanometers to 
about 50 nanometers. In an exemplary embodiment, the aver 
age diameter of the fibers in the fibrous polymer layer is from 
about 1 nanometer to about 35 nanometers. In an exemplary 
embodiment, the average diameter of the fibers in the fibrous 
polymer layer is from about 2 nanometers to about 25 nanom 
eters. In an exemplary embodiment, the average diameter of 
the fibers in the fibrous polymer layer is from about 90 
nanometers to about 1,000 nanometers. In an exemplary 
embodiment, the average diameter of the fibers in the fibrous 
polymer layer is from about 500 nanometers to about 1,000 
nanometers. 

0070. In an exemplary embodiment, the fibrous body is 
formed from one or more a nanofiber or microfiber polymer 
layers. Microfiber polymer layers have micron-scale features 
(an average fiber diameter between about 1,000 nanometers 
and about 50,000 nanometers, and in various embodiments 
between about 1,000 nanometers and about 20,000 nanom 
eters), while nanofiber polymer layers generally have Submi 
cron-scale features (an average fiber diameter between about 
10 nanometers and about 1,000 nanometers, and in various 
embodiments between about 50 nanometers and about 1,000 
nanometers). 
0071. In an exemplary embodiment, the average diameter 
of the fibers in the fibrous polymer layer is in the microdiam 
eter range. In an exemplary embodiment, the fibers have an 
average diameter in the range selected from between about 
100 nanometers to about 8 micrometers, from about 500 
nanometers to about 5 micrometers, and from about 1 
micrometer to about 3 micrometers. One will appreciate that 
the dimensions and configuration of the fibers in the fibrous 
polymer elements of the device may vary depending on the 
application. Each of these polymer layers can resemble the 
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physical structure at the area of treatment, such as native 
collagen fibrils or other extracellular matrices. 
0072. In some embodiments, the fibrous body is com 
posed of a single continuous fiber. In other embodiments, the 
fibrous body is composed of at least two, three, four, five, or 
more fibers. In an exemplary embodiment, the number of 
fibers in the fibrous body is a member selected from 2 to 
100,000. In an exemplary embodiment, the number of fibers 
in the fibrous body is a member selected from 2 to 50,000. In 
an exemplary embodiment, the number offibers in the fibrous 
body is a member selected from 50,000 to 100,000. In an 
exemplary embodiment, the number of fibers in the fibrous 
body is an integer between about 10 and about 20,000. In an 
exemplary embodiment, the number of fibers in the fibrous 
body is an integer between about 15 and about 1,000. 
0073. The fibrous polymer body can comprise a fiber of at 
least one composition. In an exemplary embodiment, the fiber 
or fibers of the fibrous polymer body are biodegradable. 
0074. In an exemplary embodiment, the device includes 
biodegradable polymers. 
0075 Biodegradable polymers are those which are 
approved by the FDA for clinical use. In another exemplary 
embodiment, biodegradable polymer layers are used to guide 
the morphogenesis of engineered tissue and gradually 
degrade after the assembly of the tissue. The degradation rate 
of the polymers can be tailored by one of skill in the art to 
match the tissue generation rate. Additional ways to increase 
polymer layer biodegradability can involve selecting a more 
hydrophilic copolymer (for example, polyethylene glycol), 
decreasing the molecular weight of the polymer, as higher 
molecular weight often means a slower degradation rate, and 
changing the porosity or fiber density, as higher porosity and 
lower fiber density often lead to more water absorption and 
faster degradation. In another exemplary embodiment, the 
tissue is vascular tissue. 

Spiral Filament 
(0076) Device 30 includes support structure 33 for provid 
ing a degree of anti-kinking and compression resistance. In 
various embodiments, the Support structure is a filament spi 
rally wound around at least a portion or the entire body 32. 
“Degree of anti-kinking resistance' refers to a structure that 
mechanically Supports the device and/or measurably 
decreases the minimum bending radius at which kinking 
OCCU.S. 

0077 Suitable materials for support structure 33 include, 
but are not limited to, thermoplastic polyether urethane. The 
exemplary filament Support extends around the body in a 
spiral or corkscrew fashion. The filament may be wound 
manually and hand-tightened. The exemplary filament covers 
most, if not all, of the length of the inner wall structure. 
0078. The exemplary spiral filament has a diameter of 
0.028 inches. In various embodiments, the filament windings 
have a sufficient pitch to resist kinking of the device resis 
tance when bending at a radius greater than about 1 mm. In 
various embodiments, the pitch is between about 1 mm and 
about 6 mm. In various embodiments, the pitch is between 
about 2 mm and 4 mm. In various embodiments, the pitch is 
about 4 mm. One will appreciate from the description herein 
that the filament dimensions and configuration may be varied 
depending on the dimensions and application of the fibrous 
body and device formed therefrom. 
(0079. Device 30 includes an outer or overwrap layer 37 
which wraps around support structure 33 to adhere the Sup 
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port structure to the body. The outer layer wraps around and 
covers at least a portion of the Support structure and/or body. 
0080 Invarious embodiments, the outer layer is formed of 
the same material as the body. In an exemplary embodiment, 
the outer layer is formed of electrospun poly(urethane) fiber. 
The fiber forming the outer layer may be one or more fiber 
elements. Similar to the body 32, outer layer 37 may be 
formed of a single electrospun fiber. Such as a continuous 
filament, or may be formed of a plurality of fibers. 
0081. It will be appreciated that the outer layer of the 
present invention serves several purposes. The outer layer 
secures the filament to the device body. The outer layer also 
insulates the filament from the environment in which the 
device is placed. Thus, the rough surface of the filament on the 
body is less likely to cause complications after placement. 
The outer layer also serves to reduce the risk of problems 
related to damage and weakening of the device body and 
reduced tissue infiltration. In various embodiments, the outer 
layer encapsulates the filament in a sandwich configuration 
with the outer surface of the body thereby providing an 
increased level of integration into the resulting device. 

Covering Composition and Bioactive Agent 
0082) Exemplary device 30 includes a covering composi 
tion 35 which covers at least one of the electrospun fibers of 
body 32. The exemplary covering composition includes poly 
merprimer 36 which covers or coats the fibers and a bioactive 
agent 41 attached to the polymer primer through a linker 
molecule 43. Thus, the exemplary linker molecule and bio 
active agent effectively coat the fibers via the polymer primer. 
0083. In various embodiments, the polymer primer coats 

all of the fibers of the body. In various embodiments, the 
polymer primer coats at least one of the fibers in outer layer 
37. In various embodiments, each individual fiber is coated or 
encapsulated by the polymer primer. In various embodi 
ments, the polymer primer coats Support structure 33. 
0084. In various embodiments, the covering composition 
covers all of the fibers of the body. In various embodiments, 
the covering composition covers at least one of the fibers in 
outer layer 37. In various embodiments, each individual fiber 
is coated, encapsulated, or covered by the covering composi 
tion. In various embodiments, the covering composition cov 
ers support structure 33. 
0085 Suitable materials for the polymer primer include, 
but are not limited to, bioabsorbable polymers. In various 
embodiments, the polymer primer is formed of a poly(lac 
tide). In various embodiments, the polymer primer includes 
poly(D.L-lactide) (“PDLA). In various embodiments, at 
least one of the polymer primer, body, and outer layer is 
biodegradable. 
I0086 Exemplary bioactive agent 41, which is attached to 
polymer primer 36, serves to functionalize the coated fiber. In 
various embodiments, the bioactive agent and linker mol 
ecule are referred to as layers formed on top of the polymer 
primer layer. 
0087. In various embodiments, the bioactive agent is 
attached to the polymer primer through a linker molecule. As 
will be discussed below, the attachment may be accomplished 
by the use of linker molecules, catalysts, and/or coupling 
agents. In various embodiments, a heparin residue is attached 
to a PDLA polymer primer through at least one linker. In 
various embodiments, heparin is covalently attached to a 
PDLA polymer primerthrough a di-aminopoly(ethylene gly 
col) (“PEG) linker. 
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I0088. In various embodiments, the covering composition 
includes a polymer primer functionalized with a bioactive 
agent. In various embodiments, the covering composition 
comprises poly(lactide) and has the formula: 

O 
O 

HOS-'ul-Ir's O pi 

wherein A is a heparin residue, n is an integer between about 
1000 and about 10000, and m is an integer between about 50 
and about 100. One will appreciate that mand n can be chosen 
based on a variety of commercially available products. In 
various embodiments, m is an integer in a range selected from 
between about 1 and about 500, between about 50 to about 
100, about 60 to about 85, and about 66 to about 83. In various 
embodiments, the average value of m is about 74. In various 
embodiments, n is an integerina range selected from between 
about 1000 to about 700000, between about 3000 to about 
10000, between about 4000 to about 8500, and between about 
4100 and about 7300. In various embodiments, the average 
value of n is about 7250. In various embodiments, n is of a 
Sufficient number to provide an average inherent viscosity 
midpoint in a range selected from between about 0.1 to about 
6.0 dL/g, between about 1 to about 4 dL/g, and between about 
1.6 to about 2.4 dI/g, at room temperature. In various 
embodiments, n is of a Sufficient number to provide an aver 
age inherent viscosity midpoint of about 2.0 dL/g at room 
temperature. 
I0089. In various embodiments, the polymer primer com 
prises PDLA and a linker molecule is immobilized to an end 
of the PDLA. In various embodiments, the linker molecule 
has a molecular weight in a range selected from the group 
consisting of between about 1000 g/mol and about 10000 
g/mol, between about 2500 g/mol and about 4500 g/mol, 
between about 2800 g/mol and about 4000 g/mol, between 
about 3000 g/mol and about 3700 g/mol. In various embodi 
ments, the linker is PEG and has a molecular weight of about 
3350 g/mol. In various embodiments, the polymer primer has 
a molecular weight in a range selected from the group con 
sisting of between about 1000 g/mol and about 800000 g/mol, 
between about 200000 g/mol and about 600000 g/mol, 
between about 250000 g/mol and about 550000 g/mol, 
between about 290000 g/mol and about 530000 g/mol. In 
various embodiments, the polymer primer has a molecular 
weight of about 406000 g/mol. 
0090 Exemplary bioactive agent 41 is attached to the 
polymer primer 36 through a linker. In various embodiments, 
the linker is a polymer or subunit which is a member selected 
from an aliphatic polyester, a polyalkylene oxide, and com 
binations thereof. 
0091. In an exemplary device, each fiber is coated with 
poly(lactide) (PLA) and functionalized with a heparin residue 
via a linker molecule. In various embodiments, the linker 
molecule is PEG. The PEG is immobilized to the Surface of 
the poly(lactide) primer layer using carbodiimide chemistry 
(i.e., activation of free carboxylic acid residues of the PLA 
coating with a coupling agent and Subsequent reaction with 
one of the functional ends of di-amino PEG). In various 
embodiments, the heparin residue is attached to the linker 
molecule using carbodiimide chemistry (i.e., activation of 
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free carboxylic acid residues on the heparin and Subsequent 
reaction with the remaining functional end of the immobi 
lized linker molecule). In various embodiments, the linker 
molecule tethers the heparin from the surface of the respec 
tive polymer fiber. 
0092. In various embodiments, the linker molecule is 
PEG, and the PEG is immobilized to the surface of the poly 
(lactide) coating layer. The PEG is of linear structure and has 
an average molecular weight of 3350 g/mol. The average 
molecular weight of the PEG may be between about 1000 and 
10,000 g/mol. In various embodiments, the heparin residue is 
attached to the linker molecule using carbodiimide chemistry. 
In various embodiments, the linker molecule tethers the hep 
arin from the surface of the respective polymer fiber. 
0093. In an exemplary embodiment, poly(lactide) primer 
layer 36 is attached to the fibrous body by adsorption. In 
various embodiments, the poly(lactide) layer is integrated 
into the fibrous body. In various embodiments, the poly(lac 
tide) layer forms a covalent bond with the linker molecule. In 
various embodiments, the linker molecule forms a covalent 
bond with the heparin residue. In various embodiments, the 
bioactive agent is covalently associated with the poly(lactide) 
polymer primer through at least one linker molecule. 
0094. In various embodiments, polymer primer 36 is an 
aliphatic polyester that is linear or branched. In an exemplary 
embodiment, the linear aliphatic polyester is a member 
selected from lactic acid (D- or L), lactide, poly(lactic acid), 
poly(lactide) glycolic acid, poly(lactide-co-glycolide), poly 
(lactic acid-co-glycolic acid), and combinations thereof. In 
another exemplary embodiment, the aliphatic polyester is 
branched and comprises at least one member selected from 
lactic acid (D- or L-), poly(D.L-lactide), lactide, poly(lactic 
acid), poly(lactide), poly(lactide-co-glycolide), poly(lactic 
acid-co-glycolic acid), and combinations thereof which is 
conjugated to a linker or a bioactive agent. In an exemplary 
embodiment, the polyalkylene oxide is a member selected 
from polyethylene oxide, polyethylene glycol, polypropylene 
oxide, polypropylene glycol and combinations thereof. 
0095. In some embodiments, the bioactive agent is utilized 
to promote the growth of new tissue. In an exemplary embodi 
ment, the bioactive agent is a member selected from heparin, 
heparin Sulfate, heparin Sulfate proteoglycan and combina 
tions thereof. In various embodiments, “heparin residue' may 
refer to clinical analogs such as anti-platelet agents. Other 
agents that are useful in conjunction with the present inven 
tion will be readily apparent from the description herein to 
those of skill in the art. In various embodiments, the bioactive 
agent is a heparin residue such as heparin Sodium. Heparin is 
a biological Substance, sometimes made from pig intestines. 
It works by activating antithrombin III, which blocks throm 
bin from clotting blood. In an exemplary embodiment, the 
bioactive agent is heparin or a prodrug of heparin. In an 
exemplary embodiment, the device includes a heparin analog 
or a prodrug of a heparin analog. In an exemplary embodi 
ment, the heparin analog is a member selected from Anti 
thrombin III, Bemiparin, Dalteparin, Danaparoid, Enox 
aparin, Fondaparinux (Subcutaneous), Nadroparin, 
Parnaparin, Reviparin, Sulodexide, and Tinzaparin. 
0096. In various embodiments, the bioactive agent that is 
capable of retarding or arresting the formation of intimal 
hyperplasia is appropriate for incorporation into the fiber of 
the invention. Although the discussion thus far has focused on 
vascular reconstructive Surgery involving implanting a vas 
cular graft, those of skill will readily appreciate that the 
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discussion is generally applicable to other forms of vascular 
reconstructive Surgery, angioplasty and preventing the forma 
tion of post-Surgical adhesions in other organs and/or internal 
Structures. 

0097 Polymer primer 36 may coat each or most of the 
respective fibers of device 30 or may be incorporated or 
impregnated into the fibrous structure. For example, the poly 
mer primer may fill interstices between the fibers. "Fill inter 
stices' refers to the polymer primer existing in the space 
between adjacent fibers. In an exemplary embodiment, the 
polymer primer covers or coats essentially all of each of the 
fibers and thereby fills interstices between the fibers. “Cover” 
is to be understood as commonly used in the chemical and 
biological arts and refers to covering a portion or all of an 
element. In an exemplary embodiment, the polymer primer 
covers essentially all of the fibers of the body, and each fiber 
is substantially coated by the polymer primer. One will appre 
ciate from the description herein that the covering composi 
tion is associated with the device by virtue of the polymer 
primer. 
0098. One or more of the many art-recognized techniques 
for immobilizing, coating, adhering, or attaching one mol 
ecule with another molecule or Surface can be used to prepare 
the device. These methods include, but are not limited to, 
covalent attachment to the respective molecule or a derivative 
of the molecule bearing a “handle' allowing it to react with a 
component of the fiber having a complementary reactivity. 
0099. In various embodiments, the bioactive agent is 
covalently attached to a linker molecule which is covalently 
attached to the polymer primer. In various embodiments, the 
polymer primer is non-covalently associated with fibrous 
body 32. Non-covalent association can also be termed 
“embedded' or “impregnated' and includes, but is not limited 
to, chemisorption, physisorption and combinations thereof. 

Methods of Making the Device 
0100 Turning to FIGS. 3-6, 7A, 7B, and 8-11, an exem 
plary method of making device 30 in accordance with the 
present invention will now be described. Fibrous polymer 
body 32 can be produced in a variety of ways. FIG. 11 pro 
vides a flowchart illustrating a general process for producing 
device 30 in accordance with the present invention. 
0101. In Step 51, fibrous body 32 is produced by electro 
spinning a plurality of polymer fibers into a first tubular layer 
on a mandrel (FIGS. 4, 5, and 6). The exemplary polymer 
fibers are poly(urethane) and have an average diameter 
between about 1 micrometer and about 3 micrometers. 
0102 Electrospinning is a process that exploits the inter 
actions between an electrostatic field and a conducting fluid. 
The fluid is deployed to a Substrate such as a rotating mandrel. 
One will appreciate that other methods may be used to pro 
duce the device including, but not limited to, other forms of 
electrostatic processing, deposition, and etching. 
0103. After electrospinning, extrusion and molding can be 
utilized to further fashion the polymers. To modulate fiber 
organization into aligned fibrous polymer layers, the use of 
patterned electrodes, wire drum collectors, or post-process 
ing methods such as uniaxial stretching has been Successful. 
Further details regarding the electrospinning process may be 
found in the above-mentioned U.S. application Ser. No. 
12/137.504, which is incorporated herein for all purposes by 
this reference. 
0104 FIGS. 4, 5, and 6 illustrate an exemplary electro 
spinning system, generally designated 44, in accordance with 
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the invention. The exemplary system includes a mandrel 49 
having a contact region 46, spinneret 51 for dispensing a 
polymer fluid, and a reservoir 47 for holding the fluid. 
0105. The polymer solution forming the basis for the elec 
trospun fibrous body can be produced in one of several ways. 
One method involves polymerizing the monomers and dis 
Solving the Subsequent polymer in appropriate solvents. This 
process can be accomplished in a Syringe assembly or it can 
be subsequently loaded into a Syringe assembly. 
0106 The polymer used to form the exemplary body is 

first dissolved in a solvent. The solvent can be any solvent 
which is capable of dissolving the polymer monomers and/or 
Subunits and providing a polymer Solution capable of con 
ducting and being electrospun. Typical Solvents include a 
solvent selected from N,N-Dimethyl formamide (DMF), tet 
rahydrofuran (THF), methylene chloride, dioxane, ethanol, 
hexafluoroisopropanol (HFIP), chloroform, water and com 
binations thereof. In an exemplary embodiment, the body is 
formed of a plurality of electrospun poly(urethane) fibers. In 
various embodiments, the fibers are formed by dissolving 
poly(urethane) in N,N-dimethylformamide (DMF) to 
approximately 22% weight/volume. 
0107 The poly(urethane) solution is spun on a mandrel 
49. The mandrel is mechanically attached to a motor, often 
through a drill chuck. In an exemplary embodiment, the 
motor rotates the mandrel at a speed of between about 1 
revolution per minute (rpm) to about 500 rpm. In an exem 
plary embodiment, the motor rotation speed is between about 
200 rpm to about 500 rpm. In another exemplary embodi 
ment, the motor rotation speed is between about 1 rpm to 
about 100 rpm. In various embodiments, mandrel is nega 
tively charged and one or more spinnerets 51 for dispensing 
the polymer is positively charged. 
0108. In an exemplary embodiment, the electrospinning is 
conducted in a controlled environment. In various embodi 
ments, the environment temperature is in a range selected 
from about 5 degrees Celsius to about 15 degrees Celsius, 
from about 15 degrees Celsius to about 30 degrees Celsius, 
from about 30 degrees Celsius to about 45 degrees, and more 
than 45 degrees Celsius. The temperature is optionally con 
trolled using infrared (IR) heat. In various embodiments, the 
local, relative humidity of the environment is in a range 
selected from about 0% to about 5%, from about 5% to about 
15%, from about 15% to about 20%, from about 20% to about 
25%, from about 25% to about 30%, and about 30% to about 
90%. The height of the spinnerets above the mandrel is fixed. 
0109. In an exemplary embodiment, the mandrel and spin 
nerets are separated by approximately 22 cm. Referring to 
FIGS. 6, 7A, and 7B, the spinnerets reciprocate along alon 
gitudinal axis of the spinning mandrel to create a layer of 
polymer fibers. In various embodiments, the rotation speed 
and movement of the spinnerets are controlled to create a 
layer of polymer fibers having a substantially uniform thick 
ness. In various embodiments, the thickness is about 0.7 mm. 
In various embodiments, the thickness is between about 0.5 
mm and about 1.0 mm. 

0110. In one aspect, the fibrous polymer body and/or outer 
layer includes electrospun fibers aligned in an orientation 
desired by the user. In an exemplary embodiment, the layers 
are aligned in an essentially longitudinal or essentially cir 
cumferential direction. The fibrous polymer body and/or 
outer layer can either have a seam or they can be seamless. In 
another exemplary embodiment, the fibrous polymer body 
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and/or outer layer are seamless along an axis essentially par 
allel to the longitudinal axis of the polymer body. 
0111. In one embodiment, the fibrous polymers of use in 
the invention can be created on a mandrel with at least two 
conducting regions and at least one non-conducting region. 
Such a mandrel can be designed in a number of ways. An 
exemplary depiction of a mandrel as part of an apparatus for 
producing sheets and/or conduits of the invention is described 
in FIGS. 4, 5, 6, and 7A. In one instance, a region of a 
conducting mandrel can be covered with a non-electrically 
conducting material. In an exemplary embodiment, the non 
electrically conducting material is a member selected from 
tape, electrical tape, teflon and plastic to enable removal of 
the device. 
0112 Although described in terms of electrospinning, 
various components of the device may be produced by other 
methods including, but not limited to, cutting or etching a 
design from a tubular stock or flat sheet, rolling more inter 
woven wires or braids, and the like. 
0113. After the body 32 is formed, the body is wrapped 
with support structure 33 in Step S2. Exemplary support 33 is 
an extruded filament which is spirally wound around the body 
(FIG. 7B). The filament is wound around the body with suf 
ficient tightness to fit Snugly around the body. 
0114. In an exemplary embodiment, the support structure 

is a polymer filament. The Support structure may be added 
during the electrospinning process. The Support structure 
may be wound manually or using conventional machinery. 
0115 Filament 33 may be formed by manually wrapping 
polymer material around a spirally cut mandrel of similar 
diameter to mandrel 49 used to form fibrous body 32. The 
filament may also be wrapped directly onto the electrospun 
body. The filament is heated and allowed to cool on an outer 
surface of the body. 
0116. In Step S3, a poly(urethane) outer layer is electro 
spun around the filament and body as an overwrap layer to 
form the intermediate, uncoated graft device. Outer layer 37 
is provided around at least a portion of the Support structure. 
The outer layer may be formed separately or formed directly 
over the Support structure and body. 
0117 The outer layer may be formed by an electrospin 
ning process similar to the process used to form body 32. In 
various embodiments, the outer layer is formed by electro 
spinning polymer fibers using the same system by directly 
spinning the fibers over support structure 33 and/or body 32 
while they are still on mandrel 49. In various embodiments, 
some or all of the above steps are performed while the pre 
ceding material is partially wet. 
0118. The fibers of the exemplary outer layer intimately 
contact the outer surface of the device. The contact between 
the outer layer fibers and the filament and/or body results in 
the outer layer adhering to the surface of the device. In various 
embodiments, the outer layer is electrospun over the filament 
when the device is still partially wet. In various embodiments, 
the outer layer is formed separately and thereafter assembled 
over the filament-wrapped body. The exemplary assembled 
device including the body, filament, and outer layer is referred 
to in various aspects as the “uncoated device'. 
0119 Referring to FIGS. 3 and 11, covering composition 
35 is applied to the uncoated device. The uncoated device is 
first treated with polymer primer 36 in Step S4 and then 
functionalized with a heparin residue in Steps S5 and S6. The 
exemplary covering composition includes poly(lactide) 
(PLA) attached to a heparin residue through a linker mol 
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ecule. In various embodiments, the outer layer is allowed to 
completely dry before coating the device with the polymer 
primer. In various embodiments, the outer layer is allowed to 
partially dry before coating the device with the polymer 
primer. The method for attaching the polymer primer will be 
described in more detail below. 

0120 In various embodiments, Steps S4, S5, and S6 are 
accomplished by successive dip coating of the device. FIG.3 
illustrates an exemplary fiber “F” of the fibrous body which is 
covered with polymer primer 36 in accordance with the 
present invention. In general, the dip coating operations are 
performed with a reagent under Sufficient conditions to 
achieve Sufficient attachment for the particular clinical appli 
cation. Further details regarding the exemplary dip coating 
operations are provided below and in the Examples. 
0121. In Step S4, the exemplary device is dip coated in a 
polymer primer Solution including poly(lactide) (PLA) in 
acetonitrile. The device is dipped in the PLA coating under 
Sufficient conditions to cause attachment to a respective fiber 
or fibers “F”. The dipped device is then dried at low tempera 
ture, relatively low humidity and normal atmospheric pres 
Sure until the acetonitrile has evaporated. 
0122) The exemplary device is dipped in the polymer 
primer Solution under Sufficient conditions to cause the poly 
mer primer to attach to the device thereby forming a layer of 
polymer primer on the fibers (see, e.g., FIG. 3). In various 
embodiments, the polymer primer layer is attached to the 
device by adsorption. In the exemplary embodiment, the 
polymer primer layer is integrated into the device and coats 
one or more of the fiber components of the device. The poly 
mer primer may coat the fibers in the body, outer layer, or 
both. The polymer primer may also coat the Support filament. 
In various embodiments, essentially all the fibers in the body 
are coated with the polymer primer. In various embodiments, 
essentially all the fibers in the outer layer are coated with the 
polymer primer. In various embodiments, some of the fibers 
in the body are coated with the polymer primer. In various 
embodiments, some of the fibers in the outer layer are coated 
with the polymer primer. 
0123. In Step S5, the exemplary coated device is dip 
coated in a linker molecule solution including poly(ethylene 
glycol) (“PEG'). The device is placed in the solution under 
sufficient conditions to cause the PEG to be immobilized to 
the device. In various embodiments, the PEG is immobilized 
to the surface of the polymer primer. The PEG can be immo 
bilized by treating it with EDC (i.e., 1-ethyl-3(3-dimethy 
laminopropylcarbodiimide) to facilitate covalent bonding 
with the carboxyl group of the exemplary polymer primer. 
0.124. The device is dipped in the solution including PEG 
and a reagent under sufficient conditions to cause the PEG to 
attach to the polymer primer. In various embodiments, the 
reagent is forced to evaporate from the device after the dip 
ping. In an exemplary embodiment, EDC is added to the 
solution of PEG shortly before treating the device. In the 
exemplary embodiment, the PEG is integrated into the 
device. The PEG may attach to the polymer primer covering 
the fibers in the body, outer layer, or both. The PEG may also 
attach to the polymer primer covering the Support filament. In 
various embodiments, PEG is attached to essentially all of the 
free ends of the poly(lactide) forming the polymer primer. In 
various embodiments, PEG is attached to only a portion of the 
free ends. 

0.125. In Step S6, the device is dip coated in a solution of 
heparin sodium. In an exemplary embodiment, EDC is added 
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to the solution of heparin sodium shortly before treating the 
device. In various embodiments, the heparin Sodium is 
covalently attached to the PEG. In an exemplary case, the 
PLA primer is attached to a surface of a fiber of body 32, one 
end of the PEG linker is attached to an end of a respective PLA 
molecule, and an opposite end of the PEG linker is attached to 
an end of the respective heparin residue. 
0.126 One will appreciate that the level and amount of 
attachment of the polymer primer and/or covering composi 
tion to the respective fibrous component, the linkers to the 
polymer primer, and the bioactive agent to the linkers may 
vary depending on the application. In various embodiments, 
essentially all of the fibers are coated with polymer primer. 
“Essentially all refers to substantially or most of the fibers 
and may include, for example, 100%, 95%, 90%, 80%, 70%, 
and 60%. 

0127. In various embodiments, the linkers are attached to 
about 100% of the polymer primer. In various embodiments, 
the linkers are attached to about 95% of the polymer primer. 
In various embodiments, the linkers are attached to about 
90% of the polymer primer. Attachment of the linkers refers 
to attachment of a linker molecule to a unit of the polymer 
primer Such as a poly(lactide) molecule. In various embodi 
ments, linkers are attached to essentially all of the polymer 
primer. 
I0128. In various embodiments, essentially 100% of each 
of the linkers is attached to a bioactive agent. In various 
embodiments, essentially 95% of each of the linkers is 
attached to a bioactive agent. In various embodiments, essen 
tially 90% of each of the linkers is attached to a bioactive 
agent. In various embodiments, essentially all of the linkers 
are attached to a bioactive agent. 
0129. In various embodiments, the linker molecule is 
PEG, and the PEG is immobilized to the surface of the poly 
(lactide) primer layer using carbodiimide chemistry (i.e., 
activation of free carboxylic acid residues of the PLA poly 
mer primer with 1-ethyl-3-3-dimethylaminopropyl carbo 
diimide (“EDC) and subsequent reaction with one of the 
functional ends of di-amino PEG). In various embodiments, 
the heparin residue is attached to the linker molecule using 
carbodiimide chemistry (i.e., activation of free carboxylic 
acid residues on the heparin with EDC and subsequent reac 
tion with the remaining functional end of the immobilized 
linker molecule). In various embodiments, the linker mol 
ecule tethers the heparin from the surface of the respective 
polymer fiber (best seen in FIG. 3). 
0.130. After addition of the bioactive agent, the device is 
washed with Phosphate Buffered Saline and Molecular Biol 
ogy Grade Water to remove any excess heparin. The device 
may also be optionally washed after applying the polymer 
primer, the linker molecule layer, or both. 
I0131 The exemplary coated device has an intraluminal 
and an extraluminal Surface coated by the polymer primer. In 
various embodiments, the covering composition is integrated 
into the device and fills interstices between the fibers of the 
device. The device includes a first longitudinal terminus and 
a second longitudinal terminus. 
0.132. The process for making the device in accordance 
with the invention may include further processing operations 
between any of the above steps or post-processing. For 
example, the device may be cut and laid out into a flat sheet. 
The finished device is dried, packaged and sterilized. 
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0133. The device of the invention can be formed into a 
variety of shapes, depending on the nature of the problem to 
be solved. 
0134. In various embodiments, the device is an artificial 
blood vessel. The artificial blood vessel may be in various 
configurations including, but not limited to, a straight or bent 
tube, a loop, an anastomosis, or a bifurcate. 
0135) In an exemplary embodiment, the device has the 
shape of a sheet or membrane. The sheet may be produced by 
forming a tubular shape as described above and then cutting 
the device along alongitudinal line and laying it out in a sheet 
shape. With particular reference to FIG. 10, in an exemplary 
embodiment, the device is formed as a 'criss-cross sheet. To 
form a criss-cross sheet, layers of aligned sheets are formed as 
described above and arranged in relation to each other. 
0136. In various embodiments, the device has the shape of 
a conduit. A conduit can have a variety of sizes, depending on 
its length, as well as its inner diameter and outer diameters. 
These parameters can be varied to accommodate, for 
example, various tissue sizes and applications. In an exem 
plary embodiment, the device is rolled to fabricate a conduit 
with a seam. 
0.137 Some applications may call for fastening one end of 
the device to itself, for example, to form a conduit with a 
seam. The fastening can be accomplished by annealing (heat), 
adhesion or by sutures. Examples of adhesion involve sol 
vents or biological adhesives Such as fibrin sealant and col 
lagen gels. 
0.138. In various embodiments, the device is configured as 
an expandable stent. To form a stent, the device is formed as 
described above and attached to a stent scaffold. In various 
embodiments, a stent system is provided for repairing a 
region of vascular injury involving a bifurcation of the vas 
culature. For example, the device may be configured for 
repairing an aneurysm in an abdominal aorta. 
0.139. Other stentarchitectures will be apparent to those of 
skill in the art from the description herein. For example, the 
devices of the invention can also include a valve, e.g., a one 
way valve, for inlet and output of blood, emboli, gas, and air. 
The lengths of the exemplary device may also vary from 
about 1 mm to about 30 mm depending on the application. For 
example, a peripheral vascular stent/stent graft is optionally 
from about 6 mm to about 15 mm in diameter. A wall stent 
(carotid or arterial) is from about 5 mm to 10 mm in diameter. 
An exemplary bronchial/lung segment stent of the invention 
is from about 5 mm to about 20 mm in length. An exemplary 
coronary artery stent is from about 2 to about 4 mm in diam 
eter. 

Attachment of Bioactive Agent 
0140. In various embodiments, the bioactive agent is 
covalently bonded to a reactive group located on one or more 
components of the polymer primer or fibers of the device 
directly or through a linker molecule. Approaches for attach 
ing the bioactive agent include the use of coupling agents that 
serve as attachment vehicles for coupling reactive groups of 
biologically active molecules to reactive groups on a mono 
mer or a polymer. 
0141 Complementary reactive functional groups and 
classes of reactions useful in practicing the present invention 
are generally those in the art of bioconjugate chemistry. In 
various embodiments, the classes of reactions available with 
reactive functional groups of the invention are those which 
proceed under relatively mild conditions. 
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0142. Useful reactive functional groups include, for 
example: 

0.143 (a) carboxyl groups and various derivatives 
thereof including, but not limited to, N-hydroxysuccin 
imide esters, N-hydroxybenzotriazole esters, acid 
halides, acyl imidazoles, thioesters, p-nitrophenyl 
esters, alkyl, alkenyl, alkynyl and aromatic esters; and 

0144 (b) amine groups, which can be, for example, 
acylated, alkylated or oxidized. 

0145 The reactive functional groups can be chosen such 
that they do not participate in, or interfere with, the reactions 
necessary to assemble the compound of the invention. Alter 
natively, a reactive functional group can be protected from 
participating in the reaction by the presence of a protecting 
group. Those of skill in the art understand how to protect a 
particular functional group Such that it does not interfere with 
a chosen set of reaction conditions. For examples of useful 
protecting groups, see, for example, Greene et al., PROTEC 
TIVE GROUPS IN ORGANIC SYNTHESIS, John Wiley & Sons, 
New York, 1991. 
0146 In an exemplary embodiment, a carboxylic acid 
moiety is being attached to an amine moiety. First the car 
boxylic acid moiety is reacted with a carbodiimide to gener 
ate an O-acylisourea, which can react with the amine moiety 
to produce an amide which then links the two moieties. 
0.147. In an exemplary embodiment, attachment of bioac 
tive agents to the fibrous body and/or outer layer described 
herein can be achieved by any of several methods. For 
example, a bioactive agent can be attached by treatment with 
EDC (i.e., 1-ethyl-3(3-dimethylaminopropylcarbodiimide), 
which will facilitate linkage of for example, the amino end of 
linker 43 to the carboxyl group of the PLA primer layer 36 or 
bioactive agent 41. The linkages may be on the opposite 
species as well (e.g. the amino group could be on an end of the 
fibrous polymer). One will appreciate from the description 
herein that other coupling agents may be used. 
0148 Reactive groups contemplated in the practice of the 
present invention include functional groups, such as car 
boxyl, carboxylic acid, amine groups, and the like, that pro 
mote physical and/or chemical interaction with the bioactive 
material. The particular compound employed as the modifier 
will depend on the chemical functionality of the biologically 
active agent and can readily be deduced by one of skill in the 
art. In the present embodiment, the reactive site binds a bio 
active agent by covalent means. It will, however, be apparent 
to those of skill in the art that these reactive groups can also be 
used to adhere bioactive agents to the polymer by hydropho 
bic/hydrophilic, ionic and other non-covalent mechanisms. 

Bioabsorbable, Biodegradable, and Bioresorbable Fiber 
Materials 

0149 Polymer compositions, such as body 32, outer layer 
37, support structure 33, and covering composition 35 may 
have intrinsic and controllable biodegradability, so that they 
persist for about a week to about six months. The fibers may 
also be biocompatible, non-toxic, contain no significantly 
toxic monomers and degrade into non-toxic components. In 
various embodiments, one or more of the polymer composi 
tions is chemically compatible with the substances to be 
delivered and tends not to denature the active substance. In 
various embodiments, one or more of the polymer composi 
tions becomes Sufficiently porous to allow the incorporation 
of biologically active molecules and their subsequent libera 
tion from the fiber by diffusion, erosion or a combination 
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thereof. The polymer compositions may remain at the site of 
application by adherence or by geometric factors, such as by 
being formed in place or softened and Subsequently molded 
or formed into fabrics, wraps, gauzes, particles (e.g., micro 
particles), and the like. 
Methods of Treatment with the Device 
0150. In various exemplary embodiments, the invention 
provides a method of Supporting and/or repairing blood ves 
sels by implanting device 30 in the subject vessel. In another 
aspect, a method of treating a vascular disease Such as ath 
erosclerosis and stenosis is provided. This method involves 
contacting the vascular disease site with the device of the 
invention. Exemplary vascular diseases treatable by this 
method include atherosclerosis, Stenosis and a combination 
thereof. 
0151. In an exemplary embodiment, a method of treating 
an injury comprising a severed anatomical structure of essen 
tially tubular cross-section is provided. An exemplary severed 
anatomical structure comprises a first severed Stump and a 
second severed Stump. The method includes interposing the 
device of the invention between the first severed stump and 
the second severed stump such that both the first longitudinal 
terminus and the second longitudinal terminus of the device 
contact a member selected from the first severed stump, a 
region of the anatomical structure distal to the first severed 
stump and combinations thereof and a member selected from 
the second severed Stump, a region of said anatomical struc 
ture distal to the second severed Stump and combinations 
thereof, respectively. On proper orientation of the device, the 
first longitudinal terminus is fastened to the member selected 
from the first severed Stump, the region of the anatomical 
structure distal to the first severed stump and combinations 
thereof, and the second longitudinal terminus to the member 
selected from the second severed stump, a region of the ana 
tomical structure distal to the second severed stump and com 
binations thereof, forming a patent anatomical structure, 
thereby treating the injury. 
0152. As will be appreciated by those of skill, the device of 
the invention is deployable by conventional methods, includ 
ing but not limited to, catheters, partial or full vascular cut 
downs and the like. In an exemplary embodiment, the device 
is deployed by a guide wire or through a catheter to the 
appropriate? desired location in the body. 
0153. The invention is further illustrated by the Examples 
that follow. The Examples are not intended to define or limit 
the scope of the invention. 

EXAMPLES 

Example 1 

Preparation of Fiber Graft Functionalized with Hep 
arin 

0154 Poly(urethane) (PU) (DSM Polymer Technology 
Group of Berkeley, Calif.) was used to fabricate the fibrous 
polymer body by electrospinning. The PU was dissolved in 
N,N-dimethylformamide (DMF) to approximately 22% 
weight/volume. The PU solution was delivered by a program 
mable pump through the exit hole of an electrode (spinneret) 
to a stainless steel mandrel Surface. 
0155 The poly(urethane) material was electrospun in a 
controlled environment of about 40 degrees Celsius and about 
15-20% local, relative humidity. The temperature was con 
trolled using infrared (IR) heat. The height of the spinnerets 
above the mandrel was fixed at approximately 22 cm from the 
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mandrel. The electrospun fibers were allowed to dry between 
the exit hole of the spinnerets and the mandrel surface. 
0156 The spinnerets moved along a longitudinal axis of 
the mandrel during the spinning process to create a uniformly 
thick layer of randomly aligned fibers. The PU was applied to 
the Surface to a thickness of approximately 0.7 mm. 
0157. A filament was provided as a support structure on 
the device. The filament was fabricated from poly(ether ure 
thane) (PEU) (DSM Polymer Technology Group). The PEU 
was melted and extruded to a filament having a diameter of 
about 0.028 inches. The filament was subsequently manually 
wrapped around a spirally cut mandrel of similar diameter as 
the mandrel used during the construction of the first layer— 
the fibrous body. The filament was then heated to approxi 
mately 100 degrees Celsius for 45 minutes to thermo-set the 
filament into the spiral configuration. The filament was 
allowed to cool at room temperature for a minimum of one 
hour. This filament was then placed onto the exterior wall of 
the electrospun body. The pitch of the spirally-wound fila 
ment was 3.969 mm, which was determined to be sufficient to 
prevent kinking with a bend radius well below 19 mm. 
0158. The spiral filament was fastened to the inner body 
wall by electrospinning an outer layer around the entire fila 
ment and body structure. The outer layer was fabricated from 
poly(urethane) (DSM Polymer Technology Group of Berke 
ley, Calif.) similar to that used for the body. 
0159. The process and environment for forming the outer 
layer was the same as that for electrospinning the body. The 
temperature of the electrospinning environment was lowered 
slightly, and the fibers were allowed to remain slightly wet 
when they contacted the filament and body on the mandrel. 
The outer layer was applied to a thickness of 0.1 mm. 
0160 The assembled device was then treated with a poly 
merprimer and bioactive agent. The device was first dipped in 
a coating solution of 1% w/v poly(lactide) (PLA) (PURAC 
America of Lincolnshire, Ill., 2.0 dL/g inherent viscosity 
midpoint) in a solvent. Following the above-described pro 
cess, each individual fiber of the respective layers was coated 
or encapsulated by a layer of PLA primer. The solvent was 
then left in normal atmospheric pressure at below room tem 
perature until the solvent evaporated from the device. 
0.161 The device was then dipped in a solution including 
a linker molecule to cause the linker molecules to become 
immobilized to the surface of the PLA primer using carbodi 
imide chemistry (e.g., activation of free carboxylic acid resi 
dues of the PDLA covering with 1-ethyl-3-3-dimethylami 
nopropylcarbodiimide (“EDC) and subsequent reaction 
with one of the functional ends of polyoxyethylene bis 
(amine)). The linker molecule solution included polyoxyeth 
ylene bis(amine) (poly(ethylene glycol) (PEG)) (Sigma Ald 
rich (P/N P9906)). EDC was added to the linker molecule 
solution in a 0.1M2-(N-morpholino)ethanesulfonic (“MES) 
acid buffer shortly before treatment of the device. The PEG 
was of a linear structure and had an average molecular weight 
of 3350 g/mol. The average molecular weight of the PEG may 
be between about 1000 and 10,000 g/mol. The PEG was 
reacted to the dried device for at least about two hours at room 
temperature and then washed. 
0162 Thereafter, the device including the PLA primer and 
PEG attached to the fibers was dipped in a third solution 
including heparin for several hours. Reagents were put into 
the heparin solution shortly before treatment of the device. 
The heparin was attached to the polyoxyethylene bis(amine) 
using carbodiimide chemistry (e.g., activation of free car 
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boxylic acid residues on the heparin with EDC and subse 
quent reaction with the remaining functional end of the 
immobilized amino PEG). 
0163 The solution included Heparin Sodium (Scientific 
Protein Laboratories, LLC of Waunakee, Wis., 182 U/mg). 
EDC was added to the solution with pH 7.4 phosphate buff 
ered saline (“PBS) shortly before treatment. The linker 
(PEG) was found to tether the heparin from the surface of the 
respective polymer fiber. The coated product was left in the 
heparin Solution at room temperature long enough to allow 
the heparin to react with the PEG. 
0164. The assembled graft device was then washed with 
Phosphate Buffered Saline and Molecular Biology Grade 
Water at room temperature to remove any excess heparin. The 
graft was then dried, packaged and sterilized. 
0.165. The assembled device was a vascular graft which 
was about 30 cm in length. Scanning electron microscopy 
(SEM) was used to visualize the assembled device. A SEM 
image of the lumen is shown in FIG. 2A, and a SEM image of 
the outer layer is shown in FIG. 2B. The SEM images show 
that the electrospinning resulted in random alignment of the 
fibers. The device was found to meet clinical standards for 
burst strength, dynamic compliance, porosity, longitudinal 
tensile strength, Suture retention strength, water entry pres 
sure, and kink resistance. FIG. 12 illustrates the device bent at 
a nearly Zero diameter and well less than 19 mm. 
0166 It is understood that the examples and embodiments 
described herein are for illustrative purposes only and that 
various modifications or changes in light thereofwill be Sug 
gested to persons skilled in the art and are to be included 
within the spirit and purview of this application and scope of 
the appended claims. All publications, patents, and patent 
applications cited herein are hereby incorporated by refer 
ence for all purposes. 
What is claimed is: 
1. An implantable medical device comprising: 
a fibrous polymer body comprising electrospun poly(ure 

thane) fiber; 
a Support filament wrapped around the body; 
an outer layer around the filament for adhering the filament 

to the body, the outer layer comprising electrospun poly 
(urethane) fiber; and 

a covering composition covering the fiber of the body, the 
polymer primer comprising poly(lactide) and having the 
formula: 

O 

O H O ls N HO 1. N-no-n- nu1N A. O iii. H 

O pi 

wherein A is a heparin residue, n is an integer between 
about 1000 and about 10000, and m is an integer 
between about 50 and about 100. 

2. The device according to claim 1, wherein the body 
comprises a plurality of thermoplastic poly(urethane) fibers. 

3. The device according to claim 1, wherein the filament 
comprises thermoplastic polyether urethane. 
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4. The device according to claim 1, wherein the filament is 
configured to provide a degree of anti-kinking resistance to 
the device. 

5. The device according to claim3, wherein the filament is 
configured to prevent kinking of the device when bending at 
a radius greater than about 1 mm. 

6. The device according to claim 5, wherein the filament is 
spirally wound around the body and has a pitch of between 
about 1 mm and about 6 mm. 

7. The device according to claim 6, wherein the filament is 
spirally wound around the body and has a pitch of about 4 

8. The device according to claim 1, wherein the outer layer 
comprises a plurality of thermoplastic poly(urethane) fibers. 

9. The device according to claim 1, the body and outer layer 
each comprising a plurality of electrospun fibers, wherein 
essentially all of the fibers of the body and outer layer are 
covered with the covering composition. 

10. The device according to claim 1, wherein the body is 
monolithically formed and the covering composition is inte 
grated into the body by dip coating. 

11. The device according to claim 1, the body comprising 
a plurality of electrospun fibers, wherein the covering com 
position layer fills interstices between the plurality of fibers. 

12. The device according to claim 1, wherein the covering 
composition is attached to the body by adsorption. 

13. The device according to claim 1, wherein A is heparin 
Sodium. 

14. The device according to claim 1, wherein the device is 
a tubular vascular graft. 

15. The device according to claim 1 produced by the pro 
cess comprising: 

electrospinning the fibrous polymer body, the body com 
prising a plurality of electrospun fibers; 

wrapping the Support filament around the electrospun 
body; 

providing the electrospun outer layer around the filament 
to adhere the filament to the body thereby forming an 
uncoated device; 

applying a polymer primer comprising poly(lactide) in a 
solution to the uncoated device under sufficient condi 
tions to cause attachment of the polymer primer to at 
least one of the plurality of fibers of the body; 

after the applying, immobilizing a linker molecule to the 
applied polymer primer, the linker molecule forming a 
covalent bond with the primer; and 

after the immobilizing, covalently attaching the heparin 
residue to the immobilized linker molecule thereby 
forming the covering composition on the at least one 
fiber. 

16. The method according to claim 15, wherein the poly 
mer primer Solution has an inherent viscosity midpoint of 
about 2.0 dl/g at room temperature. 

17. The method according to claim 16, wherein the apply 
ing is performed under Sufficient conditions such that essen 
tially all of the plurality offibers of the body are covered with 
the polymer primer. 

18. The method according to claim 16, wherein the apply 
ing, immobilizing and attaching are accomplished by Succes 
sive dip coating. 


