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ABSTRACT 

Materials and methods for reacting polysaccharides are set 
forth. Examples include reacting polysaccharides With a 
surface, and reacting polysaccharides With other polysac 
charides or polymers to form a polysaccharide polymer. 
Layers of polysaccharides and/or polysaccharide polymers 
may be formed on surfaces, for example, medical device 
surfaces that contact bodily ?uids. 
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Fig. 9 

Scheme 1 

l. Mucopolysaccharide (water soluble) + Cationic Moiety —> 

organic solvent soluble mucopolysaccharide 

organic solvent soluble Mucopolysaccharide + chemical reaction in 

organic solvent —> chemically modi?ed mucopolysaccharide 

modi?ed in organic solvent (O-MPSAC) 

(O-MPSAC) + de-complexation —> O-MPSAC soluble in water 
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Fig. 10 

Scheme 2 

l. Mucopolysaccharide (water soluble) + ls‘-chernical reaction -> 

Mucopolysaccharide chemically modi?ed in water (W—MPSAC) 

W-MPSAC (water soluble) + Cationic Moiety ——> complexed 

organic soluble W-MPSAC 

complexed organic soluble W-MPSAC + 2nd chemical reaction + de 

complexation ——> chemically modi?ed Water soluble 

mucopolysaccharide 
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POLYSACCHARIDE BIOMATERIALS AND 
METHODS OF USE THEREOF 

RELATED APPLICATIONS 

[0001] The present application is a continuation-in-part of 
US. application Ser. No. 10/179,453, ?led Jun. 25, 2002, 
Which claims priority to US. provisional patent application 
serial No. 60/301,176, entitled “Polysaccharide Biomateri 
als and Methods of Use Thereof”, ?led Jun. 26, 2001, all of 
Which applications are claimed as priority documents and 
Which are hereby incorporated herein by reference. 

[0002] Further, certain other commonly oWned and 
assigned patent applications are hereby incorporated by 
reference herein: US. patent Ser. No. 10/179,453, ?led Jun. 
26, 2002; Ser. No. 10/467,950, ?led Aug. 15, 2003; and No. 
60/451,333, ?led Feb. 28, 2003. 

FIELD OF INVENTION 

[0003] Some aspects of the invention relate to the ?eld of 
making and using polysaccharides and polymers of polysac 
charides as layers on medical devices. 

BACKGROUND OF THE INVENTION 

[0004] Many synthetic materials have been medically 
used in the body, including polyester (e.g., DACRONTM), 
polyethylene (e.g., milk jugs), and ?uorocarbons (e.g., 
TEFLONTM), and metals. A patient’s body responds by 
treating a synthetic material as an invader, although it 
responds only mildly in some medical applications; for 
eXample, a metal hip implant is generally Well tolerated. One 
common response to an implant is called a foreign body 
response in Which the body forms a capsule of cells around 
the material; the body’s response to a splinter is a foreign 
body response. When synthetic material is used as an 
arti?cial blood vessel, for eXample, the blood that ?oWs 
through the arti?cial blood vessel reacts With the synthetic 
material. The reaction can cause clots to form that How 
doWnstream that may eventually become stuck in a smaller 
vessel; if this happens in the brain, it is called a stroke. The 
blood clot can also groW on the inside of the vessel and block 
or severely restrict the blood ?oW. Blood’s clotting mecha 
nism is highly reactive and, despite years of medical 
research, no implantable blood-contacting synthetic material 
has yet been found that does not cause blood to react. 
Synthetic, as used herein, means not naturally found in 
nature and does not refer to the process Whereby an object 
is made. 

[0005] Tubes made of polyester or ?uorocarbons are cur 
rently used as large diameter blood vessels. The blood clots 
onto the interior Walls and reduces the inside diameter of the 
vessel but the blood How is not unduly reduced. The blood 
clot on the tubular Wall serves as a protective layer that 
elicits very little reaction from blood ?oWing through the 
vessel. This approach, hoWever, does not Work for small 
diameter blood vessels because the small diameter tubes are 
blocked When the blood clots onto the Walls. 

[0006] There are no currently knoWn materials and tech 
niques for manufacturing small diameter vascular grafts 
made of synthetic materials. Unfortunately, there is a great 
need for such grafts. One eXample is the condition called 
deep vein thrombosis Wherein a patient’s veins become 
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blocked. The blood drains poorly from the leg and ampu 
tation can result. Unlike heart bypass surgeries Where the 
patient often has some blood vessels that can be harvested 
from elseWhere in the body and seWn into place, there are 
feW choices for replacing the long veins of the leg. 

[0007] One area of synthetic biomaterials research has 
focused on hydrogels, materials that have a high Water 
content and are soft and slippery. Soft contact lenses are 
eXamples of hydrogels. The materials used to make a pure 
hydrogel might all dissolve in Water but the hydrogel itself 
does not dissolve in Water because the materials are cross 
linked; in other Words, the individual molecular chains are 
linked together like the strands in a net or a spider’s Web. 
Hydrogels tend to elicit a milder foreign body response than 
other synthetic materials. Some hydrogel biomaterials that 
are currently considered to be commercially useful are made 
from polyethylene glycol (PEG), hyaluronic acid, and algi 
nates. Although hydrogels tend to elicit less blood clotting 
than other synthetic materials, hydrogels have not previ 
ously been successfully used to make a small diameter 
vascular graft. 

[0008] Scientists have also tried to use heparin to coat the 
inside of vascular grafts made of synthetic materials. Hep 
arin is a molecule that belongs to a group of molecules called 
polysaccharides that are polymers made from combinations 
of sugar monomers. There are many sugars; glucose and 
sucrose (table sugar) are tWo examples. Polysaccharides are 
naturally-occurring polymers. The terms polysaccharide and 
mucopolysaccharide are used interchangeably herein. Poly 
mers are molecules built up by the repetition of smaller units 
that are sometimes called monomers. Polymers are typically 
made by special chemical schemes that make the monomers 
chemically react With each other to form molecular chains 
that can range in length from short to very long molecules. 
Polymers can be assembled into larger materials; for 
eXample, many polymers may be linked together to form a 
hydrogel. 

[0009] Heparin is a polysaccharide polymer With an 
important property: it interferes With key molecules in the 
blood clotting mechanism such that the blood Will not clot. 
Coating the inside of a synthetic material tube With heparin 
tends to increase the amount of time that the tube remains 
open to blood ?oW but, to date, small diameter vascular 
grafts coated With heparin have failed to resist blockage by 
blood clots for a medically useful length of time. 

[0010] Heparin has been applied to materials in many 
Ways. General strategies include letting it naturally stick to 
a surface (termed adsorption), making a charge-charge bond 
With the surface (e.g., an ionic bond), and attaching it via an 
even stronger, more permanent chemical linkage such as a 
covalent bond. Heparin has been applied as a thin coating of 
polymers adsorbed to a surface by dipping the surface into 
a solution of heparin or drying the heparin onto the surface. 
Heparin has a negative charge and has been exposed to 
surfaces that have a positive charge so that it remains there 
via a charge-charge interaction. Photoactivated chemical 
groups have been put onto heparin so that the heparin is put 
close to the surface, the surface is bathed in light, and the 
photoactive groups make permanent covalent chemical 
bonds betWeen the heparin polymer and the surface. Simi 
larly, heparin has been chemically attached to monomers 
that have then been reacted With the surface. 
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[0011] Patent families and patent applications that 
describe the use of heparin include US. Pat. No. 6,127,348, 
Which include descriptions of cross-linked alginate and 
certain other polysaccharides as compositions useful for 
inhibiting ?brosis. U.S. Pat. No. 6,121,027 includes descrip 
tions of decorating heparin With a photoactive cross linking 
chemical group. Application PCT GB9701173 and Us. Pat. 
No. 6,096,798 include descriptions of heparins With mono 
mers used to make polymers. U.S. Pat. Nos. 5,763,504 and 
5,462,976 include descriptions of glycosaminoglycans 
derivatiZed With photoactive groups and cross-linked 
thereby. US. Pat. No. 6,060,582 includes descriptions of 
macromers With a Water soluble region, a biodegradable 
region, and at least tWo free-radical polymeriZable regions. 
Other patents include descriptions of a polysaccharide 
reacted With other polymers, decorated With a polymeriZable 
group, and/or reacted to form a coating on a surface; 
including U.S. Pat. Nos. 5,993,890; 5,945,457; 5,877,263; 
5,855,618; 5,846,530; 5,837,747; 5,783,570; 5,776,184; 
5,763,504; 5,741,881; 5,741,551; 5,728,751; 5,583,213; 
5,512,329; 5,462,976; 5,344,455; 5,183,872; 4,987,181; 
4,331,697; 4,239,664; 4,082,727; and European patents 049, 
828 A1 & B1. 

[0012] Despite many years of research in the areas of 
polysaccharides, hydrogels, and blood-contacting materials, 
the need for better implantable synthetic materials that cause 
little or no unfavorable reaction from a patient’s body 
remains acute. In particular, there is a great need for a 
medically useful small diameter vascular graft made of 
synthetic materials. 

SUMMARY OF THE INVENTION 

[0013] Materials and methods disclosed herein are pro 
vided to meet all of these needs by providing synthetic 
materials that successfully combine the advantages of 
polysaccharides and hydrogels in a medically useful manner 
so that they may be used for devices, including small 
diameter vascular grafts. Other embodiments include hydro 
gels made of polysaccharides and materials and methods for 
making such hydrogels, as Well as products that incorporate 
such hydrogels. Another embodiment is a hydrogel made of 
a polysaccharide, for eXample heparin. Another embodiment 
is a hydrogel made by polymeriZing heparin macromers. 
Another embodiment is a small diameter vascular graft 
made by polymeriZing heparin macromers around a tube, for 
eXample a polyester tube. 

[0014] Another embodiment is a medical apparatus having 
polysaccharide macromers polymeriZed into a three-dimen 
sional crosslinked hydrogel that makes a holloW cylinder; 
With the cylinder being formed during polymeriZation of the 
polysaccharide macromers. A holloW cylinder is essentially 
equivalent to a tubular structure and may be made out of any 
material, e.g., metals, plastics, ceramics, having a variety of 
properties, including e.g., rigid, compliant, and elastic. 

[0015] Another embodiment is a biocompatible encapsu 
lation for an inert medical device. The encapsulation has 
polysaccharide macromers polymeriZed into a three-dimen 
sional crosslinked hydrogel that encapsulates the medical 
device. 

[0016] Another embodiment is a medical apparatus made 
of a material that has a heparin macromers polymeriZed into 
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a three-dimensional crosslinked hydrogel that forms a hol 
loW cylinder that is not covalently bonded to another mate 
rial. 

[0017] Another embodiment is a pollyvinylpyrrolidone 
macromer. Another embodiment is a biocompatible coating 
system that has polyvinylpyrrolidone macromers polymer 
iZed into a three-dimensional crosslinked material that con 
tacts a medical device and thereby forms the coating. 

[0018] Another embodiment is a polysaccharide polymer 
of at least tWo polysaccharide macromers polymeriZed 
together. The polymer is preferably in an isolatable form. 
The macromers may have polymeriZable moieties such as 
polyhydroXyethylmethylacrylates, methyl methacrylates, 
methacrylates, acrylates, photopolymeriZable monomers, 
monomers With hydroXyl groups, monomers With glycerol 
groups, monomers With polyoXyalkylene ether groups, 
monomers With polypropylene oXide groups, monomers 
With vinyl groups, monomers With ZWitterionic groups, 
monomers With silicone groups, monomers having sulphate 
groups, monomers having sulphonate groups, and heparin 
monomer. 

[0019] Another embodiment is a method of making a 
medical apparatus from a material that includes a plurality of 
polysaccharide macromers by polymeriZing the macromers 
into a three-dimensional crosslinked hydrogel that de?nes a 
holloW cylinder, Wherein the cylinder is formed during 
polymeriZation of the polysaccharide macromers. 

[0020] Another embodiment is a method of encapsulating 
an inert medical device by polymeriZing a plurality of 
polysaccharide macromers into a three-dimensional 
crosslinked hydrogel that encapsulates the medical device. 

[0021] Another embodiment is a method of making a 
medical apparatus by polymeriZing heparin macromers into 
a three-dimensional crosslinked hydrogel and thereby mak 
ing a holloW cylinder having an eXterior, Wherein the cyl 
inder is formed during polymeriZation of the heparin mac 
romers and the exterior is not covalently bonded to another 
material. 

[0022] Another embodiment is a method of making poly 
vinylpyrrolidone polymers from polyvinylpyrrolidone mac 
romers. Another embodiment is coating a medical device 
With polyvinylpyrrolidone macromers by polymeriZing the 
macromers into a three-dimensional crosslinked polyvi 
nylpyrrolidone material, and applying a coating that 
includes the crosslinked polyvinylpyrrolidone material onto 
the medical device. 

[0023] Another embodiment is a method of making a 
polysaccharide polymer by obtaining or making polymeriZ 
able polysaccharide macromers, synthetically polymeriZing 
the macromers With each other to form a group of polymers 
having an average length of at least tWo macromers per 
polymer, and isolating the polymers. 

[0024] Another embodiment is a method of making a 
coating on a medical device by providing a group of 
polysaccharide polymers having an average length of at least 
tWo macromers per polymer, putting the polymers in a 
solvent to make a miXture, and contacting the medical 
device With the mixture. 

[0025] Certain embodiments include a material made of a 
hydrogel that preferably has at least 5% polymeriZed 
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polysaccharide macromers by dry Weight. The hydrogel is 
preferably covalently cross-linked such that the hydrogel 
remains intact in Water and preferably contains at least 30% 
Water by total Weight When hydrated. The polysaccharide 
macromers are polymeriZable While in a solution or in a 
suspension. Normal polymeriZation techniques, including 
free-radical, addition, and condensation polymeriZation, 
may be used to polymeriZe the polysaccharide macromers. 

[0026] One product is a tubular member With its inner Wall 
and outer Wall covered With a hydrogel as described herein, 
i.e., the tubular member is “encapsulated” by the hydrogel. 
Apreferred macromer formulation is made from heparin, the 
term heparin including all molecular Weights of heparin, 
heparan sulfate, heparan sulfate proteoglycans, fragments 
thereof, and/or derivatives thereof. The preferred embodi 
ment of the heparin hydrogel is at least 80% heparin by dry 
Weight. The tubular member preferably has a diameter of 
less than approximately 6.0 mm When the hydrogel is 
hydrated and blood is ?oWing though the tubular member. 
The tubular member may be a simple plastic extrusion or a 
stent, but the preferred embodiment is a knitted or Woven 
fabric substrate. The fabric substrate is preferably pre-coated 
to enhance the integrity and adhesion of the encapsulant 
and/or improve the non-thrombogenic or anti-thrombogenic 
properties or both of the encapsulant. 

[0027] In an embodiment of the tubular member, the 
tubular member is pre-coated With a very thin layer of the 
hydrogel containing non-thrombogenic or anti-thrombo 
genic properties or both, the layer being applied to cover the 
components of the tubular member. In the case of the knitted 
or Woven tube, these are the individual strands from Which 
the fabric is made. The tubular member preferably has a loW 
porosity such that blood leakage is not a paramount concern. 

[0028] In another embodiment, a porous tubular member, 
such as one made from a fabric, is used as the tubular 
member. The fabric tubular member is pre-coated With a 
polymeric material in order to prevent blood leakage. The 
coated fabric tubular member is then further coated With the 
hydrogel containing non-thrombogenic or anti-thrombo 
genic properties or both. This structure imparts an extremely 
thin, ?exible, and compliant Wall that can serve as a vascular 
prosthesis, especially in the context of a small diameter 
vascular graft. 

[0029] Another embodiment is a tissue engineering matrix 
made from a polysaccharide hydrogel. A tissue engineering 
matrix is, for example, a three-dimensional material that 
serves as a scaffold for cellular invasion or a nerve groWth 

matrix. Examples of tissue engineering matrices include 
matrices for making cartilaginous body parts such as ears or 
joint cartilage; ligaments; scaffolds for breast tissue inva 
sion; liver matrices; and tissue engineered blood vessels. 

[0030] The present inventors have also recogniZed that 
there is a need to use better organic solvents to dissolve 
polysaccharides, including heparin. The use of better 
organic solvents alloWs scientists to use chemistries and 
chemical techniques that are more poWerful than those that 
are conventionally used. These techniques improve the cost, 
quality, and efficiency of conventional techniques for mak 
ing materials from polysaccharides and enable better mate 
rials to be made. 

[0031] Embodiments include the use of loW dielectric 
organic solvents and/or loW boiling-point solvents for 
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polysaccharide chemistries to make derivatives of polysac 
charides, including attaching monomers to polysaccharides 
to make polysaccharide macromers and the use of these 
improved solvents for making polysaccharide hydrogels 
from polysaccharide macromers or polysaccharide poly 
mers. Further, some embodiments include steps for using 
salts to decomplex the quaternary ammonium-heparin com 
plex. 

[0032] Another embodiment is a method of making a 
polysaccharide macromer, for example from heparin. The 
polysaccharide is reacted With a quaternary ammonium salt 
to form a polysaccharide-quaternary ammonium salt com 
plex and then dissolved in an organic solvent With a dielec 
tric constant less than the dielectric constant of DMSO 
and/or in an organic solvent With a boiling point less than 
DMSO. The polysaccharide-quaternary ammonium salt 
complex may be reacted With a chemical such as a monomer 
to form useful derivatives. The polysaccharide-quaternary 
ammonium salt complex may then be treated With another 
salt to remove the quaternary ammonium salt. 

[0033] Certain embodiments optionally include steps of 
using a vacuum to remove organic solvent from the polysac 
charide, derivatiZed polysaccharide, or complexes of the 
polysaccharide. The vacuum removal is preferably per 
formed at room temperature Without adding heat. Alterna 
tively, heat may be applied to evaporate the solvent, pref 
erably enough heat to raise the temperature of the solvent to 
its boiling point Without denaturing the heparin such that its 
biological activity is substantially reduced, a temperature 
that may vary according to the solvent used but typically 
being a temperature of less than approximately 100 degrees 
Centigrade and preferably less than 70 degree Centigrade. 
Alternatively, a mix of vacuum and heat may be used. 

[0034] A preferred embodiment uses an organic solvent 
that has a boiling point at atmospheric pressure and a 
dielectric constant that are less than conventionally used 
organic solvents. A more preferred embodiment has a boil 
ing point of less than approximately 115 degrees Centigrade 
and a dielectric constant that is less than that of DMSO. A 
more preferred embodiment uses an organic solvent that has 
a boiling point of less than approximately 70° C. at atmo 
spheric pressure and a dielectric constant that is less than 
that of DMSO. 

[0035] Certain embodiments include polymeriZing the 
polysaccharide macromer in an organic solvent to make a 
polymer of at least tWo macromers. The macromers may be 
the same or different, to thereby make a homopolymer or a 
copolymer. Some embodiments include making a hydrogel 
from the polysaccharide macromer and/or polysaccharide 
macromer, preferably in an organic solvent. 

DESCRIPTION OF THE DRAWINGS 

[0036] FIG. 1 is a longitudinal sectional vieW of an 
embodiment of the invention having a fabric graft encapsu 
lated Within a hydrogel; 

[0037] FIG. 2 is a side elevational vieW of the structure 
depicted in FIG. 1; 

[0038] FIG. 3 depicts a longitudinal sectional vieW of an 
alternative embodiment of the invention having a fabric 
graft coated With a hydrogel; 
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[0039] FIG. 4 depicts a longitudinal sectional vieW of 
another alternative embodiment of the invention having a 
double-coated fabric graft; and 

[0040] FIG. 5 depicts a longitudinal sectional vieW of 
another alternative embodiment of the invention like the 
embodiment of FIG. 4 except that the fabric graft tube has 
been inverted. 

[0041] FIG. 6 depicts a partial vieW of an alternate 
embodiment of the invention having a plastic surface coated 
With a hydrogel. 

[0042] FIG. 7 depicts a cross-sectional vieW of a hydrogel 
being formed on a mandrel. 

[0043] FIG. 8 is a sectional vieW of FIG. 7. 

[0044] FIG. 9 depicts a reaction scheme for making and 
using polysaccharide macromers. 

[0045] FIG. 10 depicts an alternative reaction scheme for 
making and using polysaccharide macromers. 

DETAILED DESCRIPTION 

[0046] Synthetic materials implanted into the soft tissue of 
a patient elicit a range of undesirable reactions that are 
typically categoriZed as acute in?ammation, chronic in?am 
mation, the formation of granulation tissue, foreign body 
reaction, and ?brosis (Ratner et al., 165-173, Biomaterials 
Science, 1996 Academic Press). Other reactions are pos 
sible, such as an immune system response or systemic 
toxicity and hypersensitivity. At a materials-blood interface, 
the blood coagulation mechanism can be activated to cause 
local clotting and doWnstream events such as complement 
activation or generation of blood clots (Ratner et al., 193 
199). These reactions impact hoW synthetic articles, includ 
ing vascular grafts, are designed and manufactured. 

[0047] Current medical practices for the use of synthetic 
articles as vascular grafts are essentially restricted to the use 
of polyester and polytetra?uoroethylene tubes as replace 
ments for large-diameter blood vessels to treat patients With 
certain types of vascular disease. 

[0048] Vascular disease takes many forms, but one of the 
most common is stenosis, Where an artery becomes nar 
roWed by build up of plaque. Atheroscherotic Stenosis is a 
condition Where the artery becomes hardened and less 
?exible by the process of calci?cation. The condition is 
often accompanied by a build up of tissue or plaque on the 
inside Wall of the lumen of the artery. This build up causes 
the lumen of the artery to narroW and restrict the passage of 
blood. 

[0049] Total occlusion of an artery may occur When a clot 
of blood (a thrombus) lodges inside an artery, at a narroWing. 
Such occlusions can prove fatal if the artery is in a critical 
position; for example, coronary thrombosis causing a heart 
attack, or cerebral thrombosis causing a stroke. 

[0050] Even if there is not total occlusion, a restriction of 
the ?oW of blood can cause severe problems in limbs and 
organs doWnstream from the stenosis, due to starvation of 
the oxygen and nutrients supplied by the blood. A very 
common example is the reduction of ?oW in the loWer leg, 
Which may lead to claudication and eventually to gangrene 
and loss of a limb. 
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[0051] A higher pro?le example of stenosis is observed 
When the disease affects the coronary arteries, Which supply 
blood to the muscle of the heart. Stenosis, or occlusion due 
to thrombosis, can lead to an infarction due to parts of the 
muscle tissue of the heart dying (necrosis). That is, a 
myocardial infarction or heart attack. 

[0052] Another common form of vascular pathology is an 
aneurysm. An aneurysm is a condition Where the Wall of the 
artery Weakens and dilates to form a balloon-like sWelling. 
An aneurysm is a Weakening of the artery Wall leading to 
dilation. This dilation can develop so that the arterial Wall is 
too thin and Weak to Withstand the pressure of the blood. A 
burst aneurysm causes severe hemorrhage, and can be fatal. 
One example is the so-called AAA (triple A) or abdominal 
aortic aneurysm; rupture of an artery having this defect is 
almost alWays fatal. 

[0053] Conventional vascular surgery techniques have 
made the surgical replacement of diseased arteries common 
place. The use of autologous grafts Where a non-essential 
vein from a person’s oWn blood vessels is used as a 
replacement artery is the oldest form of vascular grafting, 
and is still used today especially for coronary bypass pro 
cedures. A patient, hoWever, may not have enough autolo 
gous donor vessels to ?ll the needs of the replacement 
surgery. Further, it is desirable that there be an alternative to 
the loss of a functioning blood vessel. It Was the develop 
ment in the 1960s of synthetic fabric prostheses, Which led 
to the range of products available to the vascular surgeon 
today. 

[0054] Conventional synthetic vascular grafts are Woven 
or fabric seamless fabric tubes, Which are used as a direct 
replacement for a section of diseased artery. Various mate 
rials have been tried, but the most successful is polyester, 
Which is the only material noW used by clinicians for fabric 
grafts. Polyester is a very bio-stable material and, although 
slightly thrombogenic, is reasonably Well tolerated in use for 
larger diameter arteries (approximately 6-mm diameter and 
above). 
[0055] When implanted, a vascular graft causes the body 
to react and generate a blood clot layer around its inner 
perimeter. This blood clot may be accompanied by tissue 
groWth. If such tissue groWth is not securely anchored in 
place, there is a danger of a loose blood/tissue clot or 
embolus being formed. The ?oW of blood may carry the 
embolus doWnstream until it reaches a narroWer part of the 
artery Where it may cause a blockage or occlusion. 

[0056] In order to ensure that tissue groWth remains 
anchored to the graft, fabric grafts are made slightly porous 
so that the tissue groWs into the pores of the fabric and is 
?rmly attached. This has an added advantage that the tissue 
encapsulates the fabric graft and covers it, using the graft as 
scaffolding for neW groWth. In general, grafts With higher 
porosities, and especially ?exible and elastic fabric grafts, 
heal better and generally perform better than loW porosity 
Woven grafts. It is because of this effect that the so-called 
“velour” grafts have been developed. Velour grafts have 
textile ?laments raised up on the surface of the fabric. 

[0057] The need for porosity creates an initial problem for 
the surgeon since a high porosity graft Will leak if simply 
implanted With no special preparation. After implantation, 
tissue groWth ?lls in the pores in the fabric and therefore 
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renders the graft “blood tight”. The problem is to make the 
graft blood tight during the initial surgery and for the 
immediate feW hours afterWards. The original approach 
taken Was to “pre clot” the graft before implantation. Asmall 
amount of blood Was taken from the patient before the 
operation, and the graft Was soaked in this blood so as to ?ll 
all the pores of the fabric With clots. The porous structure 
ensured that the clotted blood Was ?rmly attached. This 
procedure Was, hoWever, time consuming, and it Was and is 
very dif?cult to properly pre-clot those materials With high 
porosities. Because of these problems, the soft and very 
compliant fabric grafts, Which heal better than stiff Woven 
grafts, Were not considered suitable for areas of high pres 
sure such as thoracic arteries near the heart. 

[0058] Subsequent to the development of fabric grafts, a 
neW development Was introduced, Which Was the invention 
of a graft made from polytetra?uoroethylene (PTFE). PTFE 
is a material that is generally Well tolerated in the body. A 
chief advantage With a PTFE graft is that it does not require 
pre clotting. HoWever, PTFE material does not heal as Well 
as Warp fabric grafts. Modern PTFE prostheses are made of 
expanded material in order to imitate the cellular structure of 
fabric grafts, but this is only partially satisfactory. 

[0059] Fabric grafts are noW available Which do not 
require pre-clotting. They are coated With a bio-absorbable 
material such as gelatin or collagen. The coating material is 
gradually adsorbed and tissue groWs to replace it. Such 
grafts are not only simpler to use because there is no 
requirement for pre-clotting, but they also tend to give better 
healing and performance. 

[0060] All of these conventionally used grafts have a 
common disadvantage in that they cannot be used for small 
diameter applications. Synthetic vascular grafts With a diam 
eter of less than approximately 6 mm Will not remain 
functional over a clinically signi?cant period of time. 

[0061] The reason for the failure of conventional small 
diameter vascular grafts is thought to be related to the How 
rate and type of blood ?oW Within the graft. With a large 
inner diameter graft, there is a high volume of blood passing 
though the vessel. Any small tissue groWth on the inside Wall 
is insigni?cant and does not disrupt ?oW. With small inner 
diameter grafts, a small tissue build up is more signi?cant in 
relation to the overall diameter of the vessel. A small build 
up Will cause ?oW turbulence, Which, because of the already 
loW volume ?oW, tends to cause even more tissue groWth, 
Which leads to stenosis. 

[0062] Conventional medical clinicians urgently need a 
small diameter synthetic graft to cope With a range of small 
caliber replacement requirements. The only procedure con 
ventionally available is an autologous transplant of the 
saphenous vein in the leg. The problem With this approach 
is that the amount of graft material available is very limited. 
In addition, the removal of the saphenous vein causes severe 
discomfort to the patient. One of the most important of these 
small diameter applications is the replacement or bypass of 
coronary arteries in cases of coronary stenosis. Another use 
is for the replacement of stenosed or occluded infragenticu 
late arteries. 

[0063] In order to replace the smaller caliber vessels using 
a small diameter vascular graft, the implant should be highly 
biocompatible and not thrombogenic. The biocompatibility 
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should be such that little tissue groWth is stimulated and the 
blood and body accept the prosthesis in a similar Way that 
they accept the natural artery. 

[0064] Many polymers have been tested for the small 
diameter vascular graft application. A polymer is a single 
molecule built up by the repeated reaction of molecules that 
may be referred to as monomers. Monomers are molecules 
that may be reacted With other monomers to make a poly 
mer. For example, a methylmethacrylate monomer repre 
sented by “A” may be used to make polymethylmethacry 
late, Which Would be the polymer “AAAAA”. A polymer 
made of monomers A and B could have a random structure 
of ABAAABAABA and could be called a polymer or a 
copolymer of A and B. Polymer AAAAA and BBBBB could 
be joined to form copolymer AAAAABBBBB. A molecule 
that is derivatiZed is a molecules that has been chemically 
changed; a molecules that has been decorated is a molecules 
that has had a chemical unit attached. 

[0065] A macromer, as used herein, is a monomer or a 
polymer that is polymeriZable and is a convenient term for 
referring to monomers or polymers that have been decorated 
With a monomer or used as decorations. Polysaccharide 
macromers include multiple polysaccharides that are poly 
meriZable. For example, several macromers may be poly 
meriZed together to form a larger polymeriZable group that 
is a macromer. Or several polymers, e.g., polysaccharides, 
may be joined together and decorated With polymeriZable 
groups to form a macromer. Thus a heparin macromer is a 

heparin molecule that is polymeriZable, for example after 
being decorated With a monomer. The term polymer, as used 
herein, includes oligomers and chains of at least tWo mono 
mers in length. Polymers can be assembled into larger 
materials; for example, many polymers may be linked 
together to form a hydrogel. 

[0066] A variety of hydrogels are blood compatible. 
Examples that are commercially useful are made from 
polyhydroxyethylmethylacrylate (PHEMA), polyacryla 
mides, polyacrylic acid, N-vinyl-2-pyrrolidone (NVP), 
methacrylic acid, methyl methacrylate, and maleic anhy 
drides, each of Which have been proven to be polymeriZable 
from monomers. Further examples of biocompatible mate 
rials include hydrogels made from polyvinyl alcohol, meth 
acrylates in general, acrylates in general, polyethylene gly 
col (PEG), hyaluronic acid, and alginates. 

[0067] The term hydrogel, as used herein, is a cross-linked 
material that can absorb or imbibe a Water and is produced 
by the cross linking of one or more monomers or polymers. 
The cross-links in a hydrogel may be the result of covalent 
bonding or of association bonds, for example hydrogen 
bonds, charge-charge interactions, or strong van der Waals 
interactions betWeen chains (Ratner et al., pages 60-64). A 
hydrogel cannot be suspended in Water nor does it dissolve 
in Water; instead, it remains intact Water. For example, a 
material can shrink or sWell and still remain intact Without 
dissolving. For example, a contact lens shrinks and sWells in 
Water but does not dissolve therein. 

[0068] Hydrogels have been used for a myriad of appli 
cations, such as arti?cial tendon materials, Wound-healing 
bioadhesives, Wound dressings, arti?cial kidney mem 
branes, articular cartilage, knee cartilage replacement, arti 
?cial skin, maxillofacial and sexual organ reconstruction, 
tissue engineering scaffolds, and vocal cord replacement 
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materials. There are many types of hydrogels known to those 
skilled in these arts, such as aerogels, xerogels, equilibrium 
sWollen hydrogels, solvent-activated hydrogels, and sWell 
ing-controlled relapse hydrogels (e.g., Ratner et al., page 
60-64). These types of hydrogels may be used With certain 
embodiments as described herein. Moreover, all of the uses 
for hydrogels described in this application may be used in 
embodiments described herein. 

[0069] Polysaccharides are polymers made from mono 
mers that are sugars. Alginate is a polysaccharide. Gly 
cosaminoglycans are a subcategory of polysaccharides that 
are made from repeats of disaccharide units. Glycosami 
noglycans include hyaluronic acid, chondroitin sulfate, der 
matan sulfate, heparan sulfate, heparin, chitin, chitosan, and 
keratan sulfate. Polysaccharides and glycosaminoglycans 
can also be found in a related proteoglycan form; proteogly 
cans are polysaccharides uni?ed With a protein. Methods, 
compositions, and uses as described herein for polysaccha 
rides are applicable to proteoglycans, glycosaminoglycans, 
and natural or synthetic derivatives or fragments thereof. 

[0070] Heparin is a polysaccharide polymer With an 
important property: it interferes With key molecules in the 
blood clotting mechanism such that the blood Will not clot. 
Coating the inside of a tube With heparin tends to increase 
the amount of time that the tube remains open to blood ?oW 
but, to date, small diameter vascular grafts coated With 
heparin have failed to resist blockage by blood coats for a 
clinically useful length of time. Many researchers have tried 
to use heparin to coat the inside of vascular grafts. Heparin 
is a molecule that belongs to a group of molecules called 
polysaccharides that are molecules made from combinations 
of smaller molecules called sugars. Polysaccharides are 
naturally-occurring polymers but certain embodiments are 
directed to synthetic, derivitiZed, man-made, and semi 
synthetic polysaccharides. 
[0071] Heparin has been applied to materials in many 
Ways. General strategies have included adsorption, making 
charge-charge bonds With the surface, covalent immobiliZa 
tion, and release from a surface. Photoactivatable chemical 
groups have been put onto heparin so that if heparin is put 
close to the surface and the surface is bathed in light to make 
the photoactive groups make permanent covalent chemical 
bonds With the surface. Similarly, heparin has been reacted 
With polymeriZable monomers that have then been reacted to 
achieve covalent bonding to the surface. 

[0072] Despite the great amount of research effort that has 
been expended in the ?eld of biomaterials, including 
research With hydrogels, heparin, and polysaccharides, there 
is a continued need for improved biomaterials. Biomaterials 
that may be used in blood-contacting applications are espe 
cially required. 

[0073] Embodiments are provided that include an 
improved biomaterial that successfully combines the advan 
tages of polysaccharides and hydrogels. One embodiment is 
a hydrogel made of polysaccharides. Another embodiment is 
a linear or multi-armed polysaccharide or polyvinylpyrroli 
done polymer that is absorbable to a surface. Multi-armed 
means a soluble polymer that is branched or cross-linked. 
The hydrogels and the coatings may be used for the many 
applications for Which a hydrogel may be used, e.g., as 
already described. There are other uses for hydrogels and the 
linear or multi-armed polymers that include coatings for 
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stents, catheter coatings, cardiac valves or lea?ets, cartilage 
replacement, replacement knee cartilage, organ scaffolds, 
lumbar disks, cell encapsulation, Wound healing, nerve 
guides or tubes, and postoperative adhesions. A hydrogel 
may be used to make, coat, or encapsulate such devices. A 
coating may be used to such devices to improve their 
performance. Another hydrogel use is for a Wound dressing 
for large, shalloW Wounds on animals so that a scab does not 
form over the Wound but prevents blood clotting at the 
surface, thereby preventing scar formation. 

[0074] The hydrogel may be made by mixing polysaccha 
ride macromers, e.g., heparin macromer, With other mac 
romers or monomers to make a mixture. The mixture is 

poured into a mold and polymeriZed. After polymeriZation, 
the mold is removed and the polymeriZed macromers/ 
monomers are hydrated. Various shapes, e.g., sheets, tubes, 
spheres, rods, may be formed by using suitable molds. 

[0075] The resultant shape is not covalently or otherWise 
bonded to other materials: the exterior and luminal surfaces 
are “free”. The free surfaces are not attached to other 
surfaces. A free surface may be decorated With moieties, 
e.g., drugs, polymers, and other agents. Such decorations do 
not cause the free surface to thereby be attached to other 
materials. Further, the resultant shape is formed during the 
polymeriZation process. This shape-forming process is dis 
tinct from processes that build up a coating on the inside of, 
e.g., a tube, in part, because the coating on the tube is 
essentially inseparable from the tube, especially if it is 
ionically or covalently bonded thereto. 

[0076] Moreover, the prior art methods of applying a 
coating to a tube and building up the coating is not equiva 
lent to the present process. First, the prior art coating 
procedure does not create the tubular shape. But polymer 
iZing macromers into a tubular shape during the polymer 
iZation process does create the tubular shape. Making a 
shape during a polymeriZation process is difficult because 
the polymeriZation reaction must be effective enough to 
make a solid material, With the effectiveness depending on 
polymeriZation variables knoWn to those skilled in these 
arts. For example, an effective process requires using a 
macromer that can be provided in sufficient concentration. 
Not all macromers are sufficiently soluble to be present in 
solution With a high enough concentration to make a solid. 
The polymeriZation mixture must have be crosslinkable for 
crosslinks to form. The kinetics of the polymeriZable groups 
must be suitable. 

[0077] Many prior art processes have not overcome these 
limitations and instead dry polymeriZable groups onto a 
surface and then crosslinking them. The drying step results 
in drastically different structures than those made With 
polymeriZation from a solution (or a melt). If proteins or 
polysaccharides are dried, they aggregate and form clumps 
on the molecular level. In contrast, polymeriZation from a 
solution gives structures that are not aggregated but instead 
have a netWork of unaggregated polysaccharides. Since the 
macromers are not aggregated, the density of materials 
polymeriZed from solution can be loWer. Moreover, a true 
polymeriZation process may take place Wherein the poly 
meriZable groups react With each other to form a polymeric 
backbone. In contrast, dried solutions have little mobility 
and the polymeriZable groups react With the chemical struc 
tures closest to them instead of reacting With other poly 
meriZable groups. 
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[0078] In short, chemical crosslinking is not equivalent to 
polymerization. The present materials and methods provide 
for polymeriZation methods and for polymeriZed materials 
as opposed to coatings built up on surfaces, gelled struc 
tures, and merely aggregated, chemically crosslinked, or 
surface-immobiliZed materials. The advantages of polymer 
iZation are numerous and Well knoWn to ordinary artisans. 

[0079] One advantage of a polysaccharide covalently 
polymeriZed With a hydrogel is that the polysaccharide may 
be stably incorporated into the hydrogel so that it is not 
released over time. This stability is useful for a long-term 
implant because the hydrogel Would otherWise dissipate 
over time and eventually fail. The heparin hydrogels are 
hypothesiZed to function by reversibly binding antithrombin 
III. The antithrombin III is bound by the heparin and thereby 
changes its shape so that it reacts With and inactivates both 
thrombin and Factor X(a), Which are key enZymes required 
for blood to clot. The antithrombin III is hypothesiZed to stay 
on the heparin hydrogel temporarily so that it attaches, reacts 
With thrombin and Factor X(a), and departs back into the 
bloodstream so that a neW antithrombin III molecule may be 
bound to the heparin. 

[0080] Another advantage of the polysaccharide hydrogel 
is that it can be made as a thick ?lm. Thick ?lms may be 
handled by surgeons, grasped With tools such as forceps, 
punctured by sutures, and suffer scratches and damages to 
their surface Without losing their favorable blood-contacting 
properties. The thickness of the ?lm and the three-dimen 
sional structure of the ?lm alloWs it to suffer minor damage 
While continuing to cover the surface With heparin mol 
ecules. In contrast, damage to a thin coating or a synthetic 
material that has been merely reacted With a polysaccharide 
can entirely remove the polysaccharide and eXpose the 
underlying material to the body. For example, a surgeon that 
uses forceps to ?rmly grasp a plastic tube covered With a 
layer of heparin that has been reacted With the tube’s surface 
might accidentally scratch the tube and remove the heparin 
thereby eXposing the underlying plastic material of the tube. 
In contrast, a surgeon might accidentally scratch a plastic 
tube encapsulated With a thick ?lm heparin coating but 
Would not thereby eXpose the underlying plastic because a 
scratch in the thick ?lm Would eXpose only more of the 
heparin hydrogel. 

[0081] Further, the thickness of the hydrogel ?lm is 
hypothesiZed to minimiZe blood contact With the synthetic 
material that the thick ?lm is encapsulating. Blood or its 
components must penetrate through the entire thickness of 
the hydrogel prior to reacting With the encapsulated syn 
thetic material. In contrast, a thin coating, especially a 
coating of a feW molecules’ thickness, presents a shorter 
distance betWeen the blood and the encapsulated synthetic 
material. This distance is important because the ef?ciency of 
surface chemistry reactions used for conventional tech 
niques is hypothesiZed to typically provide a surface cov 
erage of less than 100%, i.e., not every space on a surface 
coated With heparin is completely covered With a heparin 
molecule. In contrast, a thick ?lm provides more than 100% 
coverage because any molecule that Would react With the 
surface must pass through a thick coating that has a thick 
ness of many molecules. 

[0082] One embodiment is a tubular member encapsulated 
by a polysaccharide hydrogel. The encapsulation may be 
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achieved by a number of processes, one such process being 
placing tubular member into a mold and charging the mold 
With the desired formulation of polysaccharide macromers 
and polymeriZed by conventional techniques at room or at 
elevated temperature and/or by electromagnetic radiation. A 
material that encapsulates a member is termed an encapsu 
lant. 

[0083] Certain embodiments involve polymeriZation pro 
cesses, including polymeriZation of polysaccharide mac 
romers. The polysaccharide macromers may be polymeriZed 
using conventional techniques, for eXample using initiators, 
carriers, accelerators, retardants, viscosi?ers, and/or cross 
linkers. The polysaccharide macromers may also be copo 
lymeriZed With and other monomers and/or macromers 
and/or polymeriZable polymers. In another embodiment, a 
tubular member is covered With a miXture of polysaccharide 
macromers and/or monomers and/or polymers. The poly 
meriZable groups are subsequently polymeriZed to form a 
crosslinked hydrogel. It may be desired to placed the tubular 
member on a rotating mandrel and apply the mixture so as 
to ensure that the tubular member is encapsulated uniformly. 

[0084] The polysaccharide macromers and polymers made 
thereof may also be copolymeriZed, blended, miXed, and/or 
cross-linked With other monomers and/or macromers, and/or 
polymers including engineering polymers, blood compatible 
polymers, hydrogel polymers, natural polymers (e.g., deoX 
yribonucleic acid, polysaccharides, and proteins and bioac 
tive fragments thereof) and/or ?llers. The type of initiation 
is not limited and may include thermal, X-ray, ultraviolet, 
infrared, visible light, free radical, addition, sonic, and 
condensation initiation. 

[0085] Monomers, i.e., for miXing With the polysaccharide 
macromers, can include, but are not limited to, monomers 
With hydroXyl groups (e.g., hydroXyethyl methacrylate), 
monomers With glycerol groups (e.g., glycerol 
monomethacrylate, glycerol dimethacrylate, glycerol tri 
methacrylate), monomers With polyoXyalkylene ether 
groups (e.g., polyethylene glycol methacrylate, polypropy 
lene glycol methacrylate), monomers With vinyl groups 
(e.g., N-vinyl pyrrolidone), monomers With ZWitterionic 
groups (e.g., 2-methacryloyloXyethyl-2-(trimethyl ammo 
nium) phosphate, monomers With silicone groups (e.g., 
methacryloXypropyl tris (trismethyl-siloXy) silane and other 
silicone methacrylate or acrylates), monomers having sul 
phate groups (e.g., vinyl sulphonic acid), monomers having 
sulphonate groups (e.g., ammonium sulphatoethyl meth 
acrylate), heparin monomer as cited in the patent PCT 
GB9701173 and US. Pat. No. 6,096,798, Which are hereby 
incorporated herein by reference. 

[0086] Polymers for miXing, blending, and/or copolymer 
iZation With polysaccharide macromers include derivatiZed 
polymers, for eXample, derivatiZed polyoXyalkylene ether 
groups (e.g., polyethylene oXide terminating in hydroXyl 
group, carboXylic groups and/or isocyanate groups and 
polypropylene oXide terminating in hydroXyl group, amino 
groups, carboXylic groups and/or isocyanate groups), poly 
vinyl pyrrolidone functionaliZed With methacrylate groups, 
methacrylate terminating dimethysiloXone, vinyl terminat 
ing dimethylsiloXone, polyurethane terminating in isocyan 
ate, polyester terminating in isocyanate and also other poly 
mers that can be derivatiZed With methacrylate, acrylate, 
isocyanate, carboXylic acid, amino, hydroXyl and/or vinyl 
groups. 
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[0087] Polymers mixed, blended and/or copolymeriZed 
With polysaccharide macromers may also be used to enhance 
the viscosity of the mixture formulation for the application 
to the rotary mandrel and hence the polymerization of the 
mixture formulation. This technique may be used to give the 
encapsulated tubular member a homogenous and smooth 
surface, a feature that enhances vascular prosthesis biocom 
patibility. The encapsulated tubular member and hence the 
biocompatible vascular prosthesis has a smooth surface 
containing non-thrombogenic or anti-thrombogenic proper 
ties or both and preferably has a Water content ranging from 
about 30% to about 90%. 

[0088] In one embodiment, a tubular member is encapsu 
lated by the hydrogel, e. g., as in FIGS. 1 and 2, the hydrogel 
having cross-linked polymers made from polysaccharide 
macromers and copolymeriZed With monomers from at least 
three of these classes, as discussed in patent application PCT 
GB97 01173, US. Pat. No. 6,096,798: (a) monomers having 
sulphate groups, (b) monomers having sulphonate groups, 
(c) monomers having sulphamate groups, (d) monomers 
having polyoxyalkylene ether groups and (e) monomers 
having ZWitterionic groups. The polysaccharide macromers 
are preferably heparin macromers. Hydrogel encapsulation 
of the tubular member is performed by placing the tubular 
member into a mold, adding a macromer and/or monomer 
formulation and then polymeriZing to make a hydrogel. The 
monomer constituents may vary from 10% to 90% by 
Weight and are preferably polymeriZed With a bifunctional 
monomer, e.g., ethylene glycol dimethacrylate. This formu 
lation provides the prosthesis With a smooth surface, pre 
vents the leakage of blood, is non-thrombogenic and/or 
anti-thrombogenic, and has a Water content ranging from 
30% to 90% When hydrated. When hydrated, the biocom 
patible vascular prosthesis is soft and pliable so it Will not 
compromise the mechanical properties of the prosthesis. 

[0089] FIG. 1 depicts a longitudinal cross section of a 
small diameter vascular graft 10. FIG. 2 shoWs an end vieW 
of a radial cross section of FIG. 1. The loops of synthetic 
material 12 are completely encapsulated Within hydrogel 14. 
This embodiment is suitable for porous members that alloW 
passage of the macromer and/or monomer constituents 
through the pores of the tubular member, e.g., a fabric, in 
order to provide binding betWeen the inner and outer faces 
of the encapsulant. 

[0090] An alternative embodiment uses approximately the 
same materials and methods but a tubular blood vessel 
member 13 is used Which has suf?ciently loW porosity so 
that blood leakage is not a consideration. e.g., a tightly 
knitted or Woven fabric, or a plastic extrusion. With this kind 
of tubular member, the basic porosity is loW. Referring to 
FIG. 3, instead of encapsulating tubular member 13, it is 
covered With a hydrogel layer 14 of polysaccharide mac 
romer and/or monomers. In the case of a fabric tubular 
member, the hydrogel coats the individual yams and ?bers. 
At the same time, the hydrogel may be used to cover the 
pores completely or partially. The loops of knitted fabric 13 
are coated by hydrogel 14. This embodiment is simpler to 
make than the encapsulation process as the covering is 
applied by dip process, spraying technique or by other 
conventional process. 

[0091] Another embodiment uses approximately these 
same materials and methods but uses a porous tubular 
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member 15, such as one made from a fabric, Which is 
pre-coated (a primary coating layer 16) With a polymeric 
material in order to prevent blood leakage, as the layer 
provides a strong “leak proof” security layer (FIG. 4). The 
leak proof layer is essentially impermeable to blood, mean 
ing that it generally prevents How of blood in surgical 
applications. Alternatively, the barrier may be permeable to 
blood, and control the How of blood. Primary coating layer 
16 may be made from a number of ?exible polymers, e.g., 
silicone polymer, polypropylene, polyester, polyurethane, 
polytetra?uoroethylene (PTFE) or elastomeric polymer such 
as silicone rubber. The total composite is then further coated 
With hydrogel 14 containing polysaccharides. This structure 
imparts an extremely thin, ?exible, and compliant Wall to 
vascular prosthesis 10. Each of the coating processes may be 
applied by dip process, spraying technique or by other 
conventional coating process. FIG. 4 depicts a longitudinal 
cross section of a knitted tubular member coated according 
to this embodiment. The fabric loop of porous tubular 
member 15 is inside primary coating 16, Which in turn is 
inside hydrogel 14. 

[0092] Referring to FIG. 5, another embodiment takes 
advantage of the manufacturing processes of Woven vascular 
prostheses. A tubular member made from knitted fabric has 
a different surface texture on the internal face and the 
external face. The technical face of the fabric tends to be 
smoother than the technical back. In the case of the knitted 
tubular member, the technical back is on the internal face of 
the fabric, Whereas the technical face is on the external face. 
When used as a vascular prosthesis, the knitted tubular 
member can be inverted so that the smoother face is on the 
internal face of the prosthesis. In addition, the internal face 
has very shalloW grooves, Which run longitudinally. These 
grooves may help to smooth the How of the blood and reduce 
turbulence. 

[0093] FIG. 5 shoWs a schematic longitudinal cross sec 
tion of a porous tubular member 15 made of a knitted 
material that is coated With the fabric inverted. The fabric 
loop of the porous tubular member 15 is inside the primary 
coating 16, Which in turn is inside the hydrogel 14. Atubular 
vascular vessel made from knitted fabric has a different 
surface texture on the internal face and the external face. The 
technical face of the fabric tends to be smoother than the 
technical back. In the case of the knitted tubular member, the 
technical back of the fabric is on the internal face of the 
vessel, Whereas the technical face is on the external face of 
the vessel. The fabric loop of the porous tubular member 15 
is inside the primary coating 16, Which in turn is inside the 
hydrogel 14. 

[0094] A most preferred tubular member is a Warp knitted 
or Weft knitted seamless fabric tube. In the Warp knitted 
form, the most preferred structure is reverse locknit, but 
tricot can also be used. The fabric tube can also be Weft 
knitted or Woven. The tube may be continuous or it may be 
bifurcated in order to ful?ll the needs of a graft designed to 
replace the Aorto-Iliac bifurcation. 

[0095] FIG. 6 shoWs a portion of a vascular graft 10 With 
surface 18 With a thick ?lm of hydrogel 24. The thickness of 
?lm 24 protects surface 18 from being exposed as a result of 
damage caused by handling the vascular graft 10. The ?lm 
is preferably at least 25 pm thick, more preferably from 
about 5 to about 1500 pm thick, and even more preferably 
about 500 to about 800 pm thick. 
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[0096] Alternatively, a very thin coating or hydrogel may 
be applied to a graft or other structure. The coating is 
applied, e.g., by spraying, so that the coating or hydrogel is 
present on the ?bers of the graft. The interstices betWeen the 
?bers are not coated by this technique. For example, a Wire 
mesh stent may be coated With a hydrogel Without the 
hydrogel ?lling the interstices of the mesh. Such a hydrogel 
or coating is preferably less than about 10 pm in thickness. 

[0097] FIG. 7 depicts vascular graft 10 being made by 
molding hydrogel 14 around mandrel 20 and Within outer 
mold 22 While entrapping synthetic material 12 in annulus 
26 created by mandrel 20 and outer mold 22. The monomers 
and/or macromers used to make hydrogel 14 are poured into 
annulus 26 and then polymeriZed around synthetic material 
12. FIG. 8 depicts cross-section 8-8 of FIG. 7; hydrogel 14 
is shoWn in phantom lines. 

[0098] A tubular member may also be a plastic tubular 
extrusion of a polymeric material. Such materials could be, 
for example, silicone polymers, polyester, polyurethane, 
polypropylene, silicone elastomer, polytetra?uoroethylene 
(PTFE) or other suitable materials. The tubular member may 
also be porous or have a de?ned permeability, e.g., as a 
holloW tube ?ber With a de?ned molecular Weight cut-off. 
Porosity/permeability may be incorporated into a tube by the 
selection of the material or by adding pores or holes, e.g., by 
lasers, and punctures. 

[0099] Another embodiment is a method of making a 
vascular graft. A ?rst polysaccharide hydrogel tube is made 
and introduced inside of a tubular member that has an 
exterior side and an inner side that faces the lumen of the 
tubular member. A second polysaccharide hydrogel tube is 
made and introduced around the outside of the tubular 
member to form a sandWich of a tubular member betWeen 
tWo hydrogel tubes. The tWo hydrogel tubes are then treated 
to form one unit. One suitable treatment is to sWell the 
hydrogel tubes in a solvent to bring them in to contact With 
each other and then to chemically react them. Examples of 
suitable chemical reactions include polymeriZation, poly 
meric cross-linking With ultraviolet, heat, or sonic initiators, 
and chemical cross-linking With gluteraldehyde, or diisocy 
antes. The cross-linking agents may be present in the tubes 
prior to sWelling or may be introduced With the solvent. 
Suitable solvents include aqueous solvents, organic sol 
vents, and loW boiling point and/or loW dielectric constant 
organic solvents. One option for forming one unit of the 
hydrogels is to use a tubular member that is shorter than the 
tWo hydrogel tubes so that the tWo hydrogel tubes are joined 
around the tubular member. Another option for forming one 
unit of the hydrogels is to use a tubular member that is 
porous so that the hydrogels are forced into the pores during 
sWelling so that the tWo hydrogel tubes contact each other 
through the pores. As a result, the hydrogels may become 
cross-linked through the pores. 

[0100] Polymers and hydrogels as described herein, 
Whether encapsulating or coating the tubular member, may 
if desired, incorporate and sloWly release groWth factors, 
thrombolytic drugs, thrombotic drugs, enZymes, restenosis 
preventing drugs, inhibitors and other agents used to treat 
diseased tissues. Further, gene therapy delivery may be 
performed by complexing gene therapy victors to the poly 
mer or hydrogel, e.g., by complexing DNA and a polysac 
charide together With a positively charged ion or polymer. 
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Other functions, uses, applications, formulations, and tech 
nologies of hydrogels knoWn those skilled in the art may be 
used to create further alternative embodiments. 

[0101] Another embodiment is related to making a heparin 
macromer by reacting heparin With a quaternary ammonium 
salt to form a heparin-quaternary ammonium salt complex; 
dissolving the heparin-quaternary ammonium salt complex 
in an organic solvent With a dielectric constant less than the 
dielectric constant of dimethylsulfoxide; and decorating the 
heparin in the heparin-quaternary ammonium salt complex 
With a polymeriZable monomer. Further, a vacuum removal 
step of removing the organic solvent With a vacuum may be 
used, preferably at room temperature. 

[0102] An embodiment is a method of making a heparin 
macromer by reacting heparin With a quaternary ammonium 
salt to form a heparin-quaternary ammonium salt complex; 
dissolving the heparin-quaternary ammonium salt complex 
in an organic solvent that has a boiling point of less than 190 
degree Centigrade at atmospheric pressure; and decorating 
the heparin in the heparin-quaternary ammonium salt com 
plex With a polymeriZable monomer. The step of dissolving 
the heparin-quaternary ammonium salt complex in an 
organic solvent is alternatively performed With an organic 
solvent With a boiling point of less than 114 degrees Cen 
tigrade at atmospheric pressure. 

[0103] Certain embodiments include an optional addi 
tional step of decomplexing the heparin quaternary ammo 
nium salt from the heparin-quaternary ammonium salt com 
plex by mixing the heparin-quaternary ammonium salt 
complex With a salt that is not a quaternary ammonium salt. 

[0104] Another embodiment is a method of making a 
heparin polymer by reacting heparin With a quaternary 
ammonium salt to form a heparin-quaternary ammonium 
salt complex; dissolving the heparin-quaternary ammonium 
salt complex in an organic solvent that has a boiling point of 
less than 190 degree Centigrade at atmospheric pressure; 
decorating the heparin in the heparin-quaternary ammonium 
salt complex With a polymeriZable monomer; and polymer 
iZing the monomer to make a polymer. 

[0105] Another embodiment is a method of making a 
heparin hydrogel by reacting heparin With a quaternary 
ammonium salt to form a heparin-quaternary ammonium 
salt complex; dissolving the heparin-quaternary ammonium 
salt complex in an organic solvent With a dielectric constant 
less than the dielectric constant of dimethylsulfoxide; deco 
rating the heparin in the heparin-quaternary ammonium salt 
complex With a polymeriZable monomer to make a heparin 
macromer; and polymeriZing the heparin macromer to form 
a polymer and cross-linking the polymers to form a hydro 
gel. 

[0106] Another embodiment is a method of making a 
polysaccharide macromer, the method comprising: reacting 
a polysaccharide With a quaternary ammonium salt to form 
a polysaccharide-quaternary ammonium salt complex; dis 
solving the polysaccharide-quaternary ammonium salt com 
plex in an organic solvent that has a boiling point of less than 
190 degree Centigrade at atmospheric pressure; and deco 
rating the polysaccharide in the polysaccharide-quaternary 
ammonium salt complex With a polymeriZable monomer. 
The step of dissolving the polysaccharide-quaternary ammo 
nium salt complex in an organic solvent may also be 
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performed With an organic solvent With a boiling point of 
less than 114 degrees Centigrade at atmospheric pressure. 

[0107] Another embodiment is a method of making a 
material from a polysaccharide by reacting a polysaccharide 
With a quaternary ammonium salt to form a polysaccharide 
quaternary ammonium salt complex; dissolving the polysac 
charide-quaternary ammonium salt complex in an organic 
solvent that has a boiling point of less than 190 degree 
Centigrade at atmospheric pressure; and decorating the 
polysaccharide in the polysaccharide-quaternary ammonium 
salt complex With a polymeriZable monomer to make a 
polysaccharide macromer; decorating the polysaccharide in 
the polysaccharide-quaternary ammonium salt complex With 
a polymeriZable monomer to make a polysaccharide mac 
romer. Moreover there may be included a step of polymer 
iZing the polysaccharide macromer to make a polysaccha 
ride polymer. There may further be included a step of 
polymeriZing the polysaccharide macromer to form a hydro 
gel. 
[0108] Another embodiment is a material for use in a 
medical context, the material including a hydrogel made of 
a material including polymers, the polymers including hep 
arin polymers made of polymeriZable heparin macromers, 
the hydrogel having covalently cross-linked polymers such 
that the hydrogel remains intact in Water. The heparin 
macromers may be macromers that are polymeriZable While 
in a solution or in a suspension. The hydrogel may include 
polymeriZable heparin macromers polymeriZable in aqueous 
solvent and/or polymeriZable heparin macromers are poly 
meriZable in organic solvent. The amount of heparin in the 
heparin hydrogel may be least 1% as measured by dividing 
the dry Weight of heparin macromers by the total dry Weight 
of the hydrogel. And the amount of Water in the heparin 
hydrogel may be at least 5% as measured by dividing the 
Weight of Water in the hydrogel by the total Weight of the 
hydrated hydrogel and is preferably in the range of 10% 
90% and more preferably 60%-80% Water. 

[0109] Another embodiment is a material for use in a 
medical context, the material including a hydrogel made of 
a material including polymers, the polymers including 
polysaccharide polymers made of polymeriZable polysac 
charide macromers, the hydrogel having covalently cross 
linked polymers such that the hydrogel remains intact in 
Water, and the polysaccharide macromers being macromers 
that are polymeriZable While in a solution or in a suspension. 

[0110] Another embodiment is a material for use in a 
medical context, the material including a hydrogel including 
polymers, the polymers including heparin polymers made of 
polymeriZable heparin macromers, the hydrogel having 
covalently cross-linked polymers such that the hydrogel 
remains intact in Water, the heparin macromers being hep 
arin molecules decorated With a monomer chosen from the 
group consisting of monomers polymeriZable by free-radical 
polymeriZation, monomers polymeriZable by addition poly 
meriZation, and monomers polymeriZable by condensation 
polymeriZation. 
[0111] Another embodiment is a material for use in a 
medical context, the material including a hydrogel including 
polymers, the polymers including polymers made of 
polysaccharide macromers, the hydrogel being covalently 
cross-linked such that the hydrogel remains intact in Water, 
the polysaccharide macromers being polysaccharides deco 
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rated With a monomer chosen from the group consisting of 
monomers polymeriZable by free-radical polymeriZation, 
monomers polymeriZable by addition polymeriZation, and 
monomers polymeriZable by condensation polymeriZation. 

[0112] Another embodiment is a vessel for use in a medi 
cal context, the vessel comprising: a tubular member With an 
inside Wall de?ned by an inner diameter and an outside Wall 
de?ned by an outside diameter joined by a thickness, a 
portion of the cylinder having its inner Wall and outer Wall 
covered With a hydrogel, the hydrogel including polymers, 
the polymers including heparin polymers made of polymer 
iZable heparin macromers, With the hydrogel having 
covalently cross-linked polymers such that the hydrogel 
remains intact in Water. 

[0113] The hydrogel for the small diameter vascular graft 
and other such vessels is preferably at least several pm thick, 
and more preferably is at least about 50 pm thick, and even 
more preferably about 500-800 pm thick. The vessel’s 
polysaccharide macromers may be polysaccharide mol 
ecules decorated With a monomer chosen from the group 
consisting of monomers polymeriZable by free-radical poly 
meriZation, monomers polymeriZable by addition polymer 
iZation, and monomers polymeriZable by condensation poly 
meriZation. In contrast to certain conventional processes, the 
polysaccharide macromers may be macromers that are poly 
meriZable While in a solution or in a suspension. 

[0114] Another embodiment is a vessel Wherein the diam 
eter of the minimum cross-sectional area available for blood 
flow through the vessel after the vessel is covered With 
hydrogel is less than approximately 6.0 mm. The vessel may 
be a fabric vessel that has pores and the hydrogel is 
continuous through a portion of the pores of the fabric 
vessel. 

[0115] Another embodiment is a coated stent. Another 
embodiment is a tissue engineering matrix. Another embodi 
ment is a medical device covered to make a biomaterial 
covering around the device. 

[0116] The medical device may be coated on one surface, 
or a portion thereof. Alternatively, the device may be com 
pleted coated on all exterior surfaces. An encapsulated 
device is coated on all surfaces With an essentially continu 
ous material. If the material is a hydrogel, the hydrogel is 
preferably crosslinked so as to have an increased strength. A 
continuous hydrogel is distinguished from a thin coating 
because the coating is attached or adsorbed to the coated 
surface and is stable so long as that attachment is main 
tained. But a hydrogel forms a coherent structure that has 
stability independent of its attachment to the encapsulated 
surface. The term encapsulated, as used herein, means to 
cover. In the case of an encapsulated medical device, the 
covering is essentially total. In the case of a hydrogel 
encapsulating a tube, the inside and outside of the tube are 
covered. The ends of the tube are not necessarily covered. 

[0117] Embodiments include coated devices, for example, 
medical devices or components thereof, and includes medi 
cal devices that contact a bodily ?uid. For example, springs, 
Wires, guide Wires, pacemaker leads, stents, implants, anten 
nae, sensors, glucose sensors, tubing, blood bypass tubing, 
syringes, catheters, i.v. bags, needles, oxygen tubing, ven 
tricular assist device components, and trochars. 


























