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(57) ABSTRACT 

Crosslinked polymer compositions have backbones With ?rst 
and second divalent saturated aliphatic moieties, a divalent 
saturated aliphatic secondary alcohol moiety, and a trivalent 
saturated aliphatic moiety. Hydrolytically labile ester bonds 
joined together these moieties. These polyesters may be poly 
condensation reaction products of a diol, a triol and a diacid. 
A molar ratio of the ?rst divalent saturated aliphatic moiety, 
the divalent saturated aliphatic secondary alcohol moiety, and 
the trivalent saturated aliphatic moiety to the second divalent 
saturated aliphatic moiety is in the range of about 0.85 to 
about 1.5. Preferably, these polyesters are non-cytotoxic, bio 
compatible, bioabsorbable, or exhibit shape memory behav 
ior With at least one transition temperature of greater than 
about 300 C. and less than about 1000 C. and most preferably 
exhibit each of these qualities. The compositions may be 
adapted for a Wide variety of uses, including medical appli 
cations. 
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POLYESTER COMPOSITIONS, METHODS 
OF MANUFACTURING SAID 

COMPOSITIONS, AND ARTICLES MADE 
THEREFROM 

RELATED APPLICATIONS 

[0001] This application is a continuation of US. patent 
application Ser. No. 11/678,948 ?led Feb. 26, 2007, Which is 
a divisional of US. patent application Ser. No. 11/541,514, 
?led Sep. 28, 2006. 

FIELD OF THE INVENTION(S) 

[0002] The present application relates to polymer compo 
sitions, speci?cally to polyesters, and more speci?cally to 
crosslinked polyesters that are the products of polycondensa 
tion reactions of a diol, a triol and a diacid, methods of 
manufacturing said compositions, and articles made there 
from. 

BACKGROUND OF THE INVENTION(S) 

[0003] Biocompatible and bioabsorbable in vivo synthetic 
polymers are knoWn for use in the manufacture of implant 
able medical devices. Many such bioabsorbable polymers 
belong to the polyester family. For example, aliphatic poly 
esters have been used in drug delivery systems. 
[0004] Known biodegradable polyester polymer/copoly 
mer materials include polydioxanone (PDS), polyglycolic 
acid (PGA), poly-L-lactic acid (PLA), and copolymers of 
polyglycolic acid and either L-lactic acid or trimethylene 
carbonate (TMC). 
[0005] Linear polyesters may be synthesiZed by ring open 
ing polymeriZation of cyclic esters or lactones, or by poly 
condensation of one or more difunctional monomers. Poly 
condensation of difunctional monomers include the 
esteri?cation of diacid chlorides and diols, or the ester 
exchange reaction of diesters and diols. Crosslinked polyes 
ters can be formed by including in the polycondensation 
reaction monomers With functionalities greater than tWo. 
[0006] US. Pat. No. 1,779,367 discloses condensation 
reaction products of certain higher polybasic acids and poly 
hydric alcohols, notably glycerol. In one example, 1 mole 
equivalent gylcerol and 1.5 mole equivalents sebacic acid are 
reacted. 
[0007] US. Pat. No. 2,012,267 discloses alkylene ester 
reaction products of polybasic acids. These esters are said to 
be formed by the esteri?cation of dibasic acids and glycols of 
the formula: 

Where m is an integer greater than 2. In example 5, poly 
(ethylene sebacate) is prepared from 67.3 g of sebacic acid 
and 21.7 g of ethylene glycol. 
[0008] US. Pat. No. 5,098,776 discloses ?brous sheets 
having shape memory properties. The sheet comprises a natu 
ral or synthetic ?ber and a layer formed by applying a poWder 
of shape memory polymer. The shape memory polymer may 
be a urethane polymer, a styrene butadiene polymer, a crys 
talline diene polymer, and a norbomane polymer. To impart 
shape memory properties, a poWder of shape memory poly 
mer is applied to a part of the sheet With the aid of adhesive. 
[0009] US. Pat. No. 5,889,140 discloses molded articles 
made from crosslinkable polylactone-based compositions 
having biodegradability and shape memoriZable properties. 
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The compositions are made from 100 parts by Weight of 
polylactone (A) having a number average molecular Weight 
of 10,000 to 300,000 and 0.1 to 30 parts by Weight of 
crosslinkable monomer (B). The crosslinkable polylactone 
based composition is crosslinked by irradiating active energy 
radiation or by heating at 120° C. to 250° C. 

[0010] US. Pat. No. 6,160,084 discloses biodegradable 
shape memory polymers. In one embodiment, the composi 
tions contain hard and soft segments. The hard segments have 
a higher transition temperature than the soft segments. The 
hard segments have a transition temperature of betWeen —30° 
C. and 270° C. Either the hard or soft segments are crosslink 
able. 
[0011] US. Pat. Publ. No. 2003/0118692 discloses biode 
gradable polymer condensation products of glycerol and 
diacid (e.g., sebacic acid). The degradation rate is reputed by 
this publication to be adjustable by modifying crosslink den 
sity. The molar ratio of glycerol to the diacid disclosed may be 
betWeen (1 and 1.5): 1. This publication reports the manufac 
ture of a poly(glycerol-sebacate) by polycondensation of 
equi-molar amount of glycerol and sebacic acid. The publi 
cation also reports that the resulting polymer has tWo crystal 
liZation temperatures at —52.14° C. and —18.50° C., has tWo 
melting temperatures at 523° C. and 37.62° C., and is totally 
amorphous at 37° C. The disclosed polymer is suggested for 
use as a tissue engineering construct, or in other medical and 
non-medical applications. This publication does not report 
any shape memory properties for this material. 
[0012] Chinese Pat. Publ. No. 1 640 909 A discloses bio 
degradable ternary aliphatic polyester elastomers. An esteri 
?cation reaction is carried out betWeen a dibasic acid and a 
diol to form a loW-molecular Weight linear prepolymer. In this 
reaction, the molar ratio of the dibasic acid to diol is betWeen 
(1.5 and 3.5): 1 . An esteri?cation crosslinking reaction then is 
carried out betWeen that linear prepolymer and a monomeric 
polyol. This patent publication does not report any shape 
memory properties for this material, and instead describes the 
resulting polyester as an elastomer. 

SUMMARY OF THE INVENTION(S) 

[0013] Crosslinked polymer compositions, speci?cally 
crosslinked polyesters, methods of manufacturing said com 
positions, and articles made therefrom are described. 

[0014] In one aspect, the present application provides a 
crosslinked polycondensation product of a polyol and at least 
one saturated linear aliphatic diacid or derivative thereof. The 
polyol includes saturated aliphatic triol and saturated ali 
phatic diol. Preferably, the polyol includes glycerol and one 
of: ethylene glycol, 1,3 propanediol and 1,4 butanediol. Pref 
erably, the aliphatic diacid or derivative thereof is sebacic 
acid. A molar ratio of moles saturated aliphatic triol to moles 
total polyol is in the range of about 0.2 to about 0.8. A molar 
ratio of moles total polyol to moles diacid is in the range of 
about 0.85 to about 1.5. 

[0015] In another aspect, the present application provides a 
polymer composition With a backbone having a ?rst and a 
second divalent saturated aliphatic moiety, a divalent satu 
rated aliphatic secondary alcohol moiety, a trivalent saturated 
aliphatic moiety, and ester linkages betWeen the moieties. A 
molar ratio of the sum of (1) a number of moles of the ?rst 
divalent saturated aliphatic moiety, (2) a number of moles of 
the divalent saturated aliphatic secondary alcohol moiety, and 
(3) a number of moles of the trivalent saturated aliphatic 
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moiety to a number of moles of the second divalent saturated 
aliphatic moiety is in the range of about 0.85 to about 1.5. 
[0016] In another aspect, the present application provides a 
method of manufacturing a crosslinked polyester composi 
tion via a polycondensation reaction of (a) polyol, comprising 
saturated aliphatic triol, and saturated aliphatic diol, and (b) a 
linear aliphatic diacid or derivative thereof (e. g., a diester of 
saturated linear aliphatic diacid, or a diacyl halide of a satu 
rated linear aliphatic diacid), or mixtures thereof. Component 
(a), the polyol, may comprise glycerol and ethylene glycol, 
and preferably is present in a molar ratio of moles triol to 
moles total polyol of betWeen about 0.20 and 0.80. Compo 
nent (b), the diacid or diacid derivative, may comprise sebacic 
acid, and preferably is present in a molar ratio of polyol to 
diacid ofbetWeen about 0.85 to about 1.5. 
[0017] In yet another aspect, the present application pro 
vides an article having a crosslinked polyester composition, 
Which preferably exhibits shape memory properties, and 
more preferably has at least one transition temperature of 
greater than about 30° C. and less than about 100° C. 
[0018] In still another aspect, the present application pro 
vides a porous article or foam, e.g., foamed or sponge-like 
porous material having cell Walls comprising a crosslinked 
polyester composition. Preferably, the foamed or sponge-like 
porous material exhibits shape memory properties, and more 
preferably has at least one transition temperature of greater 
than about 30° C. and less than about 100° C. 
[0019] In yet still another aspect, the present application 
provides a composite having a macroscopic combination of a 
crosslinked polyester composition With at least one other 
material. Preferably, the other material is a ?lm material, a 
?brous material, a porous membrane material, or combina 
tions thereof. Preferably, the crosslinked polyester composi 
tion, the composite or both exhibit shape memory properties, 
and more preferably, the crosslinked polyester composition 
has at least one transition temperature of greater than about 
30° C. and less than about 100° C. 
[0020] In another aspect, the present application provides a 
composite having a macroscopic combination of polytet 
ra?uoroethylene (PTFE) and a shape memory polymer. Pref 
erably, the PTFE is expanded PTFE (ePTFE). Preferably, the 
shape memory polymer exhibits shape memory behavior 
upon heating to at least one transition temperature of greater 
than about 30° C. and less than about 100° C. More prefer 
ably, the shape memory polymer is a crosslinked polyester 
composition. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIG. 1 is a schematic representation of an exemplary 
closed cell porous foam product; 
[0022] FIG. 2 is a schematic representation of an exemplary 
composite construction With imbibed ePTFE; 
[0023] FIG. 3 is a schematic representation of an exemplary 
composite construction having ePTFE coated With 
crosslinked polymer composition on one side; 
[0024] FIG. 4 is a schematic representation of an exemplary 
composite construction having ePTFE coated With 
crosslinked polymer composition on tWo sides; 
[0025] FIG. 5 is a schematic representation of an exemplary 
composite construction having ePTFE coated With 
crosslinked polymer composition on one side and imbibed 
into the ePTFE; 
[0026] FIG. 6 is a schematic representation of an exemplary 
porous, laminated foam product; 
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[0027] FIG. 7 is a longitudinal cross-sectional vieW of an 
exemplary aneurysm repair device; 
[0028] FIG. 8 is an axial cross-sectional vieW of an exem 
plary aneurysm repair device; 
[0029] FIG. 9 is a schematic representation of an exemplary 
aneurysm repair device after expansion of the foam 
crosslinked polymer composition; 
[0030] FIG. 10 is a schematic representation of an exem 
plary intraluminal delivery device during introduction into 
the lumen; 
[0031] FIG. 11 is a schematic representation of an exem 
plary intraluminal delivery device after expansion of part of 
the shaft member; 
[0032] FIG. 12 is a schematic representation of an exem 
plary intraluminal delivery device as the introducer is 
removed; 
[0033] FIG. 13 is a schematic representation of an exem 
plary intraluminal delivery device after the introducer is 
removed and the plug expands; 
[0034] FIG. 14 is a schematic representation of an exem 
plary intraluminal delivery device after the shaft member is 
removed; 
[0035] FIG. 15 is a schematic representation of an exem 
plary deployment means for an endoluminal device in an 
expanded or deployed shape; 
[0036] FIG. 16 is a schematic representation of an exem 
plary deployment means for an endoluminal device in 
reduced or undeployed shape; 
[0037] FIG. 17 is a temperature and Water evolution history 
for the polymeriZation reaction of Example 1; 
[0038] FIG. 18 are results of differential scanning calorim 
etry (DSC), mechanical and shape recovery experiments for 
the reaction product of Example 1; 
[0039] FIG. 19 is a scanning electron microscope vieW of 
an exemplary porous composition of Example 20; and 
[0040] FIG. 20 is a graph of dimension change and tem 
perature for the exemplary composite of Example 24. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0041] Certain exemplary embodiments of the present 
invention(s) Will be described beloW and detailed in the 
examples and With reference to the accompanying draWings. 
The present invention(s) may, hoWever, be embodied in many 
different forms and should not be construed as limited to the 
embodiments set forth herein. 
[0042] As used throughout the speci?cation, the folloWing 
terms shall have the folloWing meanings, unless the context 
clearly indicates otherWise. 
[0043] By “Bioabsorbable” is meant a material that is 
capable of being degraded over time When placed in a living 
body (e.g., through enzymatic, hydrolytic or other chemical 
reactions) into products Which are metaboliZed, assimilated 
or excreted from the body. 
[0044] By “Biocompatible” is meant a material that 
invokes no adverse tissue reactions at the implant site in a 
majority of mammals after implantation. Biocompatibility 
may be evaluated With reference to International Standards 
OrganiZation (ISO) Standard No. 10993 Part 6: Tests forlocal 
effects after implantation, First Ed., July, 1994. 
[0045] By “medical device” is meant an instrument, appa 
ratus, contrivance, implant, implement, machine, or other 
similar or related article, including, but not limited to, any 
accessory, component, kit or part, Which is used in the cure, 
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diagnosis, mitigation, prevention, or treatment of disease, in 
man or other animals, or intended to affect the structure or any 

function of the body of man or other animals. Such medical 

devices include, but are not limited to, aneurysm repair 
devices, cannulae, catheters, endoprostheses, hernia plugs, 
implants, occlusive devices, periodontal repair materials, 
pledget materials, prostheses, septal occlusive devices, 
shunts, stents, surgical repair patches, sutures, tubes, vascular 
grafts, vascular occlusion devices, vascular patches, Wound 
dressings and the like. 

[0046] By “shape memory behavior” is meant that a mate 
rial capable of storing or memorizing a ?rst shape so that the 
polymer may be deformed to and maintains a second shape 
until appropriately stimulated (e. g., by heating above a tran 
sition temperature), after Which the polymer tends to revert 
from the second shape to the ?rst shape. It also may be 
possible to stimulate shape memory behavior With other 
stimuli, e.g., by changes in pH, electrical stimuli, light 
stimuli. 

[0047] By “transition temperature” is meant a temperature 
range Where a material is subject to a phase transition, Which, 
in the case of polymeric materials, means the polymeric mate 
rials are completely amorphous above the transition tempera 
ture and may be crystalline or semi-crystalline beloW the 
transition temperature. The phase change can be determined 
by a conventional Differential Scanning Calorimetry (DSC) 
scan of the material. 

[0048] Backbones of the crosslinked polymer composi 
tions described beloW are comprised of four monomeric 
repeating units. A ?rst monomeric repeating unit is a divalent 
aliphatic moiety. A second monomeric repeating unit is a 
divalent aliphatic alcohol moiety. A third monomeric repeat 
ing unit is a trivalent aliphatic moiety. A fourth monomeric 
repeating unit is another divalent aliphatic moiety, Which may 
be the same or different from the ?rst monomeric repeating 
unit. 

[0049] These monomeric repeating units are joined 
together by hydrolytically labile ester bonds. Alternatively, 
other hydrolytically labile bonds, under physiological condi 
tions, may join the monomer repeating units including, but 
not limited to, amide, carbonate, thioamide, thioester, and 
urethane linkages, among others. 
[0050] The amounts of the monomeric repeating units and 
the ester linkages may be varied to achieve crosslinked poly 
ester compositions having properties appropriate for various 
applications. Preferably, the ?rst, second and third mono 
meric repeating units are, independently, present in the ?nal 
polymer composition in an amount of about 4 to about 30 mol 
%. Preferably, the fourth monomeric repeating unit is present 
in the ?nal polymer composition in an amount about 20 to 
about 30 mol %. Preferably, the ester linkages are present in 
the ?nal polymer composition in an amount of about 35 to 
about 55 mol %. 

[0051] 
formula: 

The ?rst monomeric repeating unit (R1) has the 

ilcHzlai 

Where a is an integer betWeen 2 and 35, preferably betWeen 2 
and 20 and more preferably betWeen 2 and 10. 
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[0052] 
formula: 

The second monomeric repeating unit (R2) has the 

Where b and c are, independently, integers betWeen 1 and 35, 
preferably betWeen 1 and 20 and more preferably betWeen 1 
and 10. 

[0053] 
formula: 

The third monomeric repeating unit (R3) has the 

Where d and e are, independently, integers betWeen 1 and 35, 
preferably betWeen 1 and 20 and more preferably betWeen 1 
and 10. 

[0054] 
formula: 

Where f is an integer betWeen 2 and 35, preferably betWeen 2 
and 20 and more preferably betWeen 2 and 10. 
[0055] Most preferably, the value of integer a is 2, the 
values of integers b, c, d and e are identical and are 1, and the 
value of integer f is 8. 

The fourth monomeric repeating unit (R4) has the 

[0056] A molar ratio, 4), is given by the formula: 

_ [m0lesR2 + m0lesR3] 

so _ [molesRl + m0lesR2 + m0lesR3] 

[0057] q) is preferably in the range of 0.20 to 0.80. When the 
crosslinked polymer compositions are random polymers, 4) is 
more preferably 0.20§([)§0.65, and most preferably 
0.20§([)§0.50. When the crosslinked polymer compositions 
are non-random polymers, 4) is more preferably 0.50§([)§0. 
80. 

[0058] A molar ratio, [3, is given by the formula: 

_ [molesRl + m0lesR2 + m0lesR3] 

_ [m0lesR4] 

[0059] [3 is preferably in the range of 0.85 to 1.5, more 
preferably 087262135, and most preferably 0.926212. 
[0060] A density, p, of the crosslinked polymer composi 
tions (exclusive of additives) is in the range of 0.05 grams per 
cubic centimeter (g/cc) to 1.50 g/cc (exclusive of any addi 
tives). The crosslinked polymer compositions may be made 
into a foamed or sponge-like porous material by, for example 
combining the crosslinked polymer compositions With a gas, 
such as air. The foamed or sponge-like materials have a den 
sity less than about 0.80 g/cc, preferably have a density in the 
range of about 0.1 g/cc to about 0.3 g/cc. 
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[0061] Preferably, the crosslinked polymer compositions 
have residual acidity in concentrations of greater than about 
0.0001 milliequivalents of acid per gram of composition 
(meq. acid/gram) and less than about 1.0 meq. acid/gram or 
less, more preferably in concentrations less than about 0.5 
meq. acid/gram, and most preferably in concentrations less 
than about 0.3 meq. acid/ gram measured by titration. 
[0062] Residual acid, When present in the crosslinked poly 
mer compositions, provides ion exchange properties, and 
thus the crosslinked polymer compositions may form ionic 
salts With cationic, polycationic and zWitterionic species. 
These cationic, polycationic and zWitterionic species include, 
but are not limited to, aluminum ions, amino acids, amino 
sugars, ammonium ions, barium ions, calcium ions, chitin, 
chitosan, copper ions, ferric ions, ferrous ions, magnesium 
ions, peptides, polyethyleneimine, polypeptides, potassium 
ions, primary amino compounds, quaternary amine com 
pounds, quaternary ammonium compounds, secondary 
amino compounds, sodium ions and combinations thereof. 
[0063] Residual acid groups and residual hydroxyl groups 
also may be reacted With organic compounds, bio-organic 
compounds and pharmaceutical compounds to modify the 
biological properties of the compositions. Conjugation reac 
tions may modify the biological properties of the crosslinked 
polymer compositions. Such biological properties include, 
but are not limited to, angiogenesis properties, anti-scarring 
properties, bactericidal properties, blood coagulation proper 
ties, cellular adhesion properties, cellular groWth properties, 
cellular migration properties, cellular morbidity properties, 
cellular targeting properties, infection prevention properties, 
thrombogenic properties, tissue generation properties, tissue 
in-groWth properties, and Wound healing properties. 
[0064] Residual acid groups and residual hydroxyl groups 
may be quanti?ed by various Well knoWn analytical proce 
dures. For example, residual unreacted hydroxyl groups Will 
be apparent in the infrared spectra of the crosslinked polymer 
compositions. Titration methods also may be used to quantify 
said residual unreacted hydroxyl and carboxylic acid groups. 
For example, residual unreacted carboxylic acid groups of the 
crosslinked polymer compositions may be quanti?ed by titra 
tion With a strong base, such as potassium hydroxide. 
[0065] TheYoung’s modulus at 22° C. preferably is greater 
than 2.5 Megapascals (MPa). Where the crosslinked polymer 
composition is a random polymer, the Young’s modulus is 
more preferably greater than about 6.0 MPa, and most pref 
erably greater than about 40 MPa. Where the crosslinked 
polymer composition is non-random, the Young’s modulus is 
more preferably greater than about 5 .0 MPa and most prefer 
ably greater than about 6.0 MPa. The Young’s modulus is 
loWer at 37° C. than at 22° C. The elastic modulus at 37° C. 
preferably is in the range of about 0.1 to about 200 MPa, more 
preferably is in the range of about 1 to about 25 MPa, and 
most preferably is in the range of about 2.5 to about 10 MPa. 

[0066] The crosslinked polymer compositions degrade via 
hydrolysis. Hydrolysis may be catalyzed or not. Hydrolysis 
catalysts may include, but are not limited to, enzymes (par 
ticularly lipases and esterases). Hydrolysis may be demon 
strated in Water, saline, blood serum or aqueous solutions of 
enzymes. Hydrolysis may be affected by biological life forms 
such as bacteria, fungi, and molds. Hydrolysis is also affected 
in-vivo, such as When the crosslinked polymer compositions 
are implanted in a mammal. Hydrolysis is accompanied by 
Weight loss. Hydrolysis leads to the production of various 
reaction products including diols, triols and diacids from 
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Which the crosslinked polymer compositions may have been 
produced. These reaction products may be further degraded, 
metabolized, assimilated or excreted in-vivo. Preferably, the 
crosslinked polymer compositions are biocompatible, bioab 
sorbable and/ or non-cytotoxic. 
[0067] The chain microstructural sequence, or “order,” of 
the units may be random or non-random. These microstruc 
tural sequences can affect properties of the crosslinked poly 
mer compositions. Non-random microstructural sequences 
may be described as block or multi-block chain microstruc 
tures. The chain order may be characterized by various ana 
lytical methods, such as nuclear magnetic resonance (NMR) 
spectroscopy. 
[0068] The crosslinked polymer compositions may be 
homogeneous or phase separated (i.e., characterized by a 
macroscopic topology or structural morphology Where 
chains rich in a particular monomeric repeating unit are spa 
tially segregated from chains rich in another monomeric 
repeating unit). Various analytical methods may be used to 
characterize Whether the crosslinked polymer compositions 
are homogenous or phase separated. These methods include, 
but are not limited to, calorimetry, dilatometry, light scatter 
ing spectroscopy, microscopy, and thermal mechanical analy 
sis. 

[0069] The crosslinked polymer compositions may be 
amorphous or semicrystalline at temperatures greater than 
about 20° C. to less than about 25° C. Preferably, the 
crosslinked polymer composition exhibits crystallization 
upon cooling from a temperature of about 100° C. to a tem 
perature of about 20° C. at a rate of 2° C./min. 
[0070] Preferably, the crosslinked polymer compositions 
are semicrystalline at temperatures in the range of greater 
than about 20° C. to less than about 25° C. In these preferred 
embodiments, the volume fraction or Weight fraction of the 
crystalline phases may be in the range 0.05 to 0.95. Various 
Well knoWn analytical methods (e.g., calorimetry, dilatom 
etry, X-ray diffraction and microscopy) may be used to char 
acterize Whether compositions are crystalline/semicrystal 
line. 
[0071] Those crosslinked polymer compositions that are 
semicrystalline at temperatures in the range of greater than 
about 20° C. to less than 25° C., are preferably totally amor 
phous at temperatures greater than near physiological tem 
peratures, e. g., above temperatures greater than about 30° C. 
When the crosslinked polymer compositions are totally 
amorphous at near physiological temperatures, this enables, 
among other things, shape memory behavior stimulation by 
body heat. 
[0072] More preferably, such crosslinked polymer compo 
sitions are totally amorphous above temperatures greater than 
about 35° C., and most preferably are totally amorphous 
above 35° C. and less than about 100° C. The higher tempera 
ture(s) may be advantageous for simplifying storage require 
ments and preventing unintentional activation of shape 
memory behavior. In this aspect, the shape memory behavior 
may be stimulated by external heat and other energy sources, 
as described more fully beloW. The semicrystalline to totally 
amorphous transition temperature of the crosslinked polymer 
compositions is a function of the reactants chosen, their rela 
tive proportion and the synthetic process path chosen. 
[0073] Preferably, the crosslinked polyester compositions 
have at least one transition temperature of greater than about 
30° C. and less than about 100° C., more preferably greater 
than about 30° C. and less than about 50° C., and most 
preferably greater than about 30° C. and less than about 45° C. 
[0074] Preferably, the crosslinked polymer compositions 
exhibit shape memory behavior. These compositions main 
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tain dimensional change in the absence of external forces in 
their semicrystalline state. If the material is semicrystalline 
When deformed, for example in cold draWn deformation, the 
shape is maintained Without substantial change in crystallin 
ity. If the material is amorphous When deformed, the deform 
ing force is maintained While the shape memory material is 
caused to partially crystallize, by cooling for example. 
[0075] Upon application of a stimulus, the shape change is 
at least partially recovered. The stimulus directly or indirectly 
induces a change in crystallinity. For example, the stimulus 
may include heat. The resulting temperature increase reduces 
crystallinity. In the crosslinked polymer compositions exhib 
iting shape memory behavior, this transformation may occur 
at any temperature greater than about 3 5° C. to less than about 
100° C. The shape memory behavior may be manifested by a 
change in at least one dimension of the polymeric material in 
response to stimulus, or if the material is restrained, a change 
in the force necessary to maintain the shape of the material in 
at least one dimension upon application of stimulus, or both. 
[0076] The crosslinked polymer compositions can be ster 
ilized. Preferred sterilization methods include, but are not 
limited to, autoclave, ethylene oxide and gamma radiation. 
The most preferred sterilization method is gamma radiation. 
The preferred gamma radiation dosage is about 25 kiloGray 
(kGy) or less. 
[0077] The crosslinked polymer compositions may contain 
various further ingredients, Which may be added to the reac 
tants before polymerization, during polymerization or after 
polymerization is completed. The quantity of such further 
ingredients optionally added to the crosslinked polymer com 
positions Will preferably comprise less than about 25% of the 
composition by volume. More preferably, the quantity of said 
further ingredients comprises less than about 15% of the 
composition by volume. Most preferably, such further ingre 
dients comprise less than about 5% of the composition by 
volume. The various further ingredients may be ?llers or 
nano-materials (e. g., have at least one dimension Which is 100 
nanometers or less). 

[0078] For example, ceramic, inorganic, metallic, organic, 
organometallic, pharmaceutical, and polymeric additives 
may be optionally added to the crosslinked polymer compo 
sitions as desired to modify the crosslinked polymer compo 
sition’s acoustic properties, anti-scarring properties, bio-deg 
radation properties, biological properties, color, 
crystallization kinetics, density, disease prevention proper 
ties, disease treatment properties, electrical properties, 
mechanical properties, optical properties, photo-degradation 
properties, processing behavior, surface properties, thermo 
degradation properties, thermo-oxidative-degradation prop 
erties, Wound healing properties, and combinations thereof. 
[0079] Inorganic or metallic radio-opaque particles are one 
such additive, and may be dispersed into the crosslinked 
polymer compositions. Said radio-opaque particles include, 
but are not limited to, barium sulfate, gold, platinum, silver 
and combinations thereof. Preferably, said radio-opaque par 
ticles are present at a volume fraction less than about 0.30. 
More preferably, said radio-opaque particles are present at a 
volume fraction less than about 0.20. Most preferably, said 
radio-opaque particles are present at a volume fraction less 
than about 0.10. 
[0080] Dyes or pigments are another additive that may be 
added to the crosslinked polymer compositions. By altering 
the color of the crosslinked polymer compositions, the com 
positions may be caused to absorb light energy (e.g., laser 
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light) and thereby increase local temperature su?icient to 
selectively stimulate a transformation from the metastable 
state to the original or default shape, i.e., shape memory 
behavior. This may be advantageous Where the crosslinked 
polymer compositions are desired to be deployed in small 
spaces, Which may only be accessible via optical ?bers 
(Which can transmit light to the crosslinked polymer compo 
sitions). Alternatively, the crosslinked polymer compositions 
may be colored so that discrete regions have different light 
absorption characteristics than other regions. This permits 
different regions of the crosslinked polymer compositions to 
be activated utilizing light sources With discrete Wavelengths 
that correspond to the particular absorption band. 
[0081] Isocyanate or diisocyanate compounds are yet 
another additive. These compounds may be included in the 
crosslinked polymer composition to modify the density and 
to produce a foamed or sponge-like article. Nucleating agents 
are still another additive, Which may be used to modify the 
crystallization kinetics of the crosslinked polymer composi 
tions. A hydrophilic coating may be applied to the surface of 
articles prepared from the crosslinked polymer compositions 
to modify the surface properties. Combinations of various 
additives also may be used. 
[0082] Where the labile bonds are ester bonds, the compo 
sition is a crosslinked aliphatic polyester. In that case, the 
structure of the backbone may consist essentially of linked 
ester units, A, B, and C. The linked ester units are of the 
formula: 

Where R1, R2, R3 and R4 are given by the formulas set forth 
above. 
[0083] Such crosslinked aliphatic polyester may be the 
polycondensation reaction products of monomers containing 
hydroxyl groups and carboxylic acid groups. In these reac 
tions, polymer chain groWth proceeds by condensation reac 
tions betWeen molecules of all degrees of polymerization. For 
example, a diol With tWo hydroxyl groups, a diacid With tWo 
carboxylic acid groups, and a triol With three hydroxyl groups 
may be used. In that embodiment, ester unit A is a condensa 
tion product of an aliphatic diol and a linear aliphatic dicar 
boxylic acid, and ester units B and C are condensation prod 
ucts of aliphatic triols and linear aliphatic dicarboxylic acids. 
[0084] It should be understood that alternatively, the poly 
ester also may be the polycondensation reaction product of a 
diol With tWo hydroxyl groups, a diacid With tWo carboxylic 
acid groups and a triacid With three carboxylic acid groups. 

[0085] In embodiments made from a diol, a diacid and a 
triol, R1 is a linear sequence of covalently bonded methylene 
groups originating from an unsubstituted linear aliphatic diol. 
The linear sequence of methylene groups is covalently 
bonded at one end to an ester group. At the other end, the 
linear sequence of methylene groups may be covalently 
bonded either to an ester group or to a primary hydroxyl 
group. The ester group(s) is the reaction product of a primary 
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hydroxyl group of an unsubstituted linear aliphatic diol and a 
carboxylic acid group of a linear aliphatic dicarboxylic acid. 
The primary hydroxyl group originates from an unsubstituted 
linear aliphatic diol. 
[0086] In embodiments made from a diol, a diacid and a 
triol, R2 is a linear sequence of covalently bonded carbon 
atoms originating from a linear aliphatic triol. The terminal 
carbon atoms of the linear sequence are each covalently 
bonded to tWo hydrogen atoms. The terminal carbon atom at 
one end of the linear sequence also is covalently bonded to an 
ester group, and the terminal carbon atom at the other end 
either is covalently bonded to an ester group or to a primary 
hydroxyl group. An intermediate carbon atom of the linear 
sequence of covalently bonded carbon atoms (e. g., the middle 
carbon atom When R2 has three covalently bonded carbon 
atoms) is covalently bonded to a hydrogen atom and to a 
secondary hydroxyl group. The ester group(s) is the reaction 
product of a primary hydroxyl group of a linear aliphatic triol 
and a carboxylic acid group of a linear aliphatic dicarboxylic 
acid. The primary hydroxyl group originates from a linear 
aliphatic triol. 
[0087] Also in embodiments made from a diol, a diacid and 
a triol, R3 is a branched or crosslinked moiety. It is a linear 
sequence of covalently bonded carbon atoms originating 
from a linear aliphatic triol. The terminal carbon atoms of said 
linear sequence are each covalently bonded to tWo hydrogen 
atoms. Each of the terminal carbon atoms is covalently 
bonded to an ester group. These ester groups are the reaction 
products of a primary hydroxyl group of a linear aliphatic triol 
and a carboxylic acid group of a linear aliphatic dicarboxylic 
acid. An intermediate carbon atom of said linear sequence of 
carbon atoms (e. g., the middle carbon atom When R3 has three 
covalently bonded carbon atoms) is covalently bonded to one 
hydrogen atom and to one ester group. The ester group is the 
reaction product of a secondary hydroxyl group of a linear 
aliphatic triol and a carboxylic acid group of a linear aliphatic 
dicarboxylic acid. 
[0088] Also in embodiments made from a diol, a diacid and 
a triol, R4 is a linear sequence of covalently bonded methylene 
groups originating from a linear aliphatic dicarboxylic acid. 
The linear sequence of covalently bonded methylene groups 
also is covalently bonded at one end of said sequence to a) an 
ester group that is the reaction product of a carboxylic acid 
group of a linear aliphatic dicarboxylic acid and a primary 
hydroxyl group of a unsubstituted linear aliphatic diol, or b) 
an ester group that is the reaction product of a carboxylic acid 
group of a linear aliphatic dicarboxylic acid and a primary 
hydroxyl group of a aliphatic triol, or c) an ester group that is 
the reaction product of a carboxylic acid group of a linear 
aliphatic dicarboxylic acid and a secondary hydroxyl group 
of a aliphatic triol. The linear sequence of covalently bonded 
methylene groups also is covalently bonded at the other end 
of said sequence to a) a carboxylic acid group originating 
from said linear aliphatic dicarboxylic acid, or b) an ester 
group that is the reaction product of a carboxylic acid group of 
a linear aliphatic dicarboxylic acid and a primary hydroxyl 
group of a preferred unsubstituted linear aliphatic diol, or c) 
an ester group that is the reaction product of a carboxylic acid 
group of a linear aliphatic dicarboxylic acid and a primary 
hydroxyl group of a aliphatic triol, or d) an ester group that is 
the reaction product of a carboxylic acid group of a linear 
aliphatic dicarboxylic acid and a secondary hydroxyl group 
of a aliphatic triol. 
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[0089] Linear aliphatic diols include, but are not limited to, 
unsubstituted linear aliphatic diols, such as 1,2-ethanediol 
(i.e., ethylene glycol), 1,3-propanediol, l,4-butanediol, 1,5 
pentanediol, 1,6-hexanediol, 1,7-heptanediol, 1,8-oc 
tanediol, 1,9-nonanediol, l,lO-decanediol and combinations 
thereof. Preferred unsubstituted linear aliphatic diols include 
1,2-ethanediol, 1,3-propanediol, l,4-butanediol. 1,2 
ethanediol is most preferred. 

[0090] Linear aliphatic triols include, but are not limited to, 
1,2,3-trihydroxypropane, butane-1,2,4-triol and combina 
tions thereof. Although other aliphatic triols may be used, a 
preferred aliphatic triol is 1,2,3-trihydroxypropane (i.e., glyc 
erol). 
[0091] Linear aliphatic dicarboxylic acids include, but are 
not limited to, l,4-butanedioic acid, 1,5-pentanedioic acid, 
1,6-hexanedioic acid, 1,7-heptanedioic acid, 1,8-octanedioic 
acid, 1,9-nonanedioic acid, l,lO-decanedioic acid, 1,1 l 
unedecanedioic acid, l,l2-dodecanedioic acid and combina 
tions thereof. More preferred linear aliphatic dicarboxylic 
acids are l,4-butanedioic acid (i.e., succinic acid), 1,6-hex 
anedioic acid (i.e., adipic acid) and l,lO-decanedioic acid 
(i.e., sebacic acid). A most preferred linear aliphatic dicar 
boxylic acid is sebacic acid. Preferably, the aliphatic dicar 
boxylic acids are unsubstituted. 

[0092] The dicarboxylic acids may be used in the form of 
one or more of their corresponding diester derivatives, par 
ticularly their dimethanol or diethanol ester derivatives. The 
dicarboxylic acids also may be used as one or more of their 
corresponding diacyl halide derivatives, particularly their 
diacyl chloride derivatives. The dicarboxylic acid may be 
used as a corresponding anhydride. For example, succinic 
anhydride may be used instead of l,4-butanedioic acid. 
[0093] In addition to the aforementioned preferred unsub 
stituted linear aliphatic diols, linear aliphatic triols and linear 
aliphatic dicarboxylic acids, the crosslinked polymer compo 
sitions may include linear aliphatic 0t,u)-hydroXyacids or their 
corresponding cyclic dimers, such as glycolic acid, glycolide, 
lactic acid, lactide, [3-hydroxypropanoic acid, y-hydroxybu 
tanoic acid and combinations thereof. Preferably, said linear 
aliphatic 0t,u)-hydroXyacids or their corresponding cyclic 
dimers are present at a molar fraction less than about 0.25, 
more preferably less than about 0.1 5, and mo st preferably less 
than about 0.05. 

[0094] Multiple ester linked units A, B and C are covalently 
connected via ester groups to produce the crosslinked ali 
phatic polyester compositions. Ester linked units A, B and C 
may be arranged via a multiplicity of covalent ester connec 
tions in any possible chain microstructural sequence. An ester 
linked unitA may be covalently connected to: a) another ester 
linked unit A, b) an ester linked unit B, or c) an ester linked 
unit C. LikeWise, an ester linked unit B may be covalently 
connected to a) an ester linked unit A, or b) another ester 
linked unit B, or c) an ester linked unit C. An ester linked unit 
C may be covalently connected to a) an ester linked unit A, or 
b) an ester linked unit B. 

[0095] Phase separated crosslinked polyester compositions 
may have a macroscopic topology or structural morphology 
With submicron to micron siZed spatially distinct regions. For 
example, there may be chains rich in ester linked unit A 
dispersed Within, or co-continuous With, regions having 
chains rich in ester linked unit B. Alternatively, this macro 
scopic topology or structural morphology also may be mani 
fested by submicron to micron siZed spatially distinct regions 
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having chains rich in ester linked unit B dispersed Within, or 
co-continuous With, regions having chains rich in ester linked 
unit A. 

[0096] Unreacted primary and secondary hydroxyl groups 
and carboxylic acid groups may be present Within the 
crosslinked polyester compositions. These unreacted groups 
provide a means by Which the crosslinked polyester compo 
sitions may be chemically modi?ed. Chemical modi?cation 
may be affected by reaction With any compound capable of 
reacting With primary hydroxyl, secondary hydroxyl or car 
boxylic acid groups. 
[0097] The compositions described above may be pro 
duced under typical conditions for polycondensation reac 
tions of polyols and diacids. The polycondensation reaction 
may be catalyzed or not. If catalyst(s) is used, preferably it is 
biocompatible, and more preferably it is bioabsorbable. The 
particular process conditions chosen Will depend on numer 
ous factors including, but not limited to, the desired properties 
of the ?nal product, the viscosity of the reaction mixture and 
the melting temperature of the polymer or monomer reac 
tants. 

[0098] Degree of conversion is a measure of the extent of 
monomeric reaction in the reaction mixture. The degree of 
conversion can be quanti?ed by various techniques knoWn in 
the art. For example, the reaction may be monitored by mea 
suring the amount of byproduct Water evolved. Alternatively, 
titration of residual carboxylic acid may be used to monitor 
the reaction. 

[0099] To increase degree of conversion, the reactions may 
be conducted at elevated temperatures and/ or under inert gas 
blanket (e. g., nitrogen gas). Continuous removal of byproduct 
(s) also may increase degree of conversion; vacuum or nitro 
gen blanket are useful in this regard. The reactions generally 
are conducted above 1200 C. Increasing the reaction tempera 
ture Will reduce the reaction times required to attain a par 
ticular degree of conversion. 
[01 00] The crosslinked polyester compositions may be pro 
duced by different polycondensation processes. Monomeric 
triol, diol and diacid may be combined at elevated tempera 
ture(s) such that the monomer mixture is reacted. In a one 
stage process, the reaction is driven directly to the desired 
degree of conversion beyond a gel point. This may be prefer 
able if the material is to be used for molding, combination or 
in circumstances Where other isolation unit operation is not 
desired. 

[0101] In a tWo stage process, the ?rst step is the above 
described initial reaction, Which is stopped at a degree of 
conversion beloW the gel point to yield an intermediate reac 
tion product. The intermediate reaction product may be a 
Waxy solid at room temperature and may be used to mold 
polymer solids, or may be combined With porogen to produce 
polymer foams, or may be macroscopically combined With 
other materials to produce composite structures, or may be 
combined With diisocyanates to produce urethane linked 
foams as described beloW. In the second stage of this method, 
the polymerization reaction is driven beyond the gel point to 
yield a crosslinked polymeric product. 
[0102] Preferably, the second stage polymerization reac 
tion is continued until the unreacted carboxylic acid is present 
at a concentration less than about 1.0 meq. acid/gram, more 
preferably less than 0.5 meq. acid/gram to yield the 
crosslinked polymer compositions, and most preferably less 
than 0.3 meq. acid/ gram. 
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[0103] Alternatively, the crosslinked polymer composi 
tions may be produced so that the chain microstructural 
sequence or “order” of the units is non-random. In this pro 
cess, uncrosslinked polymer intermediates are ?rst made. 
Then, these intermediates are melt mixed in appropriate pro 
portions and subsequently driven beyond the gel point to 
yield crosslinked polymeric compositions. 
[0104] For example, in this process a ?rst polymer may be 
made from a diacid and a diol, and a second polymer made 
from a diacid and a triol. Most generally, these initial polymer 
reactions are stopped before the degree of conversion is 
beyond the gel point. Then the tWo polymers are mixed 
together under conditions favorable to further polymerization 
such that the intermediate polymers become crosslinked to 
one another. It should be appreciated that these intermediate 
polymers may or may not be homopolymers. 

[0105] Porous articles or foams may be formed of the 
crosslinked polymer compositions such as depicted in FIG. 1. 
This porous foam (1) has a structure that includes voids or 
pores (2). These may be called cells. In FIG. 1, the cells are 
depicted as closed cells, cell Walls, or surfaces of the bubbles, 
are not broken. It should be understood that the foamed or 
sponge-like porous materials may be of closed cell, open cell 
or hybrid cell type. The Walls of these cells comprise 
crosslinked polymer compositions (3). Porous articles of the 
crosslinked polymer compositions may exhibit shape 
memory behavior or not. 

[0106] Porous articles may be prepared by methods and 
techniques knoWn in the art, such as solvent casting, entrain 
ing air, porogen removal, CO2 foaming and like processes. 
[01 07] An illustrative poro gen removal process for produc 
ing porous articles also Will noW be described. A porogen may 
be a solid, liquid, or gaseous material that is removable from 
the polymer composition to create pores or voids, thereby 
loWering the effective density of the resulting material. 
Exemplary porogens include, but are not limited to, collagen, 
gelatin, inorganic salt (e. g., potassium chloride, sodium chlo 
ride, sodium citrate, sodium tartrate), paraf?n, saccharose 
and combinations thereof. The size and shape of the porogen 
particles Will affect the size and shape of the resulting pores, 
and the polymer to porogen ratio is correlated to the amount 
of porosity of the ?nal structure. 

[0108] Preferably, When porous articles are prepared by 
porogen removal, the porogen is selected so that it can be 
removed by using a non-cytotoxic solvent (e. g., Water). Alter 
natively, the porogen may be selected so that the solvent, 
although potentially cytotoxic, does not remain in the porous 
article after appropriate processing. 
[0109] For example, sodium chloride may be used as a 
poro gen to create pores that correspond to the individual salt 
crystals. In a salt-bed process, an intermediate reaction prod 
uct is distributed through a bed of salt crystals. The interme 
diate product may be further polymerized. The salt crystals 
may be removed by rinsing, for example, With deionized 
Water. The salt crystals or other porogen may be removed by 
an appropriate process before the polymer is fully 
crosslinked, or after crosslinking. 
[0110] The porous articles may include urethane linked 
foams. Urethane linked foams may be prepared from the 
uncrosslinked intermediate reaction products described 
above. For example, diisocyanate may be added to molten 
intermediate. Such diisocyanates react to form urethane and 
urea linkages. Exemplary urethane and urea linkages are: 








































