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BIODEGRADABLE ELASTOMERIC PATCH FOR
TREATING CARDIAC OR CARDIOVASCULAR
CONDITIONS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit under 35 U.S.C.
§119{c) to UL.8. Provisional Patent Application No. 60/805,
OR0, filed on Jun. 27, 2006, which is incorporated herein hy
relerence in its emirety.

STATEMENT REGARDING FEDERAL
FUNDING

[0002] The U.S. Government has a paid-up license in this
invention and the right in limited circumstances to require
the patent owner to license others on reasonable terms as
provided for by the terms of Grant Number HLO69368
awarded by the National Institutes of Health.

[0003] Provided herein are medical devices, and in par-
ticular, biodegradable elastomeric patches that can he
implanted on the heart or portions of the cardiovascular
system to treat a variety of cardiac or cardiovascular con-
ditions. Also provided herein are methods of treating a
patient suffering from cardiac or cardiovascular conditions
by implanting biodegradable elastomeric patches.

[0004] Either discasc or injury may causc heart muscle to
have insuflicient strength or function. For example, a myo-
cardial infarction induces loss of contractile mass and for-
mation of scar tissuc in heart (FIG. 1). Chrouic heart failure
tollowing a large myocardial infarction 15 a serious and
progressive disease whereby (he hemody namic status of the
affected patient worsens over time despite the abscnce of
clinically apparent adverse intercurrent events. This dete-
rioration is accompanied by progressive lell ventricular
chamber remodeling. At the cellular level, this undesirable
remadeling process is characterized by loss of functional
cardiac units, myocyle hyperirophy and interstitial librosis.
At the macroscopic level, the remodeling process 1s char-
acterized by changes in left ventricular size and shape.
Amonyg clinical indicators ol progressive lefl ventricular
remodeling, left ventricvlar dilation and increased left ven-
tricular spheticity are sensitive predictors of poor long-term
outcome and harbingers ol death.

[0005] Medical therapies, such as angiotensin converting
enzyme (ACE) inhibitors andfor f3-blockers, improve sur-
vival in clwonic heart failure. Many treatments have been
proposed for surgical repair of left ventricular aneurysms,
including traditional linear closure techniques and endcven-
tricular circular patch plasty. These surgerics increase ven-
tricular systolic function by normalizing left ventricular
chamber size and shape. However, in the long-term.
unwanted chamber re-dilation and decompensation arc still
a concern,

[0006] (her surgical procedures [or Lrealing post-infarct
left ventricular deterioration have been reported However,
the non-biodegradable materals used in many of these
procedures are lell permanently in the body, which increases
the risk of late infection, calcification and/or subsequent
materials-related failures. ‘Thus, the long-term outlook for
many patients [ollowing myocardial infarction is bleak.
Such patients account for approximately half of the candi-
dates for heart transplantation.
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[0007] Similar problems are faced by individuals suffering
from tissue deficiencies in the cardiac or cardiovascular
system as a result of congenital conditions, Often, the
reconstructive surgeries used to repair these tissue deficien-
cies involve the implantation of synthetic or xenotypic
material such as poly(cthylenc terephthalate) fabric
{Dacron®), expanded poly{tetrafluoro ethiylene) (ePTFE), or
glutaraldehyde-fixed boving pericardium. The limitations of
such materials arc well known. The implant becomes a
permanent foreign body that has the potential to serve as a
nidus for infection. and in constrained geomeiries this for-
cign body will prevent desirable tissue growth and remod-
eling. It is notable that the primary polymeric materials vsed
in reconstructive procedures. poly(ethylene terephthalate)
(PCT, Dacron®) and ¢PTTL, arc polymers developed for a
broad array of comumercial applications prior to adoption by
the medical community. It would be desirable to develop
biclogically compatible materials that can be specifically
used to treat indrviduals suffering from cardiac or cardio-
vascular conditions involving tissue deficiency or injury.

SUMMARY

[0008] Provided are medical devices and related methods
that are useful for enhancing or maintaining cardiac or
cardiovascular function duc to discase or injury. The medical
device may he a hindegradable elastomeric patch capable ot
providing mechanical support as well as encouraging tissue
growth or ccll swvival. The clastomeric patch may also
comprise drugs or cells, which also contribute to providing
therapeutic or prophylactic treatments.

[0009] Also provided is 2 method for treating a cardiac or
cardiovasecular condition. The method comprises implanting
a biodegradable, elastumeric palch al or adjacent W the
tissue damage or defect. In one non-limiting embodiment,
the damage or defect 15 in a left ventricular region of a heart
wlich can resull rom a myvcardial infarction. The damaye
or defect in the cardiac or cardiovascular tissue may be a
deficiency resulting from a congenital detect. The damage or
defect in the cardiac or cardivvascular lissue also may be in
a right ventricular outflow tract ofa heart or in a heart valve.

[0010] In one non-limiting embodiment of the device and
method, the bivdegradable elastomeric paich comprises a
pelymer composition comprising one or both of a poly{ester
urethane) urea elastomer or a polv{ether ester urethane) urea
elastomer, The elastomer may comprise a diaming, such as
putrescine or lysine ethyl ester or a polycaprolactone, such
as a polycaprolactone diol. 1n one nen-limiting embodiment,
the elastomer may comprise a riblock copolymer compris-
ing a polycaprolactone, such as a polycaprolactone-b-poly-
ethylene glycol-b-polycaprolactone triblock copolvimer. In
another non-limiting embodiment, the pelymer compusition
is functionalized with an adhesion-promoting peptide, such
as RGI). The composition can he porous., for example and
without limilation, the polymer compusilion may have a
porosity of approximately 85%.

[0011] In one non-limiting embodiment, the elastomer
comprises an isocyanate derivalive, a polycaprolactone diol,
and a diamine chain extender. In one embodiment thereof,
the rmatic of isocyanate derivative:polycaprolactone
diol:diamine chain extender is 2:1:1. In yet another non-
hmiting embodiment, the elastomer compnises an isocyanate
derivative, a triblock copolymer comprising polycaprolac-
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tone, and a diamine chamn extender. In one example thereof,
the ratio of isocyanate derivative:triblock copolymer-
whiamine chain extender is 2:1:1,

[0012] The device optionally may turther comprise a
therapeutic agent, such as, withowt limitation one or more of
basic fibroblast growth factor (bFGF), acidic fibroblast
growth factor (aF(iF), vascular endothelial growth factor
{YEGF), pleiotrophin protein, midkine prolein, anti-inflam-
matories, and anti-clotting agents.

[0013] The device optionally may further comprise cells
that optionally rclcase a therapeutic agent. The therapeutic
agent may be covalently linked to a polymer in the polymer
composition and is released during degradation of the patch.
In onc non-limiting example, the therapeutic agent is putres-
ceine that is covalently linked to the polymer. The cells may
be stem cells, precursor stem cells, smooth muscle cells,
skeletal myoblasts, myocardial cells, endothelial cells, and
genetically modified cells.

[0014] The biodegradable elastomeric patch may be pre-
pared by any useful method, such as by electrospinning,
thermally induced phase separaticnior by solvent casting/salt
leaching. Alse provided is a method of making a patch or
device as described herein by electrospimning, thermally
induced phase separation or by solvent casting/salt leaching.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawing{s) will be pro-
vided by the Office upon request and payvment of the
necessary fee,

[0016] FIG. 1 schematically shows the target vessel in the
lieart when perlorming a coronary artery ligation o induce
a myocardial infarction.

[0017] FIGS. 2A-2D are representative photographs of the
left ventricle portion of the heart at eight weeks after an
unplant in the nfarcted region of the left veniricle. The
PEUU patched group received a PEUU patch two weeks
after an mduced myocardial infraction, where the control
group did not receive any implant after an induced infarc-
tion. FIG. 2A shows a photograph of the anterior view of a
heart 1n the control group. § denctes the control scar. TTG.
2B shows a photograph of the anterior view of a heart n the
test group. P denotes the patch, where the black arrows point
to the approximate perimeter of the patch, F1G, 2C shows a
photogeaph of the cross-sectional view of the left ventricular
wall in the control group. FIG. 2D shows a photograph of the
cross-scctional view of the left ventricular wall in the test
group. The white arrows indicate the infarcted anterior wall.
Scale bars: 5 mm.

[0018] FIGS. 3A-3F are representative photomicrographs
of hematoxylin and eosin {H&HF)-stained and immunohis-
tochemically-stained myocardial wall at eight weeks aller an
implant in the infarcted region of the left ventricle. FIG. 3A
shows H&E-stained tissue for the control group. FIG. 3B
shows H&E-stained tissue lor the PEUU patched group.
FIG. 3C shows a higher resolution photomicrograph of
H&E-stamed tissue for the control group. At the same
location as FIG. 3C, FIG. 3D shows a pholomicrograph of
immunchistochemically-stained tissue for a-smooth muscle
actin {green) and for nuclei (blue). F1G. 3E shows a higher
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resolution photomicrograph of H&E-stained tissue for the
PEUU patched group. At the same location as FIG, 3E, FIG.
3T shows a photomicrograph for immunohistochemically-
stained tissue for a-smooth muscle actin {green) and for
nuclei (blue). Scale bars for FIGS. 34-3B are 3¢ pym and
scalc bars for FIG. 3C-3T arc 200 pm.

[0019] FIGS. 4A-D are photomicrographs of immunchis-
tochemically-stained tissue from myocardial wall for the
PEUU patched group. I1G. 4A shows photomicrographs of
tissue stained for alpha-smooth muscle actin (o-SMA), for
caldesmon and a merged photomicrograph showing both
stains. FIG. 4B shows photomicrographs of tissue stained
for alpha-smooth muscle actin {¢-SMA), for calpomn and a
merged photomicrograph showing both stains. FIG. 4C
shows photomicrographs of tissuc stained for alpha-smooth
muscle actin (¢-SMA). for SM 22 and a merged photo-
micrograph showing both stains. FIG. 4C shows photomi-
crographs of tissuc stained for alpha-smooth muscle actin
(-SMA), for smooth muscle myosin heavy chain 2
{SMMHC-II} and a merged photcmicrograpll showing both
stains. Scale bars are 20 pm.

[0020] FIGS. SA-SC are electron photomicrographs of
smooth muscle cells from the myocardial wall for the PEUL
patched group. FIG. 5A shows the structural features typical
of mamre contractile phenotype smooth muscle cells, where
My denotes miyofibril and N denctes nuclear. FIGS. 5B and
5C show higher resolution images, where white arrows
indicate cavenle and black arrows indicate dense hodies.
Scale bars are 2 pmin FIG. 54 and 100 nm in FIG. 8B-5C,

[0021] FIG. é is a graph comparing the left ventricular
myocardial wall thickness of the PELNT patched group
(“Patch™) and (e comrol group (“Infarction™).

[0022] FIGS. 7A-7C show a non-limiting cxample of
using echocardiography to assess the wall motion and the
wall thickness of the anterior wall infarction. FIG. TA is a
schematic showing the left parasternal long axis wiew and
short axis view of the heart. F1(i. 7B is an echocardiogram
of the long axis view. FIG. 7C is an echovardivgram of the
short axis view.

[0023] FIGS. 8A-B show a non-limiting example of using
echocardiopraphy 1o determine the end-diastolic lell ven-
wicle cavity area (EDA) for the PEUU patched group and the
control group. F1G. 84 is an echocardiogram, where the
EDA is waced in a white line. FIG. 8B is a praph showing
the percentage change in EDA from implantation day (D
wl ). Data is shown for the PEUL patched group (“patch™)
and the control group (“sham™) [or the time points of
implantation day (0 wk). four weeks after implantation {4
wlk), and eight weeks after implantation (8 wk).

[0024] FIGS. 9A-9B are graphs of the end-diasiolic lefl
ventricle cavity area at eight weeks after implantation. FIG.
24 is a graph showing the end-diastolic area tor the time
points of preimplantation (Pre), lour weeks alter implanta-
tion (4 w), and eight weeks after implantation (8 w). F1G. 9B
is a graph showing the fractional area change for the same
lime peints. Data is shown for the PEUU patch group (filled
circles} and the control group (empty circles). Each symbol
denotes the mean value and the error bars refer o the
standard  deviation of the value. Two-laclor repeated
ANOVA was performed to obtain statistic error analysis,
where “&" refers to P<0.05 between groups ndicated by the
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bracket and *}7 refers to P<0.05 between that data :and the
preimplantation data within the group.

[0025] FIGS. 10A-10B are graphs of left ventricular myo-
cardial strains for difterent pressures. F1{r. 104 15 a graph of
the circumferential strain and FIG. 10B is a graph of the
longitudinal strain. Data is shown for the nommal group
without an induced infarct (filled circles), the control group
wilh an induced infaret butl no patch (empty circles), and the
PEUU patch group with an induced infarct and a patch
(filled triangles).

[0026] TIGS. 11A-11C arc clectron photomicrographs of
the PEUU scaffold and patch. FIG. 114 shows the PEULU
scaffold surtace, where the scale bar is 50 um. FIG. 11B
shows the cross-scction of the PEUU scaffold. where the
scale bar is 100 um. FIG. 11C is a photograph of the punched
6 mm diameter PEUU patch.

[0027] FIGS. 12A-12B: are representative photographs of
the right ventricle portion of the heart at twelve weeks after
an implant in the free wall of the right ventricle. FIG. 12A
15 a photograph of the heart m the location with the
implanted PEUU patch. FIG. 12B is a photograph of the
Lieart 1 the location with the ePTFE implant. Scale bar is 3
min,

[0028] FIGS. 13A-13B are photomicrographs of hema-
toxyhn and ecosin (H&E)-stained fibrovs tissue transition
regions at tour weeks after an implant in the tree wall ot'the
right ventricle. FIG. 13A is a photomicrograph showing
H&E-staining of the transition region between the PEUU
patch and native tissue. FIG. 13B is photomicrograph show-
ing H&E-staining of (he (ransition region between the
c¢PTFE implant and native tissue. Black arrows indicare
implanted material edge. “c” denotes microvasculature,
Scale bar is 20 un.

[0029] FIGS. 14A-14F are photomicrographs of hema-
toxylin and eosin (H&E)-stained cardiac tissue at different
times after an mplant in the free wall of the right ventricle.
FIGS. 14A-14C are photomicrographs taken after implant-
ing an ePTFE implant. where images are shown for four
weeks (A), eight weeks (B) and twelve weeks (C) after
implantation. FIGS. 14D-14F are photomicrographs taken
after implanting a PEUU patch, where images are shown for
four weeks (D), eight weeks (L) and twelve weeks ([') after
implantation. Scale bars are 100 pm. The right ventricular
cavity 1s to the left or lower left for all photomicrographs.

[0030] FIGS. 15A-15F are phetomicrographs of Masson
trichrome-stained cardiac tissue at ditterent times after an
implant in the free wall of the right ventricle. FIGS. 15A-
14C arc photomicrographs after implanting an cPTFE
implant. Photomicrographs are shown tor tour weeks (A),
eight weeks (B) and twelve weeks (C) after implantation.
FIGS. 15D-15F arc photomicrographs taken after implant-
ing a PEULT patch, where photomicrographs are shown for
lour weeks (D), eighl weeks (BE) and twelve weeks (F) aller
implantation. Stains indicate collagen (blue), fibrous cells
(red), and nuclei (black). Scale bars are 100 pun.

[0031] FIGS. 16A-16D are phulomicrographs showing
hematoxylhin and eosin (H&E)-stained and immunohis-
tochemically-stained cardiac tissne four weeks after an
implant in the [ree wall ol the right ventricle. FIG. 16A
shown H&E-stained tissve and FIG. 16B show immunchis-
tochemically-stained tissue after an ePIFE implant. FIG.
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16C shows H&E-stained tissve and FIG. 16D shows an
immunchistochemically-stained tissue after implantation of
a PEUU patch. Stains indicate vWT (endothelial cells (red))
and nuclei (blue). Scale bars are 100 pm.

[0032] FIGS. 17A-17B show, respectively, a photegraph
and an echocardiogram illustrating the methods for making
intarction model in pig.

[0033] FIGS. 18A-18B are pholographs shuwing PEUU
patch implantation onto a pig posterior-lateral wall.

[0034] FIG. 19A-19B are photographs taken 8 weeks after
implantation, indicating that there was no strong adhesion
with the chest wall. suture deliscence, infection sign, or
aneurysm formation in chronic stage.

DETAILED DESCRIPTION

[00358] Described herein is a biodegradable elastomeric
patch suitable for reducing or treating tissue deficiencies and
damage resulting from a variety of cardiac and cardiovas-
cular conditions, including, without linutation. deficiencies
that are congenital or resulting from disease or injury.
Generally, the biodegradable ¢lastomeric patch can be vsed
anywhete in the cardiac or cardiovascular system where
there is a need to provide mechanical support to soft tissue,
10 encourage the growth of new tissue and/or 10 increase cell
survival. The biodegradable elastomeric patch may option-
ally comprise therapeutic agents and/or cells.

[0036] Thc biodegradable clastomeric patch provides
therapeutic or prophylactic benetfits to animals, especially
humeans, in whom the canliac or carliovascular lissue is
injured or discased (i.c., by ischemic injury). The clasto-
meric patch may be vsed, tor example and without lunita-
lion, in any condition in which candiac or cardivvascular
tissue is weakened and in which the strength provided by the
patch can provide a therapeutic or prophylactic benefit. 'The
patches are also suilable for delivery of drugs and oiher
therapeutic agents to the heart or components of the cardio-
vascular system in gitw,

[0037] Cardiac [unction may be compromised by o vadety
of congenital defects, diseases or mjuries which may be
treated with the bicdegradable elastomeric patch. 'LThe
mechanical support provided by the biodegradable elasto-
mene patch makes it useful for treating any condition in
which the cardiac muscle or vasculature is weakened.
Accordingly, the biodegradable elastomeric paich may be
useful for treating cardiac or cardiovascular disease associ-
ated with, for example and without limitation, myocardial
infarction, congestive heart failure (lell or cght sided),
congenital heart disease, or cardiomyopatlies. including
idiopathic mvopathy and endocarditis. 'The hiodegradahle
elastomeric paich may be used 0 reinlorce vasculalure
including arteries and veins and is also therefore useful for
treating or preventing aneurvsms. The bindegradable elas-
lomeric patcl may also be used o reinlorce any portion of
the heart, including a free wall, outflow tract, valve, or
sepum. In one non-limiting example, the biodegradable
elastomeric patch may be used o reconstruct an individual s
night ventricular outflow tract (RVOT}) for treating a con-
genital defect. In another non-limiting example, the biode-
gradable elastomeric palch may be used lor a delect ur
deficiency 1n a cardiac valve. In addition. undesirable ven-
tricilar cardiac remodeling that occurs after a sub-acute



US 2008/0009830 Al

myocardial infarction, including left ventricular remodeling
may also be reduced or prevented by implanting the patch on
the heart of the effected individual.

[0038] ‘I'auma to the heart, including for example, punc-
ture or gbrasive wounds may alse be wreated by applying an
elastomeric patch.

[0039] The biodegradable ¢lasiomeric patch can also be
used to promote tissue growth and to provide a supplemental
source of cells, which can contribute to healing of the
myocardium and causing differentiation of precursor cells to
mature cells, such as myocardial cells. Thus, for cxample,
the elastometic patch may be used to promote growth of new
myocardial cells following myocardial infarction in the
infarcted region of the heart.

[0040] The biodegradable elastomeric patch described
herein comprises a polymer-conlaining composition (poly-
mer compusition) comprising one or more polymers. The
polymers are biodegradable, biocompatible, and elasto-
meric. Polyimer(s} may be natural {occurring, in nature) or
synthetic. Natural polymet(s) can be obtained from biologm-
cal sources, such as, without limitation. mammalian or
vertebrate tissue, as m the case of certain extracellular
mattix compositions. Natural polymers also can be manu-
factured synthetically and/or modified. Polymen(s) include,
for example and without hmitation, mone-polymer(s),
copolymer(s), block polymer(s), block copelymer(s), cross-
linked polvmer(s). non-cross-linked polvmer(s). linear-,
branched-, comb-, star-, and/or dendrite-shaped polymer(s),
where polymer{s) can be formed into. for example and
without limitation, hydrogel, fiber., woven, mesl, or non-
woven mesh, such as, for example and without limitation, as
a mesh formed by electrospinning.

[0041] Generally, the polymer compositions suitable for
the patches described herein may be any polymer that is
hiodegradable, hocompatible, and elastomeric. By “biode-
gradable™. it is meant that the polymer, once implanied and
placed in comtact with bodily fluids and/or tissues, will
degrade enther partially or completely through chemical,
biochemical and/or enzymatic processes. Non-limiting
examples of such chiemical reactions include acid/base reac-
tions, hydrolysis reactions, and enzymatic cleavage. In cer-
tain embodiments. the polymer(s) comprise labile chenical
moicties, non-limiting, examples of which include csters,
anhydrides, polyanhydrides, or amides, which can be vseful
in, for example and without limitation. comtrolling the
degradanion rate of the polymer composition and/or the
release rate of therapeutic agents trom the polymer compo-
sition. Alternatively. the palyimer(s) may contain peptides or
biomacromolecules as building blocks which arc susceptible
to chemical reactions once placed in situ. For one non-
limiting embodiment, the polymer mayv comprise a polypep-
tide comprising alanine-alanine-lysine, which confers enzy-
matic lability to the polymer. In another non-limiting
embodiment, (he polymer composition may comprise a
biomacromolecular component derived from an ECM. For
example, the polymer may contain the hiomacromolecule
collagen so (hat collagenase, which is available in silu can
degrade the collagen.

[0042] [0 some non-limiting embodiments, the polymer
compuosition is selected so (hat il degrades in silu on a
timescale that is sinular to an expected rate of healing of the
tissue damage or repair. Non-liniting examples of useful in
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situ degradation rates include between one week and one
year, between two weeks and 10 momths. and between cne
month and six months or increments therebetween. When
the polymer is used to treat a patient after a mivocardial
infarction. it may be advantageous to tailor the polymer
degradation rate to the size of the infarction as determined
by methods such as echocardiography or magnetic reso-
nance imaging. For example. when the size of the infarction
is large, it would be advantageous to choosc a more slowly
deprading polymer, so that the entire infarction has a chance
1o heal before the polymer completely degrades.

[0043] The polymer conpositions used to make the bio-
degradable elastomeric patch are preferably biocompatible.
By “biocompalible,” it is meant that 4 polymer compusition
or device and their notmal degradation products in vive are
cytocompatible and are substantially non-toxic and non-
carcinogenic in a patienl within uselul, practical andior
acceptable tolerances. By “cytocompatible,” it 13 meant that
the polymer composition or device can sustain a population
of cells and/or the polymer composition or device, and
degradation products thereof are not eytotoxic and/or car-
cinogenic within wseful, practical and/or acceptable toler-
ances. For example, the polymer when placed in a human
myocardial cell culture does not adversely affect the viabil-
ity. growth, adhesion, and number of cells. In another
nen-limiting example, the polymer, when implanted in a
patient does not cause a substantial adverse reaction or
substantial harm to cells and tissues in the body, for instance,
the pelymer composition or device does not cause necrosis,
inflammation. an immune response or an infection resulting
in harm to tissues from the implanted patch. In one non-
limiting embodiment, the polymer composition or device is
“biocompatible™ to the extent they are acceptable for use in
a human or veterinary patient in accordance with applicable
govenunental regulatory provisions, such as, without limi-
tation, those of the US Food and Drug Admimstration.

[0044] According to certain non-limiting embodiments,
the polymer compositions uscful in making the patch
described herein are elastomeric. For example and without
limitation. the elastomeric polymer has physical properties
sinilar w0 that of soft nssue. For example and without
limitation, in certain embodiments, the polymers vsed 1o
make the biodegradable elastomeric patch are highly dis-
tensible. Examples of suitable polymers include those that
have a breaking strain ranging from about 100% to about
300%, for example between 200% and S00%%, or between
325% and 600%. In other non-limiting cmbodiments, the
hreaking strain ot the polymer is between 50% and 100%.
Further, it is often vseful to select polymers with tensile
strengths of from 10 kPa to 30 MPa, including increments
therebetween, such as trom 5 MPa to 25 MPa, and between
8 MPa and 20 MPa. In certain non-limiting embodiments,
the initial modulus is between 10 kPa to 100 MPa and
increments therebetween, such as 10 MPa and 90 MPa, and
between 20 MPa and 70 MPa.

[0045] The polymer composition can be prepared by any
method known in the art. According to one non-limiting
embodiment, the polymer composition comprises a biode-
gradable polymeric portion, an isocyanate derivative, and a
diamine chain extender. For example and without limitation,
formation of the polymeric compuosition comprises atl least
two steps. In the fiest step. a prepolymer is formed. For
example and without limitation, the prepolymer comprises
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an isocyanate-terminated polymer, which is formed by react-
ing a biodegradable polymer with an isocyanate derivative,
In the second step, the prepolymer can be further reacted to
form chemical bonds between prepolymer molecules. For
example and without limitation, the isocyanate-terminated
prepolymer is reacted with a diamine chain extender, which
reacts with the isocyanate moiety to form chemiical bonds
between prepolvimer molecules. Preparation of polymer
compositions may include other steps, including, for
example and without limitation. catalytic steps, purification
steps. and separanon steps.

[0046] Lhe polymer compositions described herein com-
prise ovne or more of the many biludegradable polymers
known in the art. The biodegradable polymers may comprise
homopolymers, copolymers, and/or polymenc blends com-
prising, withoul limilation, vne or more ol the [ollowing
monemers: glyeolide, lactide, caprolactone, dioxanone, and
trimethylene carbonate. 1n one non-liniting embodiment,
the polymer composition comprises a polycaprolactone. In
another embodiment, the polymer composition comprises a
polycaprolactone diol. In yet another embodiment. the poly-
mer composition comprises a tritlock copolymer compris-
ing polycaprolactone, poly(ethylene glycol), and polycapro-
lactone blocks. As used herein, an “isocyanate derivative™ is
any molecule or grovp that is terminated by the moiety
—N=(C=0. Isocyanate derivates also include, without
limitation. moncisocyanates and polyvisocyanates, such as
dinsocyanates and triisocyanates. In one non-limiting,
embodiment, the isocyanate derivative is 1,4-diisocyana-
tobutane, As used herein, a “chain extender” is any molecule
or group that reacts with an isocyanate derivative to extend
chains of polymers. In one non-limiting embodiment, the
chain extender iz a diamine that allows for extending the
chain of the prepolvmer. In one non-limiting embodiment,
the diamine is putrescine (1.4-diaminobutane). In another
non-limiting embodiment, the diamine is lvsine ethyl ester.
In yet another non-limiting embodiment, the diamine is a
peptide fragment comprising two or more amino acids. For
example and without limitation, the diamine carn be the
peptide fragment alanine-alanine-lysine, which can be
cleaved enzymatically by elastase.

[0047] Inone non-limiting embediment. the polymer com-
position comprises 3 biodegradable poly(ester urethane)
urey elastomer (PEULN. A non-limiting example of such a
PEUL is an elastomenic polymer made from polycaprolac-
tone diol (MW 2000) and 1,4-diisocyanatobutane, using a
diamine chain extender such as putrescine. One non-limiting
example or a method for preparing a PEUU polymer is a
two-step palymerization process whereby polvcaprolactone
diol (MW 2000), 1 4-diisocyanatobutane, and dianiine are
combined in a 2:1:1 molar ratio. In the first step to form the
prepoelymer. a 15 wt % solution ot 1,4-diisocyanatobutane in
DMSO (dimethyl sullfoxide) is stirred continuously with a
235 wt % solution of polycaprolactone diol in DMSO. Then,
stannous octoate is added and the mixture is allowed to react
at 75° C. lor 3 hours. In (he second siep, the prepolymer is
reacted with a diamine to extend the chain and to form the
polymer. In one embodiment, the diamine is putrescine,
which is added drop-wise while sliring and allowed 1o react
at room temperature for 18 hours. In one embodiment, the
dianne is Iysine ethyl ester, which i1s dissolved in DMSO
wilh triethylamine, added 1o (ke prepolymer solution, and
allowed to react at 75° C. for 18 hours. After the two step
polymenization process, the polymer solution is precipitated
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mnn distilled water. Then, the wet polymer 15 immersed in
isopropancl for three days to remove any unreacted mono-
mers. Finally, the polymer is dried under vacuom at 50° C,
for 24 hours.

[0048] In another non-limiting embodiment, the polymer
composition comprises poly{ether ester urethane) urea elas-
womer (PEEUU). For example and without limitation. the
PELUU may be made by reacting polycaprolactone-b-poly-
ethylene glycol-b-polycaprolactone triblock copolymers
with 1.4d-diisocyanatobutane and putrescine. In one non-
limiting embodiment. PEEUU is obtained by a two-step
reaction using a 2:1:1 reactant stoichiometry of 1.4-diiso-
cyanatobutanetriblock copolymer:putrescine. According to
one non-limiting embodiment, the twiblock polymet can be
prepared by reacting polv(cthylenc glycol) and e-caprolac-
tone with stannous octoate at 120° €, for 24 hours under a
nitrogen environment. The triblock copolymer is then
washed with ethyl cther and hexane, then dried in a vacoum
oven at 50° C. In the first step to form the prepolymer, a 15
wt %o solution of 1.4-diisocyanatobutane in DMSQ is stirred
contimuously with a 25 wt % solution of triblock copolymer
in DMSO. Then, stannous octoate is added and the mixture
is allowed to react at 73° C. for 3 hours. In the second step,
putrescine is added drop-wise under stirring to the prepoly-
mer solution and allowed to react at roon temperature for 18
hours. The PEEULI polvmer solition is then precipitated
with distilled water. The wet polymer is immersed in iso-
propancl tor 3 days to remove unreacted monomer and dried
under vacuum at 30° C. for 24 hours.

[0049] In general, the biodegradable elastomeric patches
described lerein may be made using common processes
known in the polymer and textile arts. The biodegradable
elastomeric patch may take many different forms. In certain
non-limiting embodiments, the biodegradable elastomeric
patch comprises a thin, flexible fabric that can be sewn
directly on a region to be treated. In another non-limiting
embodiment, the patch comprises a non-woven mat that can
be samrated in place at the site of implantation or affixed
using a medically acceptable adhesive. In certain embodi-
ments, the biodegradable elastomeric patch is as thick as the
heart wall of a patient and used to treat conditions where the
integrity of the heart wall is compromised, such as i atrial
septal defects. In one embodunent, the patch is substantially
planar having much greater dimension in two dimensions
and a substantially smaller dimension in a third, comparable
to bandages, gauze, and other substantially flexible, flat
items. Besides flat, planar patches. biodegradable elasto-
mernie¢ patches can also have three-dimensional shapes vseful
for treating tissue deficiencies, such as plugs, rings, wires,
cylinders, tubes, or disks. A useful range of thickness for the
biodegradable patch is between 50 pm to 3.5 cm, between
100 pni to 3.0 cm, and between 300 pm and 2.5 cm,
including increments therebetween.

[0050] Inone embodiment. (he biodegradable elastomeric
patch is made by using solvent casting to form a film. This
method nvolves dissolving the polymer in a suitable organic
solvent and casting the solution in a mold. For example and
without limitation, a 3 wit % solution of the polymer in
N.N-dimethylformamide (DMF) is cast into a polytetratiuo-
roethylene coated dish. Then, DMF typically is evaporated
at room temperature and the film s further dried vnder
vacinun.
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[0051] Although the biodezradable elastomeric patches
may be porous or non-porous, it may be advantageous in
certaln cases (0 use a process that produces a porous
elastomeric patch. Non-limiting examples of such processes
include solvent casting/salt leaching. electrospinning, and
thermally induced phase scparation. As used herein, the term
“porosity” of a material refers the portion of the material by
volume comprising pores, with the remainder of the volume
being the polymer portion of the material. For instance, a
polymer composition with a porosity of 85% would have
83% of its volume containing pores (e.g., spaces. gaps. holes
openings, as in the non-limiting cxample of a sponge, which
may be filled with any material other than the polymer the
remainder of the material comprises) and 15% of its volume
containing the polymer. In certain embodiments, the poros-
ity of the patch 15 at least 60%, 65%, 70%, 75%, 80%, 853%,
or H%.

[0052] [0 another non-limiting embodiment, the biode-
gradable elastomeric patch is made by using solvent casting,
and salt leaching. Tlus method wvolves dissolving the
polymer into a suitable organic solvent and then casting the
solution mto a mold containing simall particles of predeter-
mmed size (known as porogens). Examples of suitable
porogens include, without limitation, inorganic salts, crys-
tals of saccharose, gelatin spheres or paraffin spheres. By
adjusting the porogen size and/or the ratio of porogen to
solvent. the porosity of the final elastomeric patch may he
adjusted. After casting, the solvent is evaporated, and the
resulting polymer composition is immersed into a second
solvent that dissolves the porogen. but not the polymer, to
produce a porous, sheet-like structure.

[0053] In uviher non-limiling embodiments, «lectrospin-
ning is used to fabricate the clastomeric patch. The process
of electrospinning involves placing a polymer-containing
[uid (fur example and without limitation, a polymer solu-
tion, a polymer suspension, or a pelymer melt) in a reservoir
equipped with a small orifice, such as a needle or pipette tip
and a metering pump. One electrode ol ahigh voltage source
15 also placed in electrical contact with the polymer-con-
taiming fluid or orifice, while the other electrode is placed in
electrical contact with a target (Lypically a collecior screen
or rotating mandrel). During electrospinning, the polymer-
containing Huid is charged by the application of high voltage
o the solution or erifice {for example, about 3 10 about 15
k¥ and then forced through the small orifice by the meter-
ing pump, providing a steady flow. While the polymer-
containing [luid al the enlice normally would have a hemi-
spherical shape due to surface tension, the application of the
high voltage causes the otherwise hemispherically shaped
polymer-containing fTuid at the orifice o elongate 1o [orm a
conical shape known as a Taylor cone. With sufficiently high
voltage applied to the polymer-containing Huid and/or ori-
lice, the repulsive electrostatic force of the charged polymer-
containing fluid overcomes the surface tension and a
charged jet ot fluid is ejected from the tip of the Taylor cone
and acceleraled lowards the large!, which typically is biased
between -2 to =10 kV. Optionally, a focusing ring with an
applied bias (for example. 1 to 10 kV) can be used to direct
the trajectory of the charged jet of polymer-containing fluid.
As the charged jet of fluid travels towards the biased target,
it undergoes a complicated whipping and bending motion. If
the [luid is a polymer solution or suspension, the solvent
typically evaporates during nud-flight, leaving belund a
polymer fiber on the biased target. If the fluid is a polymer
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melt, the molten polymer cools and solidifies in nud-flight
and is collected as a polymer fiber on the biased target. As
the polymer fibers accumulate on the biased target, a non-
woven, porous mesh is formed on the biased target.

[0054] The properties of the electrospun elastomeric
patches described herein can be tailored by varying the
electrospinning conditions. For example, when the biased
target is relatively close to the orifice, the resulting clectro-
spun mesh tends to contain unevenly thick fibers, such that
some areas of the fiber have a “bead-like” appearance.
[Towever, as the biased target is moved further away from
the orifice, the fibers of the non-woven mesh tend to be more
uniform in thickness. Moreover, the biased target can be
moved relative to the orifice. In certain cmbodiments, the
biased target 15 moved back and forth n a regular, periodic
fashion. such that fibers of the non-woven mesh are sub-
stantially parallel 1o cach other. When this 15 the case, the
resulting non-woven mesh may have a higher resistance 1o
strain in the direction paralle] to the fibers, compared to the
direction perpendicular to the fibers. In other embodiments,
the biased target is moved relative to the orifice in a two- or
three-dimensional pattern to create a non-wovenn mesh con-
prsing one of more patterned layers with similar or different
strand arientation, thickness, ete. In ather embodiments, the
biased target is moved randomly relative to the orifice, so
that the resistance to strain in the plane of the non-woven
mesh is isotropic. The properties ot the electrospun elasto-
meric patches may also be varied by changing the magnitude
of the voltages applicd to the clectrospinning system. In one
particularly preterred embodiment, the electrospinning
apparaius includes an orilice biased 1o 12 KV, a targel biased
to -7 kW, and a focusing ring biased to 3 kV.

[0055] In anuither non-limiling embodiment, thermally
induced phasc separation (TIPS} is used to fubricate the
bindegradable elastomeric pateh. This method involves dis-
persing the pulymeric compunents in a solvent {lor example,
DMS0O) and then injected into a pre-formed mold. The
pre-tormed mold can have any vsetul shape, such as a sheet
or nel, lor example. The pre-lonned mold is covled w low
temperature (for example, -80° C.), which cavses the poly-
mer componants to separate out of the solvent. The pre-
formed mold is then transferred 10 ethanol o extract the
DMSO. In one embodunent, PEU (10% wiv) is initially
dissolved 1 DMS0) at 80° ., injected into a pre-formed
meld, cooled over three hours 1o -80° C., Kepl in ethanol at
4° C. for seven days, and freeze dried for 48 hours.

[0056] Aller [abricating the biodepradable elastemeric
patch, the planar or three-dimensional surface of the patch
can he functionally moditied to promote cellular adhesion
and migration. In one non-limiting example, the surface is
first treated to introduce a reactive group on the surface by
any process known m the art. Second, the activated surface
is reacted with an adhesion-promolting peplide or group. The
reactive group on the surface can be. for example and
without limitation, a2 hydroxyl group or an amine group. In
one embodiment, radio-lrequency glow discharge is used 1o
produce plasma containing ammonia gas and amine groups
are introduced to the surface by treatment with the plasma.
In another embodiment, radio-lrequency glow discharge is
used to mtroduce hydroxyl groups to the surface by treat-
ment with plasma.

[0057] The activated surface can be modified with an
adhesion-promoting peptide to promote cellular ingrowth



US 2008/0009830 Al

into the patch. For example and without hinitation, adhesion
peptides known in the art include the ubiquitous RGDS,
which is a2 recognition site for lbronectin, vitronectin,
fibnnogen, von Willebrand factor. and collagen; LDV,
REDYV, PHSRN, and KNEED, which are recognition sites
for fibremecting YIGSR and IKVAV, which are recognition
sites lor laminin; and DGEA, a reconition site for collagen.,

[0058] Inone specific non-limiting embodiment, the patch
is functionalized to present the peptide RGDS on its surface.
First, the surtace is treated with radio-frequency glow dis-
charge comaining ammonia gas 1o introdiice amine groups.
Ammonia-containing gas is generated by connecting a flask
containing ammonia hydroxide (30 wt % solution) to the
glow discharge reactor and maintaining pressure at 3x1072
Torr. The surface is further treated with 1 4-diisocyanatobu-
tane to provide a reactive 1socyanate group. Second, RGDS
15 attached to the activated surface. The activated surface 1s
immersed in a solution of 20 pg/ml. RGDS in PBS for 10
hours and then rinsed with PBS.

[0059] In certain embodiments, the polymer compositions
used to make the biodegradable elastomeric patch are not
only biocompatible, but also release therapeutic agents when
they degrade within the patient’s body. For example, the
individual building blocks of the polymers may be chosen
such that the building blocks themselves provide a thera-
peutic benefit when released in situ through the degradation
process. In one non-limiting embodiment, one ot the poly-
mer building blocks is putrescine, which has been impli-
cated as a substance that causes ccll growth and cell differ-
entiation.

[0060] One or more of therapeutic agents can be intro-
duced into the patch by any useful method. In one non-
limiting example, the therapeutic agent is introduced into the
backbone of the polymer. By adding the therapeutic agent to
the elastomeric polymer itself, the rate of release of the
therapeutic agent may be controlled by the rate of polymer
degradation. In another non-limiting example, the therapeu-
tic agent is introduced when the patch is being made. For
nstance, during the solvent casting or TIPS process, the
therapeutic agent can be added to the solvent with the
polymer in the pre-formed mold. Duning the electrospinning
process, the therapeutic agent can be electrosprayed onto the
polymer being spun. In yet another non-limiting example,
the therapeutic agent 1s introduced into the patch after the
patch is made. For instance, the patch may be “loaded” with
therapeutic agent{s) by vusing static methods. For instance,
the patch can be immersed into a solution containing the
therapeutic agent permitting the agent to absorb into and/or
adsorb onto the pawch. The patch may also be loaded by
using dynamic methods. For instauce, a solution containing
the therapeutic agent can be perfused into the patch. In
another instance., a therapeutic agent can be added to the
biodegradable clastomicric patch before it is implanted in the
patient.

[0061] Therapeutic agents within the patch can be used in
any number of ways. In one non-limiting embodiment, a
therapeutic agent is released from the patch. For example
and without limitation. anti-inflammatory drugs are released
[tom the patch to decrease an immune response. In another
non-lumiting embodiment, a therapeutic agent is itended to
substantially remain within the patch. For example and
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without limitation, chemoattractants are maintained within
the patch to promote cellular migration andior cellular
infiltration 1ato the patch.

[0062] Generally, the therapeutic agents include any sub-
stance that can be coated on, embedded into, absorbed into,
adsorbed to, or otherwise attached to or incorporated onto or
into the biodegradable elastomeric patch that would provide
a therapeutic benefit to a patient. For example, a biodegrad-
able elastomeric patch comprising neurcotrophic agents or
cells that express neurotrophic agents may be placed near an
infarcted region to promote neuronal growth and to amelio-
rate arthythmogenesis which may result from the infarction.
In another example, a patch comprising growth factors or
cells that express growth factors may be placed on, adjacent
to, or near damaged tissue to promote cell growth and
vasculatization. In one non-limiting embodiment, the thera-
peutic agent is mixed with a carrier polymer (i.e., polylactic-
glycolic acid microparticles) which 15 subsequently incor-
porated within or otherwise processed with an elastomeric
polvmer to produce the paich.

[0063] In certain non-limiting embodiments, the therapeu-
tic agent 15 a growth factor, such as a neurotrophic or
angiogenic factor. which optionally may be prepared using
recombinant techniques. Noo-luniting examples of neu-
rotrophic factors include nerve growth factor. brain-derived
neurctrophic factor, neurctrophin-3, neurotrophin-4, neu-
rotrophin-3, and cihary neurotrophic factor. Non-limiting
examples of growth factors include basic tibroblast growth
factor (bFGF), acidic fibroblast growth factor (aFGF), vas-
cular endothelial growth factor (VEGT), Lepatocyte growth
factor (HGF), insulin-like growth factors (IGF), platelet
derived growth factor (PDGF), transforming growth factor-
beta (TGI-[}). pleiotrophin protein (neurite growth-promot-
ing tactor 1), and midkine protein (neurite growth-promiot-
ing factor 2). In one preferred embodiment, the growth
factor is IGT-1. Comunercial preparations of various growth
factors, wcluding neurotrophic and angiogenic factors, are
available from R & Dr Systems, Minneapolis, Mim.; Bio-
vision, In¢, Mountain View, Calif; and ProSpec-Tany Tech-
noGrene Lid., Rehovot, Israel.

[0064] In certain embodiments, the therapeutic agent is an
anti-inflanunatory agent. such as, without limitation, a
NSAID, such as salicylic acid, indomethacin, sodium
indomethacin trihydrate, salicvlamide, naproxen, colchi-
cine, fenoprofen, sulindac, diflunisal, diclofenac, indoprofen
sodium salicylanude; an anti-nflammatory eytokine: an
anti-inflammatory protein; a stercidal anti-inflammatory
agent, or an anti-cloting agents, such as heparin, Other
drugs that may promote cardiac function may also be

included.

[0065] In certain non-limiting embodiments, (he therapeu-
tic agent includes cells that are added to the biodegradable
elastomeric patch hefore implantation. In such emhodi-
ments, it is ofien advanlageous 1o use @ porous bivdegrad-
able elastomeric patcly, so that the cells may be incorporated
into the porous structure, matrix, or scaffolding of the patch
(& condition referred o as “microintegration”™). In this way,
most of the cells will have a tendency to be trapped within
the potous structire of the patch. In certain embodiments,
the microintegrated cells may remain aller the bivdegradable
elastomenc patch has folly disintegrated within the patient.
However, the microintegrated cells may also be merely cells
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that act as precursors to the final tissve that is formed when
the biodegradable elastomeric patch has fully degraded.

[0066] In certain non-limiting embodiments, the therapeu-
tic agent is released by genetically modified cells. Cells can
be modified by any uselul method in the arl. For example
and without limitation, the therapeutic agent is a growth
tactor that is released by cells transfected with clINA
encoding for the growlth [aclon Therapeulics agents that can
be released from cells include. without limitation, a neu-
rotrophic factor, such as nerve growth tactor, brain-derived
neurvtrophic lactor, neutrotrophin-3, neurotrophin-4, neu-
rotrophin-5. and ciliary neurotrophic factor; a growth factor,
such as basic fibroblast growth factor (bFGT), acidic fibro-
blast growih laclor (aFGF), vascular endothelial growih
factor (VEGFE), hepatocyte growth factor (HGF), insulin-
like growth factors (1GF), platelet derived growth factor
(PDGF). transforming growih Lactor-beta (TGF-), pleiotro-
phin protein {neunte growth-promoting factor 1), and mid-
kine protein (neunte growth-promoting factor 2); an anti-
nflanunatory ¢ytokine; and an anti-inflammatory protein.
Non-hnuting examples of cells that produce therapeutic
agents include: any kind of stem cells, embryonic immature
cells, smooth muscle cells, skeletal muscle derived cells, and
endothehal cells. Various commetcially available cell lines
include Clonetics® Primary Cell Systems {Lonza Group,
Ing.. Switzerland) and ATCC,

[0067] Inother non-limiting embodinients, the therapeutic
agent is a cell from any vseful cell line known in the art. For
cxample and without limitation, the therapeutic agent com-
prises sten: cells that are capable of cellular growth, remod-
eling, and/or differentiation. By way of example only, the
cclls that may be incorporated onto or into the biodegradable
patch include stem cells, precursor cells, smooth muscle
cells, skeletal myoblasts, myocardial cells. endothelial cells.
and genctically modified cells. Various commercially avail-
able cell lines include Clonetics® Primary Cell Systems
{Lonza Group. Inc.. Switzerland) and ATCC.

[0068] Cells may be microintegrated with the biodegrad-
able elastometic patch vsing a variety of methods. For
example and withoul limitation, the elastomeric paich may
be submersed in an appropeiate growth medium for the cells
of interest, and then exposed to the cells. "The cells are
allowed 1o proliferate on e surface and interstices of the
elastomeric patch. The elastomeric patch is then removed
from the growth medium, washed it necessary, and
implanted in a patient. Allernatively, the cells may be placed
in a suitable buffer or liquid growth medium and drawn onto
and/or inte the patch by using vacuum filtration. In another
particularly useful embodiment, the cells ol inlerest are
dissolved into an appropriate solution {e.g., a growth
medium or hutfer) and then spraved onto a hiodegradahle
elustomeric palch while the patch is being [ormed by elec-
trospinning. In one particular embodiment, the cells are
placed in a solation that is hiased and then electrasprayed
onle the biodegradable elastomeric paich while it is being
electrospun. By way of example only, the cells that may be
incorporated onto or into the biodegradable patch include
stem cells, precursor cells, smooth muscle cells, skeletal
myoblasts, myocardial cells, endothelial cells, and geneti-
cally modified cells. In one embodiment. the genetically
meodilied cells are capable ol expressing a therapeulic sub-
stance, such as a growth factor. Non-limiting examples of
cells that produce therapeutic agents are described above, a
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neurotrophic factor, such as nerve growth factor, brain-
derived newrotrophic factor, neurotrophin-3., neurctrophin-4,
neurotrophin-5, and <iliary nevrotrophic factor; a growth
factor, such as basic fibroblast growth factor {(bBFGF), acidic
fibroblast growtl factor (aFGF), vascular endothelial growth
factor (VEGT). hepatocyte growth factor (IIGID), insulin-
like growth factors (IGF), platelet derived growth factor
{PDXGF ), ransforming growth factor-beta (TGF-f ). pleiotro-
phin protein (ncurite growth-promoting tactor 1), and mid-
kine protein {neurite growth-promoting factor 2); an anti-
inflammatory cytokine; and an anti-inflammatory protein.

[0069] As used herein. the terms “implanted” and
“implantation” refer to an act of delivering a paich o a site
within the patient and of allixing the patch o the site. The
patient may be human or animal. The patch may be delivered
by any surgical procedure, including minimally invasive
lechnigues, such as laparoscopic surgery, as well as invasive
techniques such as thoracic surgery or open heart surgery.
The site of the implant can be, for example and without
limitation, mside the heart, on the outer surface of the heart,
or may connect the inner and outer surfaces of the heart. The
site can be either on or near the tissue that is damaged or
deficient. In a non-liuniting example, when the biodegrad-
able patch 15 used to treat a patient after sub-acute myocar-
dial infarction. the biodegradable elastomeric patch is
implanted over the mfarcted region. The patch may be any
usetul shape including regular geometric shapes (e.g, circle,
square, etc.) or irregular shapes. Often, it is useful to
determine the required size of the patch prior to the surgery,
by using an imaging technique, non-limiting examples of
which include echocardiography and magnetic resonance
imaging. Furthermore, the biodegradable elastomeric patch
may be designed to possess anisotropic mechanical proper-
ties and then specifically oriented in a particular direction
with respect to the surrounding tissue {e.g., heart muscle)
priot to implantation.

[0070] The bicdegradable elastomeric paich may be
affixed to the site by any method known in the art. The patch
may be implanted by using any surgical fasteners. non-
limiting examples of which include sulures, staples, ur
adhesives, such as fibrin-based adhesives, for example. In
one non-limiting embodiment, the patch 15 attached to the
leli ventricular surface of the heart [ollowing myocardial
infarction by vsing sutures. When applying the biodegrad-
able elastomeric patch to the surtace of the heart, it 1s often
advantageous W genlly scrape the surlace of the heart 1o be
covered (e.g.. an infarcted region} prior to implantation in
order to cause slight bleeding and the tormation of a hlood
clot, Tt is also advantageous W suture the biodegradable
elastomeric patch while the patch iz under a slight amount of
tension.

EXAMPLES
Example 1

Implantation of a Biodegradable Elastomeric Patch
on the Left Ventricle Following Coronary Artery
Ligation to Induce an Infarction

[0071] This example shows (hat the implantation ol an
elastomene, biodegradable PEULT patch onte the heart fol-
lowing sub-acute myocardial infarction preserved left ven-
leicular geometry and contractile function and promoted
contractile phenotype smooth muscle tissue formation in
chronic stage.
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[0072] Adult female Lewis rats (Harlan Sprague Dawley,
Indianapolis, Ind.) weighing (200-250 g). were used in this
study. The research protocol followed the National Institutes
of Health guidelines for animal care and was approved by
the University of Pirtsburgh’s Institational Animal Care and
Use Committee and Children’s Ilospital of Pirtsburgh Ani-
mal Research Care Committee. Animials were anesthetized
by inhalation of 3.0% isoflurane and were intubated and
connected to a rodent volume controlled mechanical venti-
lator {model 683, Harvard Apparatus, Holliston, Mass.).
Mechanical vemtilation was petformed at a respiratory rate
of 60-70 cycles/min and a tidal volume of 1.0-2.0 mL under
1.5 1o 2.5% isoflurane anesthesia with 100% oxygen (2
L/min). Electrocardiogram and blood pressure were con-
tinuously monitored. The heart was cxposed through a left
thoracotomy. FIG. 1 schematically depicts the heart 10 and
the target vessel 13 for inducing an infraction. In one
embodiment of inducing an infarction, the target vessel 13 1s
the descending coronary artery and a sufure is placed in the
ligation site 14 to promote necrosis of the anterior wall of' the
left ventrical. The lefi coronary artery 11, circumflex artery
12, aorfa 15, and right coronary artery 16 are shown for
reference. In this example. the proximal lefi anterior
descending coronary artery (LAD)Y was circumferentially
ligated with a 7-0 polypropylene suture. Myocardial
ischemia was confirmed by regional cyanosis and ST seg-
ment clevation by electrocardiography. The 1wcision was
closed in layers with 4-0 silk continuous surres.

[0073] Two weeks after the coronary artery ligation, ani-
mals were anesthetized and examined wsing echocardio-
graphy for infarct size as estimated by the percentage of scar
area (akinetic or dyskinetic regions) to lett ventricular free
wall (LVFW) area. A total of 26 rats with infarcts greater
than 25% of the L¥T'W were randomly divided into 2
groups. In the first group, each animal (patch group n=14)
was implanted with a circular patch made of polyester
urethane urea (PCULD (6 mm diameter<300 pm thickness,
85% porosity). PEUU was synthesized from butyl diisocy-
anate, poly(caprolactone) (2000 MW), and putrescine and
processed. Driefly, a thermally induced phase separation
technique was vsed for processing wherein 10 wt % PEULU
in DMSCO was quenched at =80° C. Prior 1o implantation, the
PEUL patches were sterilized by immersion in 100% etha-
nol for 30 nunutes, followed by immersion in PBS and
exposure to the vltraviolet light source in a laminar flow
hood for 1 hour. Through a left thoracotomy, infarcted
antenior wall was exposed. Before patch implantation, the
epicardium of infarcted cardiac mwscle was scraped with a
surgical knife (6 mm circle size). Using 7-0 polypropylene
with over-and-over sutures, the anterior infracted miyocar-
dium was covered with PEUU patch. In the second group.
cach animal reccived a sham repair (infarction comrol
group; n=12} in which the infarcted anterior wall was
exposed via a left thoracotomy, but no patch was implanted.
Additionally, six age-matched rats without coronary ligation
underwent a shani operation for normal control.

[0074] Echocardiography was performed at the patch
implantation (0 week), 4 weeks, and 8 weeks afier PEUU
patch implanlation. Rals were anesthelized with conlinuous
mhalation of 1.5% isoflurane with 100% oxygen (2 L/min)
using a nose cone. Standard transthoracic echocardiography
was performed using the Acuson Sequoia C256 system with
a 13-MHz linear ultrasomic transducer {1518, Acuson Cor-
poration, Mountain View, Calif.) in a phased array format.
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B-imode measurements on the left ventricular short axis view
{papillary muscle level) were performed. The end-diastolic
(CDA) and end-systolic (CSA) left ventricular internal cav-
ity area were measured by tracing of endocardial border. The
left ventricular fraction of area change (% FAC) was esti-
mated as, % FAC=[(EDA-LSAYEDA]x100.

[0075] The harvested heart was trozen in 2-methylbutane,
which was pre-cooled in liquid nitrogen. The embedded
frozen left ventricular tissues were serially sections into left
ventricular transverse direction at ¥ pum thickness. The
standard hematoxylin and eosin (H&E) staining and inunu-
nohistochemical staining were performed in each sample.
Sections for wnmunchistochemistry were fixed with 2%
paralonnaldehyde for 5 minutes and reacted with an anti-
body agamst alpha-smooth muscle actin (a-SMA, Sigma, St
Lows, Mo.), caldesmon, calponin, smooth muscle myosin
heavy chain 2 (SMMHC-2), and 3M-22¢ (Abcam, Can-
bndge, Mass.). Nucler were stained with 4'6-Diamidino-2-
phenyindole (DAPI, Sigma).

[0076] The harvested hearts were analyzed using optical
microscopy and transmission electron microscopy (TEM).
Specifically. optical microscopy was used to determine left
ventricular wall thickness of the PCLUU implanted left ven-
tricular miyocardium. In each left ventricular sample, five
different microscopic fields (100x, TE200. Nikon. Tokyo.
Japan) for the wall thickness measurement. The wall thick-
ness of the infracted anterior wall (patch implanted area)
was analyzed using the NIH image program and Adche
Photoshop (Adobe, San Jose, Califl). In the TEM studics,
two hearts from each group were cannulated through the
aorta and perfusion-fixed with 2.5% glutaraldehyde in 0.1
mol/L phosphate buffer (pl1 7.4) for 30 minutes, followed by
immersion in the same fixative overniglit at 4° C. They were
cut into 1-nun cubes and postfixed in 1% buffered osmium
tetroxide, dehydrated through graded cthanel, and cmbed-
ded in epoxy resin. Thin sections (80 nm), double-stained
with urany! acetate and lead citrate, were eXamined with
JEOL 1210 TEM system (JEOL USA, Peabody. Mass.).

[0077] Additionally, a passive left ventricular intlation test
wits performed. Al eight weeks alier PEUU implantation, the
rat was anesthetized with 3% isoflurane with 100% oxygen
and a median stemotomy was pertormed. ‘The heart was
exposed and arrested by apical injection of 2 mL of a
hypothermic and hyperkalemic buffered arresting solution
(68 mM NaC’l, 60 mM KOl 36 mM NaH((),, 2.0 mM
MgCl,, 1.4 mM Na,50,. 11 mM dextrose, 30 mM butane-
dicne monexime, 10,000 U/ of hepann). The heart was
excised, rinsed, and the coronary circulation flushed hy
retrograde perfusion throvgh an acric cannula with 5 mL of
amesting solution. After perfusion, coronary arteries were
occhuded at the proximal site and mitral leatlets were com-
pletely closed by suture with 7-0 polypropylene. For LV
surface strain measurement, 4 graphite particle (0.5 mm
diameter) markers at 6 mm apart were placed in a square
conliguration vn the center of infarcied LY epicardial sur-
face using an ultrapure low-viscosity, fast cure, butyl-cy-
anoacrylate ester glue (Vetabond, 3M, St. Paul, Minn.). The
heart was (hen submerged in a chamber containing arresling
solution that allows entrance of a boroscope, which is
coupled to a CCD camera for imaging. As the region of
interesl (6 nun diameler) was sulliciently small, il was
deemed acceptable to use a single camera for strain tracking
and dual-camera, stereo imaging of the curved surface was
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not necessary. Markers were identified and tracked continu-
ously via a custom LabVIEW program. Pressure was applied
to the L'V via a volume-infusion pump (model sp210w,
World Precision Instruments) which formed a continuous
connection with the lured cannula and a 2-Fr micromanom-
cier-tipped catheter {model SPR631, Millar Instruments;
Houston, Tex.). Therefore, during infusion, real-time strains
in both directions (circumferential, E,, and longitudinal,
[,y and the applied pressure were digitally recorded simul-
taneously. Pressure-strain {P-E) relations were determined
for each group (normal. infarct. and patch; n=4 for each) by
infusing arresting solution to a maximum pressure of 30
mmHg with no detectable leakage from the aortic or mitral
valve.

[0078] There was no early or late postoperative death or
serious infection followmg PEUU patch implantation. At 8
weeks, the PEUU matenial had no strong adhesion with chest
wall, and was covered with connective tissue on the surface,
FIG. 2A shows that the PEUU wags well merged and restored
the ventricular size and shape in comparison with the
infarction control grovp, which is shown in IIG, 2A. TIG,
2C shows the cross-section of the mfarction control group
and FIG. 2D shows the cross-section of the implanted wall
with PEULT patches.

[0079] The majority of the PELIU patch was absorbed and
the macrophages and fibroblasts infiltrated in the implanta-
tien area. FIG. 3 shows cross-sections of the left ventricular
wall. FIGS, 3B, 3E, and 3F show a cross-section of an
implanted wall with a PEUU patch. FIGS. 3A, 3C, and 3D
show a cross-section of a wall for the infarction control.,
Implanted walls with PEUU patches were generally thicker
and comtained more dense and muscle-like bundles than the
infarction control, FIGS. 4A-4D show that caldesmon,
calponin, SM 22c, and SMMHC type 11 were co-expressed
with a-SMA positive cells, which indicate mature contrac-
tile smooth muscle cells rather than myofibroblasts. FIG. 5A
shows muscle-like bundles, wlnch indicate that the aligned
cells contained tich myvofibril and had elongated cell mor-
phology. These cells were found in extravascular areas and
thus were not vascular smooth muscle cells. F1G. 5B shows
some of the numerous caveoles along the membrane and
FIG, 5C shows some of the dense bodies in cytoplasm that
were obgserved. These ultrastructural features revealed that
they had typical structure of mature contractile phonotype
smooth muscle cells. FIG, 6 shows that the left ventricular
myocardial wall of the PEUU implantabion group was
thicker than the infarction control group [PEUU, 98589
(um, 3D} vs. Infarction control 482262 P<0.05].

[0080] Echocardiography was also used to assess the
PEUU patched group and the infarction control group,
which will be brietly discussed. FIG. 7A schematically
shows the long axis and short axis views of the heart. FIG.
7B shows an echocardiograph of the long axis and FIG, 7C
shows an echocardiograph of the short axis. The end-
diastolic (EDA) and end-systolic {(ESA) left ventricular
internal cavity area were measured by tracing the endocar-
dial border in the echocardiograph. FIG. 8A shows an
example of measuring the EDA, where FIG. 8B shows an
example of data obtained from those EDA measurements.

[0081] FIG. %A shows the end diastolic lefll ventricular
internal cavity area at tune points of pre-implantation (Pre},
four weeks (4 w), and eight weeks (8 w). At the time of the
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PEU patch mmplantation {Pre). left ventncular end-dias-
tolic left ventricular internal cavity area was significantly
larger, and the fraction of area change was smaller than age
matched normal controls indicating post infraction left ven-
tricular dilatation and dysfunction (P<0.05). The PEUU
patch group did not exhibit a change in the end-diastolic left
ventricular internal cavity area [ollowing the paich implan-
tation whilc at 8 wecks, the end-diastolic left ventricular
internal cavity area of the infarction control was increased
{P<0.05, vs 0 week), and significantly larger than the one of
the PEUU paich group (P<(.05). FIG. 9B shows that the
fraction of arca change was increased in PEUU group by 8
weeks while the fraction of area change was decreased in the
infarction control.

[0082] FIG. 10A shows the circumferential strain and FIG.
10D shows the longitudinal strain at different pressures for
the PEUL patched group and the infarction control group.
Both the circumferential and longiudnal left ventricular
myocardial strains at given pressure of infarction control
group exhibited the least comphance (P<0.01). On the other
hand, the compliance of PEUU patch group fell down
normal and infarction control wall, indicating normalized
regional left ventricular myocardial compliance. There was
a significant difference between all groups (P<0.01).

[0083] The thickness of the area covered with PEUU
patch, cven excluding the material arca, is significantly
thicker than miarction control and the compliance of the
patched site fell between nommal cardiac muscle and inf-
arcted fibrous wall, regardless of the wall thickness. Without
wishing to be limited by theory, it is helieved that the relative
stillness ol the healing infarct inflluences mechanical forces,
thereby affecting ventricular remodeling and performance.
Also the thickened intarct wall, consisting of the bundles of
lhe contractile phenolype cells with the increased myolibnl
and functional proteins for contraction. may improve the
infarct wall motion by decreasing wall stress.

[0084] In this study. massive smooth muscle cell bundles
beneath the PEUU material was observed by electron
microscopy. This remodeling wnduced by PEUU coverape
appears different from the typical cardiac remodeling after
infarction. Withowt wishing to be limited by theory, it is
believed that the smooth muscle cells may resvlt from
inhibition of granulation tissue cell apoptosis and that these
smooth muscle cells with the contractile phenotype might
have been transdifferentiated from the myofibroblasts in the
infarct area. PEUU is biodegradable and almost all of the
PEU material was phagocytosed by macrophages after 8
weels implantation. 1t is also speculated that strong
mechanical support by PEUU patch inhibited apoptosis at
the time of implant and thie change of mechanical tension
during its biodegradation stimulated proliferation and dif-
ferentiation of contractile smooth muscle cell bundles in the
infarcted tissuc beneath the material.

[0085] In the sudy presented in this example, all data are
expressed as the mean * the standard deviation. By means
of the SPSS sofiware package for Windows version 9.0
(SPSS Inc, Chicago 11}, the wall tluckness in each group
was compared by 1-way analysis of vanance. The number of
vessels was compared by Student (-test. The echocardio-
graphy data and the pressure-strain analysis were compared
by 2 way repeated ANOVA with "lukey test.
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Example 2

Implantation of a Biodepraduble Elastomeric Patch
on the Right Ventrical Following a Surgical Defect
in the Right Ventricular Outflow ‘Imact

[0086] In this example. an elastomeric, biodegradable
polyester urcthane urca (PLUU) was processed into circular
scatfolds and used to replace a surgical defect in the right
ventricular outflow tract (RVOT) of adulr rats. The PEUTT
patch demonstrated suitable mechanical propertics and bio-
comipatible characteristics in the RVOT replacement model,
permitting cellular integration and endocardial endothelial-
ization with minimal inflanumation.

[0087] Adult male syngeneic Lewis rats (Harlan Sprague
Dawley. Inc) weighing 300-350 g were used for the RvOT
replacement procedure. The rescarch protocol followed the
NIH guidelines for animal care and was approved by Insti-
trional Animal Care and Use Committee of the University
of Pittsburgh.

[0088] PEUL was synthesized from buiy]l diisocyanate,
poly{caprolactone) (2000 MW), and putrescine and pro-
cessed according to the methods of previous reports, Briefly,
a thermally induced phase separation technique was used for
processing wherein 10wt % PEUU in DMSO was quenched
at —80° C. This resulted in a scaffold with 85% overall
porosity, interconnected pores, and a relatively smaller pore
size on the surface skin. FIG. 114 shows the surface and
FIG. 11B shows thic cross-scction of a PEUU scaffold. The
PELIUJ seaftold was created in a mold thar provided a
material thickness of 0.4 mm. For control purposes ePTFE
(IMPRA. Inc) also with a thickness of 0.4 mm was used.
Both miaterials were cut into 6 mmn diameter cirenlar patches
using a biopsy punch. FIG. 11C shows the PEUU scaflluld as
a 6 mm diamcter patch. Patches were sterilized by inuner-
gion in 70% ethanol for & hours, followed by wnmetsion in
phusphate buller saline solutivn (PBS), and exposure 0 an
ultraviolet light source in a laminar flow hood for three
hours.

[008%] Alier rinsing thuroughly with PBS, paiches were
implanted in the rat RVOT as described below. Rats were
anesthetized by intramusculat injection of ketamine hydro-
chlonde (22 mg/ke)y and then intraperitoneal imection of
sodium pentobarbital (30 mg/ke). Intubation was performed
with ventilation at 60 cveles/min and a tidal volume ot 2.0}
mL under room air. The heart was exposed through 2 median
sternotomy and a purse-string suture was placed n the
RVOYT tree wall with 7-0} polypropylene to form a perimeter
epreater than © mm diameter (Ethicon). Both suture ends
were then passed through a 24-gauge plastic vascular can-
nula {Becton |ickinson), which was used as a tourniquet.
Upen lourniquet lightening, the RVOT wall inside (he
purse-string stitching was distended and resected. At that
point the tourniquet was released slightly to demonstrate
pulsatile bleeding. asswing ransmural defect creation. A
PEUU or ePTFE (n=12, each group) patch was surured
along the margin of the purse-string suture with an over-
and-over method with 7-0 polypropylene o cover the delect.
The tourmiquet was then released and the purse-string suture
removed. The chest incision was closed in layers with
running sutures of 4-0 Vicryl (Elhicon). The lirst 3 days aller
surgery, buprenorphine (1 mg/kg) and cefuroxime (100
mg'kg) were administered intramuscularly twice a day.
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[0090] At each scheduled explant time point (4, 8. and 12
weeks), animals from both groups were euthanized (n=4 per
group} with intraperitoneal injection of an overdose of
pentobarbital (100 mg/ke) following intramuscular injection
of 500 units heparin, The heart was exposed through a
repeated median sternotomy. After macroscopic photogra-
phy of the heart in situ, it was harvested and frozen in
2-methylbutane, which was pre-cooled in liquid nitrogen.

[0091] The frozen licart tissue was scrially cryosectioned
into 10 pm thick specimens and processed for hiematoxylin
and evsin (H&E) or immunchistochemical evalnation. To
asscss the extracellular matrix, specimens were stained with
the Masson Modified IMER Triclirome Stain Kit (IMEB,
Inc). Specimens for immunchistochemistry were reacted
with an antibody against factor VIII (polyclonal 1:300;
DAKO) to identify endothelial cells. Nuclel were stained
with 4, 6-Diamidino-2-phenyindole, DAPI (1:10.000;
Sigma).

[0092] The tissue response (presence of macrophages,
neovascularization, and cellular integration. respectively)
was rated by three persons according to a relative scoring
systenr O=no obgervation to +++=severe. The sections also
were also examined for the formation of a fibrous capsule
around the patches and cellular infiltration 1nto the material.

[0093] Nao deaths occurred during the postoperative course
in either group and no gross evidence of thrombosis was
present in any of the animal explas. At the time of
explantation, all rat hearts exhibited minimal thoracic adhe-
sions with no recognizable patiern of adhesive tissue present
in ePTFE or PEUU implanted animals. Neither group
showed any dehiscence or aneurysm formation at the
implant site paich in the RVOT al each lime point. FIG. 12A
shows replacement of the PEUU patch with native tissue at
welve weeks atter reconstruction of the RVOYLT '[his effect
wits nol observed with the ¢PTFE patch, as shown in FIG.
12B.

[00%4] Bath patches were sutrounded by layered fibrovs
lissue al each time point. FIGS. 13A-13B shows that the
fibrous capsule around both patches had capillaries mainly
in the peripheral region between the patches and native right
ventricular muscle. FIG, 14F shows that capillary formation
was also noted i the endocardial fibrovs tissue for the
PEUL patched group at twelve weeks affer implantation.

[0095] No cellular ingrowl was noted in e-PTFE at any
tume points. FIG. 14A-14C shows H&E-stained tissue with
weeks (B), and twelve weeks (C). FIGS. 15A-15C shows
Masson trichrome stained-tissue with an ePTFE implant for
time poants of four weeks {A). eight weeks (B), and twelve
weeks (C). The entire surface of the ¢PTFE was surrounded
by a fibrous tissue with foreign body reaction composed of
macrophages. ‘The toreign hody reaction was most exuber-
ant at 4 weeks, decreased gradually, and became slight at 12
weeks.

[0096] In contrast, PEUU experienced cellular ingrowth
consisting of macrophages and Nbroblasts. FIG. 14D-14F
shows H&E-stained tissve with a PEUU mmplant for time
points of four weeks (D), eight weeks (E), and twelve weeks
(F). FIGS. 15D-15F shows Masson Uichrome-stained lissue
with an ePTFE implant for time points of four weeks (D,
eight weeks (E), and twelve weeks (F). Macrophage infil-
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tration was mild throughout the course. The fibroblasts
proliferated in the PEUU patch and were active in synthe-
sizing collagen. The PEIUNT patches at twelve weeks were
nearly completely absorbed by the putative actions of
hydrolysis and phagocytosis. Histological assessment is
summarized in Table 1.

TARIE 1

Tissue reaction o implanted inatetials

cPTFE PEUL
Weeks atter implantation

4 4 12 4 2 12
Macrophages +a+ ++ * ++ ++ -+
Neovasen larization +2 +0 +7 +? +7 #+b
Cellular infiltration into - - - + S+ t

material

& to +++: sporadic to scvere,

—: N Present,

®aresent only in fransition part,

bpresent in transition and endocardial part

Fibirous capsile formation around the patclies and endothelialization of the
endocardial side were present for each gronp.

[0097] At cach time point after implantation, all the
patches had complete endothelialization on the endocardial
surface in the RVOT [ree wall. There was no thrombus
observed in the endocardial surface of the patches m either
group at any time point (FIGr 16).

[0098] PLUU has theoretical advantages over non-degrad-
able materials used in reconstructive cardiovascular proce-
dures in that it appears capable of mechanically performing
early in the implant period while allowing tissue ingrowth
that takes over this mechameal role by three months n this
model. As with other tissue engineering approaches, cci-
pheations associated with a permanent foreign body that 1s
incapable of growth with the patient are avoided.

Example 3

Implantation of a Biodegradable Clastomeric Patch
on the Left Ventricle Following Coronary Artery
Occlusion to Induce an Infarction in Pig Model

[0099] This example shows the feasibility of the implan-
tation of an elastomeric, biodegradable PEUU patch onto the
pig heatt. the size similar o human. following sub-acute
myocardial infarction.

[0100] 5-months old Yorkshire pigs (Wally Whippo, Enon
Valley, Pa.) weighing (20-25 kg), were used in this study.
The research protocol followed the National Institutes of
Health guidelines for animal care and was approved by the
University of Pittsburgh’s Institutional Animal Care Com-
nuttee. Animals were anesthetized by Ketanun (20 mg/kg),
Kylazine (2 mg/kg) intramuscularly and inhalation of 3.0%
isoflurane and were intubated and connected to a volume
controlled mechamical ventilator. Electrocardiogram and
blood pressure were continuously manitored. A peripheral
[V line was inserted in an ear vein and the femoral artery was
percutaneously cannulated using a 7 French arterial sheath
using a modified Seldinger technique under sterile condi-
tions (FIG. 17A). Onge central vascular aggess was estab-
lished, blood was drawn for baseline analysis of hemato-
logic variables. The pig was given heparin 60 mg'kg
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ntravenous bolus. and amiodarone 2 mg'kg infravenous
bolus. The amiodarone continued at a drip rate of | mg/min
continuously throughout the duration of the procedure. A
cardiac catheter (AL-1, 6F, Cordis Corp., Miami, Fla., USA)
was introduced through the femoral artery sheath, advanced
to the ascending aorta. and inserted into the left main
coronary artery vsing uoroscopic goidance. A 4x8 nun
PTCA balloon was inflated in the proximal left circumtlex
coronary artery (vessel 12 in FIG. 1, a branch of the lett main
coronary artery) also using thuoroscopic gnidance (FIG.
L7B). Al 90 minutes of balloon inflaton (ime, (he ballvon
was deflated then removed. The guide catheter was also
removed.

[0101] Two weeks tollowing occlusion of the coronary
artery. paich implantation surgery was performed. Before
surgery, animals were screened by echocardiography for
infarct size as eshimated by the percentage of scar area
(aldnetic or dyskinetic regions) to IV free wall (] VIFW)
area. Animals with infarcts greater than 15% of the LVFW
were chosen. The circular PEUT patch was made of a
pelyester urethane urea, and processed using thermally
induced phase separation techniques into a patch with inter-
connected micropores patch. The patch possesses 91%
porosity and a 91 pm average pore size. Mechanically, the
patch is elastic with a tensile strength of 0.78 MPa and
elongation at hreak of 157%. The patch matenal was sized
10 circular patches with a diameter of 5 ¢cm diameter and
thickness of 700 pum. The PEUU patches were immersed in
100% ethanol for 30 min, followed by immersion in PBS
and exposure to the ultraviolet light source in a laminar How
hood for 1 hour prior 1o implantation. Through a lefi
thoracotomy, infarcted posterior-lateral wall was exposed,
using an “Octopus suction stabilizer’ {Medtronic, Inc) (FIG.
18A). Before patch implantation, the epicardium of infarcted
cardiae muscle was scraped with a surgical koife (5 cm
circle size). Using 5-0 polypropylene with over-and-over
sutures, the posterior-lateral infracted myocardium wag cov-
ered with PEUU patch (FI1G. 18B). In the second group, each
animal received a sham repair (infarction contrul group) in
which the infarcted posterios-lateral wall was exposed via a
left thoracotomy, but no patch was implanted.

[0102] Echocardiography was performed at the patch
implantation (0 week), 4 weeks, and & weeks after PEUU
pateh implantation. Pigs were anesthetized with continuouvs
nhalation of 1.5% soflurane with 100% oxygen (2 L/min)
using a nose cone. Standard transthoracie echocardiography
was performed using the Acuson Sequoia C256 system
{Acuson Corporation, Mountain View, Calif}) in a phased
amay format.

[0103] After 8 weeks implantation, a heart was harvested
for histological assessment (FIGS. 194 and T9B). The
implanted material was vbserved 1o have merged well inlo
the hiost heart tissuc without adversc effects. There were no
signs of strong adhesion with the chest wall, suture dehis-
cence, infection. nor aneurysm formation in chronic stage.

[0104] Inthis study, an elastomeric, biodegradable PEUU
patch could be implanted onto the pig heart, whose size is
same lwman scale, without adverse effect. This study is
oNngoINg.
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What 18 claimed 1s:

1. A method for treating damage or a defect in cardiac or
cardiovascular tissue, comprising implanting, a biodegrad-
able, elastomeric patch at or adjacent to the tissue damage or
defect.

2. The method according to claim 1, wherein the damage
or defect is in a lett ventricular region of a heart.

3. The method of claim 1, wherein the damage or defect
in the cardiac or cardiovascular tissuc is damage resulting
from a mivocardial infarction.

4. The method of claim 1, wherein the damage or defect
in the cardiac or cardiovascular tissue is a deficiency result-
ing from a congenital defect.

5. The method of claim 1, wherein the damage or defect
in the cardiac or cardiovascular tissuc is a right ventricular
outflow tract of a heart.

6. The method of claim 1, wherein damage or defect is in
a heart valve.

7. The method of claim 1, wherein said bicdegradable
elastomeric patch comprises a polymer composition com-
prising one or both of a poly(ester vrethane) vrea clastomer
or a poly(ether ester urethane) vrea elagtomer.

8. The methed of claim 7, wherein the elastomer com-
prises a diamine.

9, The method of claim &, wherein the diamine is
putrescine.

10. The method of claim 8, wherein the diamine is lysine
athyl ester.

11. The method of claim 7, wherein the elastomer com-
priscs a polycaprolactone.

12. The method of claim 7, wherein the elastomer com-
prises a polycaprolactone diol.

13. The mcthod of claim 11, wherein the clastomer
comprises a triblock copolymer comprising polycaprolac-
tone.

14, The mcthod of claim 13, wherein the clastomer
comprises a  polycaprolactone-b-polyethylene  glycol-b-
polycaprolactone riblock copulymer.

15. The method of claim 7, wherein the polymer compo-
sition is functionalized with an adhesion-promoting peptide.

16. The method of claim 15, wherein the adhesion-
promoting peptide comprises RGD.

17. The method of claim 7, wherein the polymer comypo-
silion has a poresily ol approximately §5%.

18. The method of claim 7, wherein the elastomer com-
prises an isocvanate derivative, a polvcaprolactone diol, and
a diamine chain exlender.

19. The method of claim 18, wherein the ratio of isocy-
anate  derivative:polycaprolactone  diol:dianvine  chain
exlender is 2:1:1.

20. The methed of claim 7, wherein the elastomer com-
prises an isocyanate derivative, a triblock copolvmer com-
prising polycaprolactone, and a diamine chain extender.

21. The method of claim 20, wherein the ratio of isocy-
anate derivative: triblock copolymer:diamine chain extender
is 2:1:1,

22. The method of claim 1, wherein the patch comprises
a therapentic agent.
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23 The method of ¢claim 22, wherein the therapevtic agent
is one or more of basic fibroblast growth factor (bFGF).
acidic fibroblast growth factor (al'GI), vascular endothelial
growth factor (VEGF), pleiotrophin protein, midkine pro-
tein, anti-inflammatories, and anti-clotting agents.

24. The method of claim 22, whercin the biedegradable
elastomeric patch comprises cells that release a therapeutic
agent

258, The method of claim 22, wherein the therapeutic agent
iz in the form of cells.

26. The method of claim 25, wherein the cells are one or
more of stem cells, precursor stem cells, smooth muscle
cells, skeletal myoblasts, myocardial cells, endothelial cells,
and genetically modified cells.

27. The method of claim 22, wherein the therapeutic agent
is covalenily linked to a polymer in the polymer composition
and is released during degradation of the patch.

28_The method of ¢laim 27, whetein the therapeutic agent
18 putrescine that s covalently linked to the polymer.

29. The method of claim 1. wherein the biodegradable
clastomeric patch is produced by electrospimning.

30. The method of claim 1, wherein the biodegradable
elastomeric patch is produced by thermally induced phase
scparation.

31. The method of claimi 1, wherein the biodegradable
elastomieric patch is produced by solvent casting/salt leaclh-
ing.

g32. The method ot claim 7, wherein the patch comprises
a therapeutic agent.

33, The method of claim 32, wherein the therapeutic agent
15 one or more of hasic fibroblast growth factor (BFGF),
acidic libroblast growih factor (aFGF), vascular enduthelial
growth factor (VEGF), pleiotrophin protein, midkine pro-
tein, anti-inflammatories, and anti-clotting agents.

34. The method of claim 32, wherein the bivdeyradable
clastomeric patch comprises cells that release a therapeutic
agent,

35. The method of claim 32, wherein the therapeulic agent
15 1n the form of cells.

36. The method of claim 35, wherein the cells are one or
more of stem cells, precursor stem cells, smooth muscle
cells, skeletal myoblasts, myocardial cells, endothelial cells,
and genetically modified cells.

37 The method of ¢laim 32, wherein the therapeutic agent
15 covalently linked to a polymer in the polymer composition
and is released during degradation of the patch.

38. The method of ¢laim 37, wherein the therapeutic agent
15 putrescine that 15 covalently linked to the polymer

39 The method of claim 7. wherein the hindegradable
elastomenic patch is produced by electrospinning.

40. The method of claim 7. wherein the biodegradable
elastomeric patch is produced by thermally induced phase
separation.

41. The method of claim 7. wherein the biodegradable
elastomeric patch 1s praduced by solvent casting/salt leach-
ing.



