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BIOPROSTHETIC HFART VALVE WITH POLYPHOSPHAZENE

FIELD OF THE INVENTION

[0002] The present invention relates to bioprosthetic implants such as
bioprosthetic heart valves having antithrombogenic, biocompatibility, and

hemocompatibility properties.

BACKGROUND OF THE INVENTION

[0003] Heart valves play a pivotal role in circulatory function by maintaining
the unidirectional flow of biood by aopening and closing as a result of pressure
differences on either side. However, natural heart valves may become
dysfunctional from a variety of pathological causes such as stenosis and
incompetence. A stenotic heart valve does not open fully due to stitfening of
the valve tissue, thus more work is required for the heart to force blood through
the valve. An incompetent valve causes inefficient blood circulation by

permitting the flow of blood back into its originating chamber.

[0004] In many patients, a diseased heart valve can be replaced by a prosthetic
heart valve. Prosthetic valves can be classified broadly into two principal types:
mechanical and bioprosthetic. Mechanical valves are constructed exclusively
from synthetic materials and are excellent in terms of durabtlity, Traditional
mechanical heart valves may produce good flow performance characteristics
and potentially last longer than bioprosthetic valves, yet mechanical valves have
a number of disadvantages. Mechanical heart valves require long-term or even
lifetime anti-coagulation therapy to reduce the risk of thrombosis and embohism.
Such a regimen effectively makes patients with mechanical heart valves

borderline hemophiliacs. Patients with mechanical heart valves further require
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strict dietary and/or activity constraints, and the mechanical heart valve may

produce an annoyving valve “clicking” sound.

[0005] Bioprosthetic or biological valves include any valve that incorporates
biological tissue, and themselves can be classified broadly mto two principle
types: the “grafi-type,” in which substantially the entire valve 1s grafted from
another individual; and the “tissue-type,” which are constructed in whole or in
part with natural-tissue parts, such as valve leaflets. For the graft-type, an
actual heart valve is retrieved from either a deceased human (homogratt or
allograft) or from a slaughtered pig or other mammal (xenograft). The retrieved
valve can be preserved and/or sterilized, for example, homografis are typically
cryopreserved and xenografts are typically cross-linked, typically in a

glutaraldehyde solution.

[0006] Tissue-type bioprosthetic heart valves comprise assemblies having
various amounts of biological material incorporated. Biological tissue typically
is harvested from heart valves or from the pericardial sac of bovine (cattle),
equine (horse), porcine (pig), or other mammalian sources. For example, some
of these valves include leaflets derived from natural matenal (typically porcine)
and still include the natural supporting structure or ring of the aortic wall. In
other valves, leaflets derived from natural material (typically bovine
pericardium) are trimmed and attached to a synthetic, roughly annular structure
or ring that mimics the function of the natural aortic wall. In still other valves,
both the leaflets and the annular support ring are formed of biopolymers such as
collagen and/or elastin. All these valves, which include some biological tissue
or biopolymers, are referred to herein as bioprosthetic valves, and include such
assemblages as so-called “stented™ valves which includes a stent and a

biological valve member.

[0007] Bioprosthetic heart valves generally are less durable than mechanical
valves, but they can alleviate some of the risks associated with mechanical

valves, such as reducing the risk of forming blood clots, possible thrombosis
and embolism, and/or the need for long-term anticoagulation therapy. Thus,
problems related to the requirement for anticoagulants are usually short term

with tissue-type valves and their failure is seldom abrupt. In addition,
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bioprosthetic heart valves are closer in design to the natural valve, have better
hemodynamics, and do not cause damage to blood cells. However, biological
heart valves are not without risk. Biological heart valves are susceptible to
degeneration and/or calcification as a result of glutaraldehyde fixation,
mechanical stresses, and the deposition of calcium phosphate on surfaces. Due
to the degeneration of biological heart valves, such valves usually last about 10

to 15 years, often requiring additional surgery to replace or repair the valve.

[G008] Therefore, there exists a need for an improved biological or

bioprosthetic heart valves that have good antithrombogenic, biocompatibiiity,
and hemocompatibility properties. Such bioprosthetic heart valves should be
less susceptible to degeneration and/or calcification and significantly improve

the overall lifespan of the implant.

BRIEF SUMMARY OF THE INVENTION

[0009] The present mvention provides for a bioprosthetic heart valve

comprising a biclogical tissue and a polyphosphazene represented by formula

(1):

[ |

R? R?
R.d RS ILE

:
e

[0010] wherein n is 2 to oo; and R’ to R® are groups which are each selected
independently from alkyl, aminoalkyl, haloalkyl, thiocalkyl, thicaryl, alkoxy,
haloalkoxy, aryloxy, haloaryloxy, alkylthiolate, arylthiolate, alkylsulphonyl,
alkylamino, dialkylamino, heterocycloalkyl comprising one or more

heteroatoms selected from nitrogen, oxygen, sultur, phosphorus, or a

combination thereof, or heteroaryl comprising one or more heteroatoms selected

from nitrogen, oxygen, sulfur, phosphorus, or a combination thereof.

[0011] The present invention also provides for a method of manufacturing a
bioprosthetic heart valve, comprising providing a biological tissue and

contacting the biological tissue with a polyphosphazene of formula (1),
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iHustrated herein. For example, the polyphosphazene of formula (I) may be
applied to the surface of the bioprosthetic heart valve by simply contacting the
surface of the bioprosthetic heart valve with the polyphosphazene, in which the
polyphosphazene may be in any form and 1s typically 1n solution, with or

without other components such as a surfactant or fixing agent.

[0012] The present invention further provides for a method of manufacturing a
bioprosthetic heart valve comprising: combining a
poly{bis(trifluoroethoxy)phosphazene] polymer, a fixing agent, a surfactant, and
a polylbis(trifluoro-ecthoxy)phosphazene] soluble organic solvent to form a
solution; and applying (contacting) the solution to the bioprosthetic implant.

The trifluoroethoxy moiety of this polyphosphazene is the 2,2,2-trifluoroethoxy
proup, OCHCFs.

[0013] The present invention also provides for a method of treating a
bioprosthetic heart valve comprising contacting tissue in the valve with a
polyphosphazene represented by formula (1), as disclosed above. The present
invention further provides for a bioprosthetic implant comprising: a biological
tissue; and a polyphosphazene, for example, a polyjbis(tritfluoroethoxy)-

phosphazene] polymer, applied to the bioclogical tissue.

[0014] The present invention also provides for a bioprosthetic implant
comprising biological tissue and a polyphosphazene according to formula (1), as
disclosed above, wherein the polyphosphazene 1s incorporated into the implant

by at least one of coating the tissue and impregnation of the tissue.

[0015] This invention further provides for a method of improving the
antithrombogenic, biocompatibility, or hemocompatibility properties of a
bioprosthetic heart valve, comprising contacting the bioprosthetic heart valve
with a polyphosphazene of formula (1), which is provided herein, wherein the
polyphosphazene is coated, diffused, impregnated, grafted, or any combination

thereof, into or onto the bioprosthetic heart valve.

[0016] In another aspect, this invention provides a bioprosthetic heart valve

comprising a mammalian heart valve and a poly-
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[bis(trifluoroethoxy)phosphazene]. This invention also provides for a method

of making a bioprosthetic heart valve comprising:
nroviding a mammalian heart valve; and

contacting the mammalian heart valve with a poly[bis(trifluoroethoxy)-

5 phosphazenej;

wherein the poly|bis(trifluoroethoxy)phosphazene] is coated, diffused,
impregnated, grafted, or any combination thereof, into or onto the

mammalian heart valve.

BRIEF DESCRIPTION OF THE DRAWINGS

10 [001°7] FIG. I is a perspective view of a porcine graft-type {(xenograft) heart

valve that may be treated as disclosed herein.

(0018] FIG. 2 is a perspective view of a human grafi-type (homograft) heart

valve that may be treated as disclosed herein.

[0019] FIG. 3 illustrates an exemplary tissue-type heart valve, presented in open

I5 (A) and closed (B) configurations, which may be treated as disclosed herein.

{0020] FIG. 4 illustrates an a further example of a tissue-type heart valve,

presented in open (A) and closed (B) configurations, which may be treated as

discliosed herein.

[0021] FIG. 5 illustrates yet another example of a tissue-type heart valve that

20 may be treated as disclosed herein, in which the tissue leaflets are attached to a

synthetic annular portion suitable for implantation.
DETAILED DESCRIPTION OF THE INVENTION

[0022] The present invention relates to bioprosthetic heart valve implants that
include a bioprosthetic heart valve comprising a phosphazene-based polymer,

23 that is, a polyphosphazene. Additionally, the present invention provides for a
method of manufacturing a bioprosthetic heart valve comprising a

polyphosphazene. As used herein, with respect to heart valves, the word
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“treated’” 1s considered broader than terms such as “coated.” A treated heart
valve 1s a heart valve that has been contacted with the polyphosphazene in any
manner, without regard to a particular mechanism by which the
polyphosphazene interacts with the heart valve when contacted, as long as some
polyphosphazene is retained in or on the treated heart valve. For example in
treated heart valves, rather than merely collecting or layering on the surface as
In “‘coating,” the polyphosphazene may also diffuse into or otherwise be
impregnated into or grafled to the biological tissue, although there is no
requirement for any particular mode or mechanism of interaction. Therefore, as
uscd herein, “treating” includes coating, diflusion, impregnation, grafting, and
the Like, including any combination thereof, as well as any other manner by

which the polyphosphazene interacts with the biological tissue.

(0023} The specilic phosphazene-based polymer poly[bis(trifluorocthoxy)
phosphazenc| has been found to have good biocompatibility and antithrombotic
properties when used to coat a variety of non-biological materials. See German
Patent No. DE 196 13 048. See also, for example, U.S. Patent Application
Publication Nos. 2003/0157142 A1 and 2005/0136093 A 1. This disclosure relates to

the use of phosphazene-based polymers, specifically including poly[bis(trifluoro-

ethoxy)phosphazene], to treat biological materials used for bioprostehic heart valves.

[0024] The bioprosthetic heart valves of this invention include any valve that

incorporates biological tissue, including the “graft-type,” in which substantially
the entire valve is grafied from another individual; and the “tissue-type,” which
are constructed with natural-tissue parts, such as valve leaflets. For example, 1n

this aspect, a bioprosthetic heart valve may be made from mammalian heart

valves, mammalian pericardium, mammalian vascular grafts, other mammalian
organs, and the like. For example, mammalian organs include human, bovine,
or porcine heart. Therefore, generally, the bioprosthetic heart valve comprises

either a biological heart valve or a biological tissue adapted as a heart valve.
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[0025] [n some preferred embodiments of the present invention, bioprosthetic
heart valves are treated and in some aspects coated with a preferred

polyphosphazene represented by tormula (1)

A

~
=

NS
~,

(1)

mm.vd—n——

[0026] whereinnis 2 tow, and R' to R® are groups which arc cach
independently variable and arc cach sclected independently from alkyl,
aminoalkyl, haloalkyl, thioalkyl, thioaryl, alkoxy, haloatkoxy, aryloxy,
haloaryloxy, alkylthiolate, arylthiolate, alkylsulphonyl, alkylamino,
dialkylamino, heterocycloalkyl comprising one or more heteroatoms selected
from nitrogen, oxygen. sulfur, phosphorus, or a combination thereof, or
heterparyl comprising one or more heteroatoms selected from nitrogen, oxygen,
sulfur, phosphorus, or a combination thercof, or other similar groups consistent
with the intended use. By indicating that n can be as large as oo in tormula (1), 1t
1s intended to specify values of n that encompass polyphosphazene polymers

that can have an average molecular weight of up to about 75 million Daltons, for
example, between 10 and 13 million Daltons. For example, in one aspect, n may vary
from at least about 100 to about 100,000. In another aspect, by indicating that n can
be as cc in formula (1), 1t 1s intended to specify values of n from about 4,000 to about

50,000, more preferably, n is about 7,000 to about 40,000 and most preferably n is
about 13,000 to about 30,000.

[0027] In another aspect, by indicating that n can be as large as « in formula
(I), it is intended to specify values of n that encompass polyphosphazene
polymers in which the molecular weight is at least about 70,000 g/mol. In
another aspect, n can be selected such that the average molecular weight 1s at
least about 1,000,000 ¢/mol. Further, n can be selected such that the average

molecular weight is at least about 10,000,000 g/mol. In yct another aspect, a

useful range of average molecular weights 15 from about 7x 10° g/mol to about

25%10° g/mol.
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[6028] The pendant side groups R’ to R® are each independently variable and
therefore can be the same or different. Further, R’ to R® can be substituted or
unsubstituted. In one aspect, for example, at least one of the groups R to R®
can be an unsubstituted alkoxy group, such as ethoxy (OCH,CH3) or n-propoxy
(OCH,CH,CH;). In another aspect, for example, at least one of the substifuents
or groups R’ to R® is an alkoxy moiety substituted with at least one fluorine
atom. Moreover, when R' to R is an alkoxy group, complete substitution of the
hydrogen atoms by fluorine atoms can occur such that the alkoxy group is
perfluorinated. Examples of useful fluorine-substituted alkoxy groups R' to R®
include, but are not limited to OCF; OCHLCF;, OCH,CEF;CF5, OCH(CF3)s,
OCCH3(CF3),, OCH:CF,CF,CF;3, OCH2(C¥F213CF3, OCHz(CF72)4CFs,
OCH,(CF;)sCF;, OCH(CF»2)sCF3, OCH(CF2),CF3, OCHCHCHE,
OCH,CFCF,CHF;, OCH,(CF4);CHF,, OCH:(CF2)sCHE,, OCH(Cl3)sCHE,,
OCH(CF2)sCHF>, OCH,(CF2);CHF>, and the like. The groups R’ to R® also
can be haloalkoxy groups, which can include fluoro-, chloro-, bromo-, and/or

1odo-substituted alkoxy groups.

10029] In another aspect, R' to R® of formula (I} can be selected independently
from alkyl groups, or from other substituents that comprise alkyl groups, such
alkoxy, alkylsulphonyl, aminoalkyl, haloalkyl, thioalkyl, and the like. In this
aspect, any alkyl group can be, for example, straight or branched chan alkyl
groups having from 1 to about 20 carbon atoms, it being possible tor the alkyl
groups to be further substituted, for example, by at least one halogen atom, such
as a fluorine atom or other functional group such as those noted for the R'to R’
groups above. By specifying alkyl groups such as propyl or butyl, it is intended

to encompass any isomer of the particular alkyl group.

[0030] Examples of alkoxy groups include, but are not limited to, methoxy,
ethoxy, propoxy, and butoxy groups, which can also be further substituted by at

least one fluorine atom, with 2,2,2-trifluoroethoxy groups being preferred.

[0031] Examples of alkylsulphonyl groups include, but are not limited to,
methylsulphonyl, ethylsulphonyl, propylsulphonyl, and butylsulphonyl groups.
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[0032] Examples of dialkylamino groups include, but are not limited to,

dimethyl-, diethyl-, dipropvl-, and dibutylamino groups.

10033} Exemplary aryloxy groups include, for example, compounds having one
or more aromatic ring systems having at least one oxygen atom, non-

5 oxygenated atom, and/or rings having alkoxy substituents, it being possibie for
the aryl group to be substituted for example by at least one alkyl or alkoxy
substituent defined above, Examples of aryloxy groups include, but are not
limited to, phenoxy and naphthoxy groups, and derivatives thereof including,

for example, substituted phenoxy and naphthoxy groups.

10 [0034] The heterocycloalkyl group can be, for example, a ring system which
contains from 3 to 10 atoms, at least one ring atom being a nitrogen, oxygen,
sulfur, phosphorus, or any combination of these heteroatoms. The
hetereocycloalkyl group can be substituted, for example, by at least one alkyl or
alkoxy substituent as defined above., Examples of heterocycloalkyl groups

i include, but are not limited to, pipenidinyl, piperazinyl, pyrrolidinyi, and

morpholinyl groups, and substituted analogs thereof.

[0035] The heteroaryl group can be, for example, a compound having one or
more aromatic ring systems, at least one ring atom being a nitrogen, an oxygen,
a sulfur, a phosphorus, or any combination of these heteroatoms. The

20 heteroaryl group can be substituted for example by at least one alkyl or alkoxy
substituent defined above. Examples of hetercaryl groups include, but are not
limited to, imidazolyl, thiophene, furane, oxazolyl, pyrrolyl, pyridinyl,

pyridinolyl, isoquinolinyl, and quinolinyl groups, and derivatives thereof.

[0036] In another aspect of the present invention, the bioprosthetic heart valve

25 is treated, and optionally coated, with poly[bis(trifluoroethoxy)phosphazene].

[6037] In vet another aspect of this invention, a bioprosthetic implant includes a
biological tissue and a polyphosphazene such as a
poly|bis(trifluoroethoxy)phosphazene] polymer applied to the biclogical tissue.
The biological tissue may include a heart valve, pericardium, vascular graft,

30 shunt, or bodily organ, particularly a mammalian heart valves, mammalian

pericardium, mammalian vascular grafis, or mammalian organs. Exampies
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include human, bovine, or porcine heart valves; human, bovine, or porcine
pericardium; human, bovine, or porcine vascular grafis; or human, bovine, or

porcine organs.

[0038] The bioprosthetic heart valve of this invention 1s treated with a

5 polyphosphazene in any manner that allows the polyphosphazene to contact the

biological material and mteract in some manner such that some
polyphosphazene 1s retained 1n or on the treated heart valve. In one aspect, the
method of treating the biological material typically includes the steps of
combining a polyphosphazene polymer, a fixing agent, a surfactant, and a

10 solvent i which the polyphosphazene Is at least partially soluble to form a
solution, and applying the solution to the bioprosthetic implant. A variety of
organic solvents are suitable for the preparation of the polyphosphazene
solution including polar organic solvents. In one aspect, solvents that show
some solubility in or miscibility with water are suitable, for example, acetone,

5 tetrahydrofuran, and the like. For a spraying application volatile ether solvents

such as dimethyl ether are suitable.

10039] For example, suitable solvents include, but are not limited to, ethyl

acetate, propyl acetate, butyl acetate, pentyl acetate, hexyl acetate, heptyl
acetate, octyl acetate, acetone, methylethylketone, methylpropyiketone,

20) methylisobutylketone, tetrahydrofuran, cyclohexanone, diglyme, t-butyl methyl
cther, dimethyl ether, hexatluorobenzene, tetramethyl urea, tetramethyl
guanidine, dimethyl acetamide and the like, including any combinations thereof.
Also, mixtures of these solvents may be used, or any solvent may be
supplemented with the addition of other solvents or nonsolvents, such as ethane,

25 propane, butane, pentane, hexane, heptane, toluene, benzene, xylene(s),
mesitylene, diethyl ether, water and the like. In yet another aspect, a
supercritical solution of a polyphosphazene in suitable solvents, such as carbon
dioxide or dimethyl ether is created at a specitfic set of temperature and pressure

parameters and used to treat the substrates in question.

30 [0040] Further, other components may be added to the polyphosphazene
solution, examples of which include, but are not limited to, co-solvents to adjust

solubility, surfactants, dispersants, emulsifying agents, fillers, stabtlizers, dyes.

10
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pigments, wetting, levelling or stratisfying agents, adhesion agents, and the like,
inciuding any combination thercof. The polyphosphazene solution used to

contact with the biological tissue in the bioprosthetic implant typically contains
at least one compound with general formula (1) in a concentration of from about

b {3.1% to about 99%, in the solvent.

100411 The polyphosphazene may be applied to the bioprosthetic implant by
any method or in any manner. As used herein, the term “applied” means
“contacted” in any manner and is used without regard to any particular
mechanism or reaction by which the polymer may interact with the heart valve

10O it is applied to. Thus, the polyphosphazene may be applied by any treatment as
noted herein and/or a coating. A preferred polyphosphazene polymer of the
present invention is poly|[bis(trifluoroethoxy)phosphazenej. The time and
temperature of the treatment of the biological tissue with the polyphosphazene
are not critical in this invention, but may be adapted to meet the specitic

| requirements of the desired application.

[0042] For example, the contact time between the polyphosphazene and
biological material may range from about I second to several days. In this
aspect, for example, contact time may range from about 20 seconds to about 3
days, from about | minute to about 1 day, from about 3 minutes to about 6

20 hours, or from about 5 minutes to about 3 hours. The femperature of the
treatment step 1s also not critical, as long as the temperature is suitable for the
biological tissue. For example, the bioprosthetic implant may be contacted by
immersing in a solution of the polyphasphazene, immediately removed, then
allowed to air dry as the solvent evaporates. In this case, contact time with the

235 solution will depend primarily upon the volatility of the solvent. In another
aspect, the bioprosthetic implant may be contacted by immersing in a solution
of the polyphasphazene and maintained in the solution for a period of time prior
to removing and allowing to dry. In this case, contact time with the solution
will depend upon the time the implant is maintained in the solution as well as

30 the volatility of the solvent. Thus, the polyphosphazene may be applied to the
bioprosthetic implant by any method.

il
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[6043] Typically, a temperature is selected that is high enough for the particular

contact time selected, such that the polyphosphazene can interact with the

biological material sutficiently to be retained in or on the treated heart, vet not

so high as to adversely affect the biological material. For example, in this
aspect, contact temperatures can range from about 4°C to about 30°C, from

about 10°C to about 40°C, or from about 15°C to about 37°C. Typically, the

contact times depend on the evaporation rate of the solvent. In one aspect,

preferred contact temperature is about room temperature, that is, between about
18°C and about 24°C. In another aspect, contact time of about 3 to about 5
minutes and a temperature of about room temperature works well. It an implant

should be cooled, contact temperatures as low about 3°C to about 4°C can be

used. In this aspect, contact temperatures from about 4°C to about 37°C are

stiitable.

{0044} Examples of fixing agents can include various functional organic
solvents, examples of which include, but are not limited to, aldehydes, amines,
polvamines, aminosilanes, and the ike. Examples of aldehydes include, but are
not limited to, formaldehyde, glutaraldehyde, acetaldehyde, propionaldehyde, 2-
methylpropionaldehyde, butyraldehyde, iscbutyraldehyde, 2-
methylbutyraldehyde, 2-ethylbutyraldehyde, valeraldehyde, 2-
methylvaleraldehyde, 1,6-hexanedial, hexaldehyde, 2-ethylcaproaldehyde,
heptaldehyde, octaldehyde, nonaldehyde, decaldehyde, undecaldehyde,
dodecaldehyde, or any combination thereof. Combinations of fixing agents
including combinations of aldehydes can be used. While not intending to be
bound by theory, it is thought that the method of action of an aldehyde fixing
agent 1s the polycondensation reaction of aldehydes under loss of water, or the
condensation between amines and aldehydes to form amides, for example the
combination of a poly(ethylene imine) and an aldehyde may form a crosslinked,

stable interface.

[0045] Examples of aminosilane fixing agents mclude, but are not iimited to,
(3-aminopropyljtriecthoxystlane, (3-aminopropylirimethoxysilane, N-(2-
aminoethvl)-3-aminopropyltrimethoxysilane, bis[(3-

trimethoxysilylpropyljethylenediamine, (3-
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trimethyloxysiylpropyl)diethylenetriamine, and the hike. In addition, ureido-
terminated silanes and glycidyl-terminated silanes can serve as suitable fixing
agents. Examples of ureido-terminated silanes include, but are not limited to, y-
ureidopropyltrimethoxy silane and y-ureidoethyltrimethoxy silane. Examples of
glycidyl-terminated silanes include, but are not limited to, 3-
(glycidoxypropyltriethoxysilane, 3-(glycidoxypropyirimethoxystane, and 3-
(glycidoxypropyldimethylethoxysilane, and 3-(glycidoxypropyl)-

methyldimethoxysilane.

[0046] In still another aspect, the polyphosphazene soluble organic solvent can
be an aldehyde and act as a fixing agent. In a further aspect, the dissolution of a
polyphosphazene can be effected in a specifically suited solvent, such as
dimethoxymethane (monoglyme) or trimethyl orthoformate, which may
hydrolyze under acidic condition to form formaldehyde in situ, thereby fixating

the tissue in guestion, and in parallel precipitating the polyphosphazene onto

and respectively impregnating the tissue.

[0047] Surfactants may be anionic, cationic, or zwitterionic, as long as the
surfactant is compatible with the overall composition. For example, usetul
surfactants include, but are not limited to, a polysorbate, a poloxamer, glycerol,
polyethylene imines, chitosans, polyallylamines, pelyvinyl pyrrolidone, PVP,

DEAE dextran, and the like, including combinations thereof.

[0048] In addition, the polyphosphazene may be used in combination with, or
alternatively without, a monomeric, oligomeric or polymeric adhesion
promoter, a tie layer, a surfactant, a dispersing agent, a filling agent, a
stabilizing agent, or any other agent targeted at improving the interfacial
compatibility and/or stability between the polyphosphazene and the
bioprosthetic implant when contacting each other, Such interfacial
compatibility and/or stability assists in achieving the desired biomedical and

mechanoelastic performance.

[0049] In vet another aspect, the bioprosthetic implant may be coated with a
polyphosphazene by pre-forming a polyphosphazene membrane and then

applying the membrane to the bioprosthetic implant, or contacting the

13



10

20

25

30

CA 02690539 2013-10-08

polyphosphazene with the bioprosthetic implant. The membrane may be
applied using adhesion promoters as described herein, or alternatively by
applving a tissue adhesive, which bonds to the polyphosphazene as well, or by
simply solvent welding the membrane to the substrate wherein the solvent
modifies the surface of the substrate in a manner that the membrane will bind

favorably to the substrate. Examples of forming a membrane of a

polyphosphazene are provided in U.S. Patent No. 7,265,199. While not bound
by theory, 1t 1s believed that a semi-interpenetrating network between the two
components may be formed. However, this invention encompasses any

combination of a bioprosthetic implant and polyphosphazene, including a pre-
formed polyphosphazene membrane that 1s applied to a bioprosthetic implant,
regardless of any mechanism by which the polyphosphazene and the bioprosthetic

implant might interact.

[0050] Once the polyphosphazene and the biological tissue have been
contacted, the solvent and remaining volatiles can be evaporated without any
additional measurcs. In this aspect, for example, the solvent vapor
concentration over the substrate is optimally set in a controlled manner, as s
also the pressure and the temperature. The pressure and temperature of the
drying step is also not critical, as long as the pressure and temperature are

suitable for the brological tissue.

[0051] In yet a further aspect, the present invention features a method of
treating a bioprosthetic heart valve that includes the steps of contacting the heart
valve tissue with a polyphosphazene represented by formula (I) as provided
herein. This aspect can further include coating the tissue with the
polyphosphazene and/or impregnating, that is fill in part or throughout, or
permeate through or into, the tissue with the polyphosphazene. Thus, this
disclosure also provides a method of improving the antithrombogenic,
biocompatibility, or hemocapatibility properties of a bioprosthetic heart valve,
comprising contacting the bioprosthetic heart valve with a polyphosphazene ot

formula (I) indicated above, wherein the polyphosphazene is coated, dittused,
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impregnated, gratted, or any combination thereot, into or onto the bioprosthetic

heart valve,

[0052] The present invention 1s apphicable to any tissue-type bioprosthetic heart
valve comprising assemblies having various amounts, even small amounts, of
biological material. For example, some of these valves include only the ieatlets
derived from natural material such as porcine or bovine or other mammalian
sources, with synthetic annular structures or stents that support the valve. In
other valves, both the leallets and the annular support ring are formed of
biopolymers such as collagen and/or elastin. All these valves, including the
biopolymer valves and the so-called stented valves that contain a stent and a
biological valve member, are applicable to this invention. Moreover, there 1S no
limitation as to the particular biological tissue that may be used, although
typically tissue 1s harvested from heart valves or from the Pericardial Sac of
bovine, equing, or porcine. Thus, examples of biological tissues that can be
used 1n the heart valve tissue described above may include mammalhian
pericardium, mammalian heart valves, mammahan vascular grafi, or

mammalian organs such as heart.

10053] Examples of devices that apply to human and other animal tissue-type
bioprostheses are found in U.S. Patent Nos. 3,636,185 and 4,106,129, Two
examples of currently manufactured and marketed tissue-type valves are the
MITROFLOW™ Heart Valve by Mitroflow International, Inc., 11220 Voyager
Way, Unit 1, Richmond, B.C., Canada V6X 331 and Bovine Pericardial Valve
by Sorin Biomedical, S.P.A., 13040 Saluggia (VC), ltaly.

[6054] In another preferred embodiment of the present mvention, a
bioprosthetic implant includes a biological tissue and a
polyibis(trifluoroethoxy)phosphazene] polymer applied to the biological tissue.
The biological tissue may include any of the biological tissues described above,

including a heart valve, a vascular graft, a shunt, or other bodily organs.

{0055] A bioprosthetic heart valve coated according to any of the above

embodiments may have a coating thickness of from about 1 nm to about 100
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pm. In this aspect, the bioprosthetic heart valve may have a coating thickness

from about I nm to about 10 um, or from about 1 nm to about | pm.

[0056] Treatment and/or coating technology methods may include, without
limitation, spray coating, dip coating, electrospinning, surface interpenetration
5 network, phase separation, precipitation, and the like. Thus, treatment and/or

coating may be accomplished by any method of contacting the bioprosthetic

heart valve with the polyphosphazene.

[0057] Advantages of the present invention may include improved

biocompatibility (e.g., reduced platelet adhesion and protein binding, and non-
10 thrombogenicity), bacterial resistance, anti-restenosis, hemocompatibility,

reduction in calcification of biological heart valve tissues, increased tissue

durability, and reduction in adverse immune responses to xenogratts.

[0058] In a further aspect, this invention provides a method of reducing tissue
calcification of a mammalian heart valve, and a method of imparting an anti-
15 calctfication property to a mammalian heart valve, comprising contacting the
mammalian heart valve with a polyphosphazene. In this aspect, the
polyphosphazene can be poly[bis(irifluoroethoxy)phosphazene|, any other
polyphosphazene disclosed herein, or any combination of polyphosphazenes
disclosed herein. Further, the polyphosphazene(s) may be coated, diftused,
20 impregnated, grafted, or any combination thereof, into or onto the mammalian

heart valve.

10059} Examples of various embodiments and aspects of this invention are
illustrated in the accompanying figures. For example, FIGURES 1 and 2
present perspective views of two graft-type heart valves that can be used in this
23 invention. FIG. 1 is a perspective view of a porcine graft-type (xenograft) heart
valve 8 that can be treated as disclosed herein, with natural leaflets 10 and
supporting annular portion 15 illustrated. Similarly, a human graft-type
(homograft) heart valve 20 is illustrated in perspective view at FIG. 2. wherein

the natural leaflets 25 and supporting annular portion 30 are shown.

30 [0060] FIG. 3 shows an exemplary tissue-type heart valve 35, presented 1n open

and closed configurations. In FIG. 3A, the open tubular valve and supporting
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annular portion 40 has flexible junctures or creases 45, S0, 55, 60, 65, and 70.
FIG. 3B is a perspective view of the valve depicted in F1G. 3A 1n the closed
position, showing the supporting annular portion 40 and tlexible junctures or

creases 43, 50, 55, 60, 65, and 70 as illustrated in open form in FIG. 3A.

10061} FIG. 4 presents another embodiment of the present invention. In FIG.
4A, tubular valve 75 i1s in the open position and has flexible junctures or creases
80, 85, and extended portion 90. FiG. 4B shows the FIG. 4A embodiment 1n
the closed position depicting flexible junctures 80 and 83 having sutlicient
support to maintain their relative position while having sutficient flexibility to
close, such that mating at the extended portion 90 can occur, thereby shutting

oftf blood tlow.

[0062] FIG. 5 illustrates yet another example of a tissue-type heart valve 100, in
which the tissue leaflets are attached to a synthetic annular portion suitable for
implantation. In FIG. 5, the bioprosthetic heart valve comprises biological
tissue 105 with cusps 110 and envelopes 115 shaped like aortic sinuses,

attached to a more rigid annular frame 120 having a cutf 125 for attachment.

[(0063] It will be appreciated by those skilled in the art that changes can be

made to the embodiments described above without departing from the broad

inventive concept thereot.

EXAMPLLES
EXAMPLE |

[(0064] A heart valve is extracted from a human or other mammal and subjected
to a rinse in a dehydrating agent / solvent prior to treatment. The rinsed heart
valve is then pre-treated by contacting with fixing agent such as an amine,
polyamine, aminosilane, and the like. The pretreated heart valve 1s then
immersed into a solution of solution of poly[bis(triflucroethoxy)phosphazene]

polymer in acetone or THF solvent, after which the treated valve 1s allowed to
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dry. Following this coating step, the treated valve is again hydrated and stored
in a nutrient or saline solution, and further conditioned, sterilized, stored, and
used in a manner according to the use of any grafi-type heart valve utilized as a

bioprosthetic implant.
EXAMPLE 2

[0065] A poly[bis(trifluoroethoxy)phosphazene| polymer having an average
molecular weight of from about 10x10° g/mol to about 2 «10" g/mol is prepared

according to U.S. Patent Application Publication No. 2003/0157142. A solution
of the poly[bis(trifluorocthoxy)phosphazene] that contains the polyphosphazene
in a concentration from about 0.1% to about 99% 1s prepared 1n a solvent such
as methylethylketone, along with a [ixing agent such as tormaldehyde or
glutaraldehyde and a surfactant. The surfactant may be selected from a
polysorbate or a poloxamer, a polyethylene imine, or a polvallylamine, and the
like, as disclosed herein. Alternatively, formaldehyde or glutaraldehyde may
serve as the solvent and the fixing agent without the need for an additional
solvent, as described herein. Also alternatively, either the solvent or the fixing

agent may also serve as a surfactant, without the need for additional surfactant.

[6066] A porcine graft-type heart valve 1s dipped into the
poly[bis(trifluoroethoxy)phosphazene] solution and maintained in the solution

for about 5 minutes to about 20 minutes, removed from the solution, and
allowed to air dry at rcom temperature (roughly 23°C) and atmospheric pressure

so as o substantially remove the poly|bis(irifluoroethoxy)phosphazene]
solution volatile components. The valve is then be conditioned, sterthzed,
stored, and used in a manner according to the use of any porcine graft-type heart

valve that is utilized as a bioprosthetic implant.
EXAMPLE 3

[0067] A pressurizable container, such as a lecture bottle, pressure tin, or
autoclave, closed with a brass body, mini gas regulator, and containing about
250 mL/150 g of dimethyl ether, is cooled externally with a solid CO»/ethanol
cooling bath (or alternatively, with a liquid N; bath) to a temperature to below

its boiling point (-23°C) but above its melting temperature (-138.5°C). Using
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proper safety precautions (protecting screen/shield, ventilation), the gas
regulator 1s opened after internal pressure has been equalized to atmospheric
pressure by slowly opening the valve, and the regulator is then removed. A
solid sample of poly]bis(trifluoroethoxy)phosphazene] polymer, 1.25 g, (0.5%
w/v} 1s quickly added to the contents of the container, and the pressurizable
container is then sealed airtight. The polyphosphazene sample 1s then dissolved
in the dimethy! ether over a time period of 24 hours at room temperature, using

a horizontal shaker to agitate the contents of the pressurized bottle.

[0068] A porcine heart valve is extracted from a donor animal and subjected to
fixation using glutaraldehydate/formaldehyde, in the manner known by one of
ordinary skill in the art, or by the methods disclosed herein. The implant is then
treated with additional surfactants and/or adhesion promoters if desired, as

described above.

[0069] Using the pressurized container valve, the heart valve sample 1s coated
from all sides using the prepared poly]bis(trifluoroethoxy)phosphazene} spray
container. The progress of coating is monitored by measuring contact angies
with a Wilhelmy balance or an elipsometer. For surgical and practical
procedures, the progress is also evident from the water-repellant properties

imparted to the implant.

EXAMPLE 4

10070} A poly|bis(trifluoroethoxy)phosphazene] polymer is prepared and
applied to a human graft-type (homograft) heart valve such as that illustrated in
FIG. 2, according to any of Examples 1-3. Once treatment of the bioprosthetic
heart valve is completed, the valve may then be used in a manner according to

the use of any human grafi-type heart valve that 1s utilized as a bioprosthetic

implant,
EXAMPLE 3

0071} A poly[bis(trifluoroethoxy)phosphazene] polymer is prepared and
applied to a tissue-type heart valve, such as that illustrated in FIGS. 3 or 4, ora

heart valve comprising tissue leaflets and a synthetic annular portion and frame
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as illustrated in FIG. 5, according to any of Examples 1-3. Once treatment of
the bioprosthetic heart valve is completed, the valve may then be used
according to the manner in which any heart valve of that particular type 1s

utilized as a bioprosthetic implant.
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We claim:
. A bioprosthetic heart valve comprising a biological tissue and a

polyphosphazene represented by formula (I):

r Rl RE RE' .}
E._, R‘i RS }Lﬁ _I I 1
5 »  wherein

nis 2 to w; and

R’ to R® are groups which are each selected independently from alkyl,
aminoalkyl, haloalkyl, thioalkyl, thioaryl, alkoxy, haloalkoxy, aryloxy,
haloaryloxy, alkylthiolate, arylthiolate, alkylsulphonyl, alkylamino,

10 dialkylamino, heterocycloalkyl comprising one or more heteroatoms selected
from nitrogen, oxygen, sulfur, phosphorus, or a combination thereot, or
heteroaryl comprising one or more heteroatoms selected from niirogen, oxygen,

sulfur, phosphorus, or a combination thereof.

2. The bioprosthetic heart valve of claim 1, wherein at least one of R' to R
13 is an alkoxy group substituted with at least one tluorine atom.
3. The bioprosthetic heart valve of claim 1, wherein the polyphosphazene

is poly[bis(trifluoroethoxy)phosphazene].

4. The bioprosthetic heart valve of claim 1, wherein the polyphosphazene
s coated, diffused, impregnated, grafted, or any combination thereot, into or

20 onto the biological tissue.

5. The bioprosthetic heart valve of claim 1, wherein the polyphosphazene

is coated onto the biological tissue at a thickness of from about 1 nm to about
100 um.

6. The bioprosthetic heart valve of claim 1, wherein the polyphosphazene

25 has an average molecular weight of about 10 to about 13 million Daltons.
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7. The bioprosthetic heart valve of claim 1, wherein the biological tissue
comprises at least one of a mammalian heart valve, a mammalian pericardium,

or a mammalian vascular gratft.
8. A method of manufacturing a bioprosthetic heart valve, comprising
providing a biological tissue; and

contacting the biological tissue with a polyphosphazene of formula (1):

Ri R? R3 -
R R’ ll{ﬁ dn

wheremn
nis 2 to owo; and

R'to R® are eroups which are each selected independently from alkyl,
aminoalkyl, haloalkyl, thioalkyl, thioaryl, alkoxy, haloalkoxy, aryloxy,
haloaryioxy, alkylthiolate, arylthiolate, alkylsulphonyl, alkylamino,
dialkylamino, heterocycloalkyl comprising one or more heteroatoms selected
from nitrogen, oxygen, sulfur, phosphorus, or a combination thereof, or
heteroaryl comprising one or more heteroatoms selected from nitrogen, oxygen,

sulfur, phosphorus, or a combination thereof.

9. The method of claim 8, wherein the polyphosphazene is coated,
diffused, impregnated, grafted, or any combination thereof, into or onto the

biological tissue.

10.  The method of claim &, wherein at least one of R' to R® is an alkoxy

group substituted with at least one fluorine atom.

11.  The method of claim 8, wherein the polyphosphazene is

poly]bis(trifluoroethoxy)phosphazene|.

I2.  The method of claim 8, wherein the biological tissue comprises at least

one of a mammalian heart valve, a mammalian pericardium, or a mammalian

vascular graft.
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3. The method of claim 8, further comprising

combining the polyphosphazene, a fixing agent, a surfactant, and a
polyphosphazene soluble organic solvent to form a polyphosphazene solution

prior to contacting the biological tissue with the polyphosphazene solution.

14.  The method of claim 13, wherein the polyphosphazene is
poly[bis(trifluoroethoxy)phosphazenel]. '

5.  The method of claim 13, wherein the fixing agent is selected from

formaldehyde, glutaraldehyde, or a combination thereof.

16. The method of claim 13, wherein the surfactant is selected from a
polysorbate, a poloxamer, glycerol, polyethylene imines, chitosans,

polyallylamines, polyvinyl pyrrolidone, DEAE dextran, or a combination thereof.

17. A method of improving the antithrombogenic, biocompatibility, or

hemocapatibility properties of a bioprosthetic heart valve, comprising:

contacting the bioprosthetic heart valve with a polyphosphazene of

tormula (1I):

(1)

»  wherein

nis 2 to oo; and

R' to R® are groups which are each selected independently from alkyl,
aminoalkyl, haloalkyl, thioalkyl, thioaryl, alkoxy, haloalkoxy, aryloxy,
haloaryloxy, alkylthiolate, arylthiolate, alkylsulphonyl, alkylamino,
dialkylamino, heterocycloalkyl comprising one or more heteroatoms selected
from nitrogen, oxygen, sulfur, phosphorus, or a combination thereof, or

hetercaryl comprising one or more heteroatoms selected from nitrogen, oxvgen,

sulfur, phosphorus, or a combination thereof;
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wherein the polyphosphazene i1s coated, diffused, impregnated, grafted,

or any combination thereof, into or onto the bioprosthetic heart valve.

18.  The method of claim 17, wherein the polyphosphazene 1s coated onto

the bioprosthetic heart valve at a thickness of from about 1 nm to about 100 pm.

19.  The method of claim 17, wherein at least one of R' to R® is an alkoxy

group substituted with at least one fluorine atom.

20.  The method of claim 17, wherein the polyphosphazene 1s a
poly[bis(trifluoroethoxy )phosphazene]

21.  The method of claim 17, wherein the polyphosphazene has a molecular

weight of about 10 to about 13 million Daltons.
22.  The method of claim 17, further comprising

combining the polyphosphazene, a fixing agent, a surfactant, and a

polyphosphazene soluble organic solvent to form a polyphosphazene solution

prior to contacting the bioprosthetic heart valve with the polyphosphazene

solution;

wherein the polyphosphazene is a

polylbis(irifluoroethoxy)phosphazenel;

the fixing agent is selected from formaldehyde, glutaraldehyde, or a

combination thereof: and

the surfactant is selected from a polysorbate, a poloxamer, glycerol, or a

combination thereof.

23, A bioprosthetic heart valve comprising a mammalian heart valve and a

poly[bis(trifluoroethoxy)phosphazene].
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24. A method of making a bioprosthetic heart valve comprising
providing a mammalian heart valve; and

contacting the mammalian heart valve with a poly|bis(trifluoroethoxy)-

phosphazene};

5 wherein the poly|bis(trifluoroethoxy)phosphazene] is coated, diffused,
impregnated, grafted, or any combination thereof, into or onto the mammalian

heart valve,
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