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Prosthetio Haarl Valves Including Pre-siressed Fibers

{0001} This application is being filed as a PCT inlernational Patent application
on September 8, 20186 in the name of Boston Scientific SciMed, Inc., a U.S. national
corporation, applicant for the designation of all countries and Thomas A. Wrobel, a
U.S. Citizen, inventor for the designation of all countries, and claims priority to U.S.
Provisional Appilication No. 682/218,776, filed September 15, 2015, and U.5. Patent
Application No. 15/257,211, filed September 8, 2016, the conients of which are
herein incorporated by reference in their entireties.

TECHNICAL FIELD
{0002] The present invention relales (o prosthetic heart valves that include
pre-stressed fibers and methods related thereto.

BACKGROUND

{0003} More than 250,000 heart valves are replaced worldwide each year due
to structural defects, such as valve stenosis, which may lead to regurgitation. Valve
stenosis is a condition where a heart valve is not able to fully open when blood is
pumped through the heart due fo heart valve leaflets becoming oo stiff, or partially
fused together. Valve stenosis creates a narrowed opening that stresses the heart,
which in turn can cause fatigue and/or dizziness in a patient. Regurgitation, the
backward flow of biood in the heart, can reduce blood pumping efficiency of the heart
such that a patient experiences fatigue or a shoriness of breath.

{0004} Long term implants, such as prosthetlic heart valves, can be used to
replace a diseased heart valve. Some prosthetic heart valves are made entirely of
synthetic materials, while others are made of a combination of synthetic materials
and animal tissues, for example, bovine or porcine pericardium. Prosthetic heart
valves made of synthetic materials can have inadequate long term chemical stability
and/or cause undesirable biological responses in a patient. Alternatively, prosthetic
heart valves made of animal tissues are ofien vulnerable to struciural deterioration
caused by calcification, causing the narrowing of the valve orifice, or cusp tearing.
There is a need for a prosthetic heart valve with long term chemical stability and

mechanical properties that can mimic a native heart valve.
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SUMMARY

[0005] Disclosed herein are various embodiments of prosthetic heart valves
that include pre-stressed reinforcement elements, such as pre-stressed fibers, and
methods related thereio.

{0006] In Exampie 1, a prosthetic heart valve includes a base and one or more
heart valve leaflets. Al least a portion of the leaflet can include a composite material
that contains a polymer substrate and a pre-stressed reinforcement element at least
partially disposed in the polymer subsirate.

{0007} In Example 2, the prosthelic heart valve of Example 1, wherein the pre-
stressed reinforcement element is bonded to the polymer subsirate at two or more
discrete locations aiong a length of the pre-stressed reinforcement element.

{0008} In Example 3, the prosthetic heart valve of Example 1 or Example 2,
wherein the polymer subsirate and the pre-stressed reinforcement elements include
different materials. For instance, the polymer substrate can include a first material
and the pre-stressed reinforcement slements can include a second material, in which
the first material is a different material than the second material.

{00091 In Example 4, the prosthetic heart valve of one of Examples 1-3,
wherein the polymer substrate includes at least two polymer layers and the pre-
stressed reinforcement element is disposed between the at least two polymer layers.
{00107 In Example 5, the prosthetic heart valve of one of Examples 1-4,
wherein the pre-stressed reinforcement element includes a metal.

{00111 in Example 8, the prosthetic heart valve of Example 5, wherein the pre-
stressed reinforcement element includes nitinol.

{0012} In Example 7, the prosthetic heart valve of one of Examples 1-6,
wherein the pre-stressed reinforcement element includes a polymer.

{0013} In Example 8, the prosthetic heart valve of Example 7, wherein the pre-
stressed reinforcement  element includes polyetheretherketone (PEEK) or
polyethersulfone (PES).

{0014} in Example 9, the prosthetic heart valve of one of bExamples 1-8,
wherein the polymer substrale includes polyisobutylene polyurethane (PIB-PUR).
{001 5] In BExample 10, the prosthetic heart valve of one of Examples 1-9,
wherein the pre-siressed reinforcement element is configured to be in tension when

the polymer substrale is in 8 non-strained state.
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{0018} in Example 11, the prosthetic heart valve of one of Example 1-10,
wherein the pre-stressed reinforcement element is in tension, at least a portion of the
polymer subsirate is in compression, or both.

{00173 In Example 12, the prosthetic heart valve of one of Examples 1-11,
wherein the pre-siressed reinforcement element includes a plurality of fibers.

{0018} In Example 13, the prosthetic heart valve of one of Examples 1-12,
wherein the pre-stressed reinforcement element includes a mesh.

{0019} in Example 14, a method of manufacturing a prosthetic heart valve
leaflet includes disposing a plurality of fibers between first and second polymeric
layers. The method also includes applying a predetermined axial force to the
plurality of fibers and coupling the plurality of fibers to the first and second layers.
The method includes applying the predetermined axial force to the plurality of fibers
during the coupling step.

{00201 in BExample 15, the method of Example 14, wherein the applying
predetermined axial force includes applying a tensile force to the plurality of fibers.
{0021} In Example 16, the method of Example 14 or Example 15, wherein the
applying axial force includes applying a tensile force ranging from about 0.5 pound-
force 2.22 newtons} to about 1 pound-force {4.45 newtons).

{0022} In Example 17, the method of one of Examples 14-16, wherein the
applying of the predetermined axial force to the plurality of fibers comprises
elastically deforming the reinforcement fiber o a predetermined elongation
percentage while the first and second layers are being coupled to the plurality of
fibers.

[0023] In Example 18, the method of one of Examples 14-17, wherein the
coupling step includes compression molding or dip coating the first and second
layers to the plurality of fibers.

0024} in Example 19, the method of one of Examples 14-18, wherein
disposing the plurality of fibers includes aligning the plurality of fibers in a
circumierential direction of the heart leaflet, a radial direction of the heart leaflet, or
both.

[0025] In Example 20, especially the prosthetic heart valve of one of
Examples 1-12, a prosihetic heart valve includes a base and one or more heart valve
leaflets. Each leaflet can include a body in which at least a portion of the body
includes a composite material containing a polymer substrate and a pre-stressed
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mesh embedded within the polymer substrate. At least a portion of the pre-stressed
mesh can be embedded within the polymer substrale such that the pre-stressed
mesh is tensioned in a first direction along the body of the leaflel. The body of a
leatlet can be the entire leaflet or select portions of the leaflet, for example, a central
portion (2.¢., body portion) of the body that does not include slesve portions.

{00281 In Example 21, a prosthelic heart valve includes a base and two heari
valve leaflets. Each leaflet is characterized by at least a portion of the leaflet that
has a composite material that includes a polymer substrate and a pre-siressed
reinforcement element disposed within the polymer substrate.

{00271 In Example 22, the prosthetic heart vaive of Example 21, wherein the
pre-stressed reinforcement element is a composite that includes a metal and a
polymer.

{0028} Some or all of the prosthetic heart vaives, leaflets, and methods
provided herein may provide one or more of the following advantages. In some
cases, the prosthetic heart valve provided herein includes a heart valve component,
e.g., a heart valve leaflet, composed of one or more synthelic composile materials
having elastic properties that are similar 10 nalive heart tissue. In particular, heart
valve leaflets provided herein can be compoesed of pre-stressed reinforcement
elements {e.g., fibers) thal allow the leaflet to repealedly elongate with a spring-like
tension. In some cases, the pre-siressed fibers within prosthelic heart valve leaflets
can be similar to, or emulate, properties exhibited by collagen fibers by providing the
leafiet with anisotropic properties. in some cases, the pre-siressed fibers can create
a curved, accordion, or folded configuration in the leaflet material when the leaflet is
in a relaxed (non-stressed) state, and a straight pattern when the leaflet is in an
active (stressed) stale.

in some cases, prosthetic heart valves provided herein include composite materials
containing pre-stressed fibers that have increased durability as compared fo
composite materials that do not contain pre-stressed fibers. For example, prosthetic
heart valve leaflets composed of pre-siressed fibers may help lower stresses 1o the
leaflet as a whole during systole and diastole because the pre-stressed fibers can
provide the leaflet with an initial tensile load that reduces the likelihood of the leafiet
material over-stretching during muscuiar contractions associated with sysicle or

diasiole. In some cases, the prosthetic heart valve provided herein can provide a



WO 2017/048575 PCT/US2016/050691

heart valve material having a higher or lower elongation as compared o composite
materials that do not have pre-stressed fibers.

BRIEF DESCRIPTION OF THE DRAWINGS

{0029 FIG. 1 is an ilustration of an exemplary prosthetic heart valve provided

herein within a human anatomy.

0030} FiG. 2 is an enlarged view of the prosthetic heart valve of FIG. 1.
{0631} FIG. 3 is a plan view of an exemplary leaflet provided herein.
{0632} FIGS. 4A and 4B are a plan view and a side view, respectively, of an

exemplary ieaflet provided herein.

{0033} FIGS. 5 and 6 are plan views of exemplary leaflets provided herein.
{0034} FIGS. 7-13 are cross-sectional views of a pre-stressed reinforcement
element {(e.g., fiber) in accordance with various embodiments described herein,
[0035] FIG. 14 is an illustration of another exemplary prosthetic heart valve
provided herein.

{0038} FIGS. 15A and 158 are perspective views of an exemplary iensioning
fixture for forming a heart valve leaflet provided herein.

{0037} FIG. 16 is a perspeclive view of an exemplary process setup for
forming a heart valve leaflet provided herein.

DETAILED DESCRIPTION

{0038} FIG. 1 shows an illustration of a prosthetic heart valve 100 provided
herein within a heart 102 of a human body 105. The human body 105 has four heart
valves: a pulmonary valve, a tricuspid valve, an aortic valve 120 and a mitral valve.
The purpose of the heart valves is 1o allow blood to Hlow through the heart and from
the heart into the major blood vessels connected to the heart, such as the aorta 130
and pulmonary artery. Prosthetic heart valve 100 of FIG. 1 is an aortic prosthetic
heart valve that can be delivered using a transcatheter aortic valve replacement
(TAVR) procedure (which can be described as perculaneous aortic valve
replacement (PAVR) or franscatheter gortic valve implantation (TAVI)) involving the
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use of a deployment device 110 (e.g., a delivery catheler) placed through blood
vessels from g femoral, subclavian, or direct aorlic incision (not shown). Deployment
device 110 can deliver prosthetic heart valve 100 to a desired location within the
anatomy, and release implantable heart valve 100 at an implantation site.  Although
FIG. 1 shows an aortic prosthetic heart valve 100, it should be appreciated by one
skilled in the art that prosthetic heart valve 100 provided herein can include ofher
types of heart vaives {e.g., a mitral valve 122 or a tricuspid valve 124), in some
cases. In some cases, the prosthetic heart valve provided herein may be applicabie
to other types of valves within the body, such as valves within a peripheral vein for
preventing blood regurgitation. In some cases, the prosthetic heart valve provided
herein may be delivered using a transcatheler valve replacement deployment device
{(e.¢., a delivery catheter).

[0039] FIG. 2 provides a close up view of the prosthetic heart valve 100 of
FiG. 1. The depicted embodiment of prosthetic vaive 100 includes an inflow end 106
and an outlet end 108. Prosthetic heart valve 100, as shown in FIG. 2, has a
substantially tubular body 120, a plurality of leaflets 140, anchor elemenis 160, and a
tubular seal 180. Tubular body 120 can be a radially expandable member {e.g.
annular frame or stent) that includes an annular cavity. As shown in FIG. 2, the
heart valve 100 can have three heart valve leaflels 140 coupled to the fubular body
120 within the annular cavity. Three anchor elemenis 160 positioned within the
annular cavity of the tubular body 120 can each secure the heart valve leaflets to the
tubular body 120. Each anchor element 160, in some cases, can be anchored {o the
tubular body 120 and clamped to the leaflets. The tubular seal 180 can be disposed
about at least a portion of the tubular body 120, in some cases. In particular, in
some cases, the tubular seal can have an inflow end portion secured to bottom
edges of the plurality of leaflets at the inflow end 106 and have an outflow end
portion disposed about an outer surface of the tubular body 120 at the outflow end
108 to restrict blood flow around the leaflets.

{00401 Prosthetic heart valve 100 can include various materials. In some
cases, ai least a portion of the prosthetic heart valve 100, for example, the leaflets
140 or a portion of the tubular body 120, can contain various synthetic materials. in
some cases, the prosthetic heart valve 100 can be made entirely of synthetic
materials. The synthetic materials of the prosthetic heart valve 100 can include

polymeric materials, metals, ceramics, and combinations thereof. In some cases,
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synthetic materials of the prosthetic heart valve 100 can include composite
structures. In some cases, as will be discussed in further sections, a prosthetic heart
valve can include maierials containing pre-stressed reinforcement elements, such as
pre-stressed fibers.

{0041} In use, prosthetic heart valve 100 can be implanted surgically or
delivered by transcatheter delivery inlo a mammalian heart. As the heart valve
closes, edge portions of the polymeric leaflets 140 can move into coaptation with one
another to substantially restrict Huid from flowing past prosthetic heart valve 100. As
the heart valve is opening, the edge portions of the leaflets 140 can move away from
one another, permitting fluid to flow past prosthetic heart valve 100. Movement of
the leallels between the closed and open positions can substantially approximate the
hemodynamic performance of a healthy nalural valve.

{00421 FIG. 3 shows an example of a prosthetic heart valve leaflet 300
provided herein. As shown, leaflet 300 can include a body portion 310 (or belly
region of the leaflet) and two sleeve portions 320 that extend cutwardly from the
body portion 310, In some cases, the body portion 310 has a botiom edge 330, a
first side edge 340, a second side edge 350, and a free edge 360. Leaflet 300
further includes a front side (i.e., the side that blood flows toward) and a back side
(i.e., the side that blood flows away from). The bottormn edge 330 and side edges
340, 350 of the body portion 310 can be shaped for suturing and for forming a leafiet
profile similar to a native valve. The sleeve portions 320 can be shaped 1o be
compatible with anchor elements, such as anchor slements 160 of FIG. 2.

{0043} As the prosthelic heart valve opens and closes, each leaflet flexes
between the open position and the closed position. As the heart pulsates, the leafiet
300 can eiongate in various directions as the valve opens and closes, thus tensile
and flexural strains on each leaflet may change depending on the leaflet’s position.
For instance, the leaflet 300 can slongate along the body portion 310 and/or the
sleeve portions 320, as shown by the arrows in FIG. 3, in a radial direction Dr, or a
circumierential direction Dc, or both. The radial direction Dr of a leallet in a heart
valve can include a radially inward direction or a radially outward direction. As
shown in FiG. 3, the radial direction Dr extends from the free edge 360 to the bottom
edge 330 of the leafiel. The circumierential direction Do exitends circumiferentially
along a heart valve, e.q., an inner circumference of the tubular body 120 of FIG. 2.
As shown in FIG. 3, the circumferential direction De on the depicted leafiet 300
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generally extends from one side edge to the opposite side edge of the slesve
portion. In some cases, the circumferential direction Dc can generally extend in a
direction generally orthogonal to the radial direction Dr. The circumferential direction
D¢ can also extend from one side of the body portion {e.g., the first side edge 340) to
an opposite side of the body portion (e.g., the second side edge 350), which can be
described as a circumferential direction Dc in the belly region of the leaflet 300. In
some cases, the leaflet 300 can elongate in an oblique direction relative to the radial
and circumferential directions. Due to the varicus directions of elongation that a
prosthetic leaflet can experience during use, the heart leaflel provided herein can
greatly benefit from containing materials having anisotropic physical and mechanical
properties, for example, materials containing pre-stressed reinforcement elements
described herein.

{0044} Prosthetic heart valves provided herein, in some cases, can include a
base and one or more heart valve leaflets, in which least a portion of each leaflet
includes a composite material. In particular, in some cases, leaflets provided herein
can contain a composite material that includes a pre-tensioned (or tensionally pre-
stressed) reinforcement element i provide the heart leaflet with anisolropic
properties. Alternatively, in some cases, the leaflets may include a pre-compressed
(or compressionally pre-siressed) reinforcement element. The term “pre-siressed” in
this document describes both pre-tensioned and pre-compressed reinforcement
elements.

[0045] The composite malerial of the prosthetic heart valve leaflets provided
herein can also include a polymer subsirate, e.g., one or more polymer layers, that
surrounds {or encapsulates) the pre-stressed reinforcement element.  The pre-
stressed reinforcement element can help increase the durability of heart valve leaflet
by producing a compressive stress that balances the tensile stress that the polymer
substrate would otherwise experience during use. In various cases, the composite
material can include polymer layers containing a different material than the pre-
stressed reinforcement element to provide the leaflet provided herein with the
desired mechanical properties. For example, the pre-siressed reinforcement
glement can include a first material, such as nitinol, and the polymer layers can
inchude a second material, such as polyurethane. In some cases, the pre-sitressed
reinforcement element can be a pre-stressed fiber or a pre-stressed wire. In some

cases, the heart valves provided herein include at least one leaflet that includes a
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plurality of fibers (or wires). The prosthetic heart valve provided herein can include
other components, such as the base, that contain a composite structure that includes
one or more pre-stressed reinforcement elements.

{00486] FIGS. 4A and 4B show an example of a prosthetic heart valve leafiet
400 provided herein that includes a composite material with circumierentially aligned
reinforcement elements 405 (e.g., pre-siressed fibers), which are depicied by the
dotted lines in FIG. 4A, embedded within polymeric subsirate 407 {e.g., one or more
polymer layers). In some cases, as best shown in FIG. 4B, the polymer substrate
407 can include at least two polymeric layers, a first polymeric layer 408 and a
second polymeric layer 408, The depicted leaflet 400 includes a plurality of pre-
stressed reinforcement elements 405 that extend in a circumferential direction Dc
across a body portion 410 and two sleeve portions 420. In some cases, the leafiet
400 can optionally include at least one reinforcement element 405a along the entire
circumierential {or radial) length of the leaflet 400. In some cases, the pre-stressed
reinforcement elements 405b can extend along a portion of the leaflet {e.q., partially
extending along the circumferential length of the leaflet).

[0047) In some cases, a prosthetic heart valve leaflet 400 provided herein can
include of a plurality of pre-stressed reinforcement elements 405 {e.g., fibers) in
which a portion of the pre-stressed reinforcement elements 405 are pre-tensioned or
pre-compressed. For example, pre-siressed reinforcement elements 405 of the
leaflet 400 extending along a circurmferential direction Dc may be pre-stressed, but
the pre-stressed reinforcement elements 405 extending along a radial distance Dr
may not be pre-siressed in some cases. For example, pre-siressed reinforcement
elements 405 may be tensioned or compressed in the direction of one axis only or
the pre-stressed reinforcement elements 405 may be tensioned or compressed in
the direction of two axes, e.g. along a circumferential direction and along a radial
direction.

{0048} The polymer substrate 407, e.q., one or more polymer layers, of the
prosthetic heart valves provided herein can partially or fully encapsulate or surround
the pre-siressed reinforcement elements. Accordingly, in some cases, the prosthetic
heart valve leaflets 400 provided herein can include a composite material containing
a plurality of reinforcement elements 405 (e.qg., fibers) that are fully embedded in the
polymer subsirate 407, Alternatively, in some cases, the pre-siressed reinforcement
elements 405 can be embedded within a portion of the polymer substrate 407. In
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some cases, a prosthetic heart valve leaflet can include pre-stressed reinforcement
elements 405 at least partially exposed on the surface of the polymer subsirate 407,
or at least one of the polymer layers 408, 409,

{0049 The pre-stressed reinforcement element 405 may be bonded o the
polymeric substrate 407 by a chemical bond, a mechanical bond, or both. In some
cases, the pre-stressed reinforcement element 405 can be bonded to the polymeric
substrate 407 along the entire length of the pre-stressed reinforcement element 405.
In some cases, the pre-stressed reinforcement element 405 can be bonded 1o the
polymeric substrate 407 at two or more discrete locations along a length of the pre-
stressed reinforcement element 405. For example, the pre-stressed reinforcement
slements 405 can be bonded along peripheral edges of the lealflet 400 at the body
portion 410 and/or the two sleeve portions 420.

{0050} Progthetic heari valve leafleis 400 provided herein can include one or
more pre-stressed reinforcement elements 405 that are tensioned, or relaxed, in
relation 1o the surrounding polymer layers. For example, in some cases, a leaflet
400 at systole (or alternatively, at diastole) can include pre-siressed reinforcement
elements 405 (e.g., pre-tensioned reinforcement elements) that are in tension
{(strained) while the surrounding polymer layers 407 are in an undeformed state (non-
strained state). In some cases, a leaflet 400 al systole {(or, alternatively, at diastole)
can include one or more pre-lensioned reinforcement elements 405 in an
undeformed {non-strained) state while the surrounding polymeric material 407 isina
compressed (strained) state. In some cases, the pre-tensioned reinforcement
element can be in tension, at least a portion of the polymeric substrate can be in
compression, or both. The pre-tensioned reinforcement elements 405 can help to
reinforce the polymer layers 407 against fatigue-related failure by placing the
polymer layers 407 in compression while the leaflet 400 is in a resting {e.g., non-
stressed) staie such that the tensile load and strain on the polymer layers 407 are
minimized while the leaflet is in an active {e.g., stressed) state. Accordingly, the pre-
tensioned reinforcement element can help increase the durability of heart valve
leaflet by producing a compressive stress that balances the tensile stress that the
polymer substrate would otherwise experience during device use.

{0051} Prosthetic heart valves leaflets provided herein {e.g., leafiet 400) can
contain various medically suitable maiterials. In various cases, the heart valve

leaflets provided herein can include a polymer subsirate {e.g., polymer substrate
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407} and/or reinforcement elements (e.g., elements 408, 409} containing a medically
suitable polymeric malerial. Some exemplary polymeric materials can include, but
are not limited 1o, polypropylenes, polyesters, polytetrafiuoroethylenes (PTFE),
polyethylenes, polyurethanes, polyetheretherketones (PEEK), polysulfones (PES),
polycarbonales, polyethers, polvesiers, polyamides, nyions, polystherimides, and
combinations thereof. Suitable polymers can include, but are not limited to,
homopolymers, copolymers, and terpolymers. In some cases, the leaflets provided
herein can be formed from block polymers such as, for example, poly{styrene-
isobutylene-siyrene) (SIBS) fri-block polymers. In some cases, the leaflets provided
herein can contain elastomeric materials that include, but are not limited to, silicones,
nitrile rubber, flucroelastomers, polyclefin elastomers, latex-type slastomers, various
natural elastomers such as those made from collagen, elastin, cellulose, proleins,
carbohydrates and combinations thereof.

{00521 Various polyurethanes can be used, in some cases, to consiruct the
pre-stressed reinforcement elements and/or the polymer layers of the prosthetic
heart valves leaflets provided herein. In some cases, suitable polymers for forming a
leaflet 400 provided herein can be made from polyurethanes, for exampie,
polyisobutylene urethanes (PIB-PUR), polyurethane elastomers {e.g. Peilethang),
polyether-based polyursthanes {e.0. Tecothane), polycarbonate-based
polyurethanes (e.g. Bionate and/or Chronofiex) and combinations thereof. In some
cases, exemplary polvurethanes include, but are not limited o, polyurethanes with
soft segments such as polyether, perfluoropolyether, polycarbonate, polyisobutylene,
polysiloxane, or combinations thereof. Polyurethane hard segments can include, but
are not limited to, methylene diphenyl disoccyanate (MDI), 4,4-Methylene
dicyclohexyl diisocyanate and hexamethylene.

{0053] The pre-stressed reinforcement elements (e.g., fibers) of the prosthetlic
heart valves ieaflets provided herein (e.g., elements 405 of ieaflet 400) can contain
various biocompatible materials, such as polymers, ceramics, metals, or
combinations thereof. For example, the pre-stressed reinforcement elements can
contain metals including, but not limited o, siainless sieel, tantalum, carbon,
titanium, nitinol, and combinations thereof. In some cases, pre-stressed
reinforcement elements can contain one or more polymers provided herein.  Pre-
stressed reinforcement elements can, in some cases, include a plurality of pre-

stressed electrospun polymer fibers. In some cases, the pre-stressed reinforcement
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elements can include a pre-stressed mesh composed of a plurality of fibers, which
will be discussed later in greater detail with FIGS. 5 and 6.

{0054} In some cases, the prosthetic heart valves leaflets (e.qg., leaflet 400 of
FIG. 4) provided herein inciude one or more pre-stressed reinforcement elemenis
(e.g., elements 405) containing a composite fiber that includes at least one metal
and at least one polymer. For example, a pre-stressed reinforcement element may
contain a polymer that includes meial particles embedded therein, in some cases.
Another example may include, in some cases, a pre-stressed reinforcement element
that includes a fiber that has a polymeric outer subsirate disposed over one or more
metal fibers (.g., polymeric outer substrate 1260 disposed over a metal fiber 1270 in
FIG. 12).

{0055] In some cases, the pre-stressed reinforcement elements (e.g., fibers)
within a composite material of the leaflet provided herein {e.g., leaflet 400 of FIG. 4)
can contain a liquid crystalline polymer (LCP). LCPs are a special class of aromatic
polyesters or polyamide copolymers that have semi-crystalling properties due (o
regions of highly ordered crysialline structures formed therein.  Suitable fiber
materials containing LCPs can include, but are not limited 1o, thermotropic polyester
such as Vectran®, poly{p-phenylene terephthalamide) (PPTA), and poly{phenylene
benzobisoxazole) (PBO) and combinations thereof. Suilable LCPs can include
Keviar®, Vecitran®, Nomex®, Herachron®, Technora®, Twaron®, and Zylon®. In
some cases, high performance fibers can be utilized in compoesite malerials, such as
gel-spun ultra-high molecular weight polyethylene (Dyneema®). LCPs can provide
the leaflets provided herein with pre-stressed reinforcement elemenis that have a
high creep resistance, a high modulus, and a high tensile strength. LCPs may be
used to form heart valve leaflets provided herein that have thinner and smaller
dimensions, but sufficient strength, robustness, and durability to allow for proper
heart valve function. In some cases, the diameter of LOP fibers can be as small as
0.5 micrometers (microns), or about .00002 inches. In some cases, the thickness of
the leaflets provided herein that include LCP fibers can range from about .002 to
about .004 inches {or about 50 microns fo about 100 microns).

[00586] In some cases, pre-stressed reinforcement elements 405 {e.q., fibars)
of the prosthetic heart valve leaflet provided herein (e.g., leaflet 400} can be
composed of one or more malterials. For example, leaflets provided herein can
include a plurality of fibers in which a portion of the fibers contain a polyurethane
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while another portion of fibers contain a polyisobutylene polyurethane {PIB-FUR).
Using pre-stressed reinforcement elements containing different materials in different
areas of the leaflet can allow desired mechanical properties to be tailored, as
desired, to appropriate locations of the heart leaflet.

{00577 In some cases, heart valve leaflets provided herein (e.9., leaflet 400)
can include a pre-tensioned reinforcement element that is axially loaded io a
predetermined percent elongation.  For example, in some cases, pre-fensioned
reinforcement elements {eg, fibers) can be subjected i a tensile sirain
corresponding to a percent elongate ranging from about 1% 1o about 89%, or from
about 25% to about 75%, including all values and ranges therebeilween. Pre-
tensioned reinforcement elements can subjected o a percent elongation, in some
cases, ranging from about 1% to about 5%, from about 5% 1o about 10%, from about
10% to aboui 20%, from about 20% to about 30%, from about 30% 1o about 40%,
from about 40% to about 50%, from about 50% to about 60%, from about 80% to
about 70%, from about 70% to about 80%, from about 80% 1o about 100%, from
about 100% to about 150%, from about 150% o about 200%, from about 200% to
about 300%, or from about 300% to about 500%. In some cases, pre-tensioned
reinforcement elements can be under a strain load corresponding 1o a percent
elongation of at least 1%, at least 5%, at least 10%, at least 20%, af least 30%, at
least 40%, at least 50%, at least 60%, at least 70%, at least 80%, af least 90%, at
least 100%, at least 150%, at least 200%, at least 300%, at least 400%, or at least
500%. In some cases, pre-tensioned reinforcement elements can be subjected to a
percent elongation of more than about 1%, about 5%, about 10%, about 20%, about
30%, about 40%, about 50%, about 60%, about 70%, about 80%, about 80%, about
100%, about 150%, about 200%, about 300%, about 400%, 500%, or more than
about 500%.

[0058] Referring to FIGS. 5 and 8, alternative embodiments of a prosthetic
heart valve leaflet 500, 800 provided herein can include a composite material
containing a plurality of reinforcement elemenis 505, 605 arranged as a mesh 508,
806 (depicied by dotted lines in the figures). The pre-siressed reinforcement
glements 505, 605 can, in some cases, include a piurality of pre-stressed fibers, or
wires, that are arranged 1o form a mesh, screen, or a fabric. Accordingly, in some
cases, the prosthetic heart valve leaflets provided herein can inciude a pre-siressed
mesh, screen, or fabric disposed within a polymer substrate 507, 607 (e.g., one or
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more polymer layers). A mesh 508, 806 can include a material containing a network
of pre-siressed fibers, or wires, in which the individual fibers, or the wires, are
randomly oriented, aligned in a pattern, or both. A fabric, which can be a subset of a
mesh, is a material containing woven or knilted pre-stressed fibers or wires. A
screen, which also can be a subset of a mesh, can include a material with a
generally uniform thickness that contains a plurality of intersecting elongaie
members fused fogether at each intersection. In some cases, a prosthetic heart
valve leaflet 500, 600 provided herein can include a mesh, screen, or fabric that has
been pre-stressed in ils entirety, or in select areas.

{00591 The mesh 508, 606 can be at least partially embedded within polymeric
layers 507, 607 of the leaflet 500, 600. in some cases, the polymer layers 507, 607
can include one or more polymeric layers (e.9., polymeric layers 408, 409 of FIG.
48}, such as a first polymeric layer and a second polymeric layer, in which the mesh
506, 606 is at least partially disposed between the first and second polymeric layers.
{0060} Referring specifically to FIG. 5, the depicted leaflet 500 includes a
mesh 506 confaining circumferentially-directed pre-siressed reinforcement elements
505a and radially-directed pre-stressed reinforcement elements 505b. The
circumferentially-directed and radially-directed pre-stressed reinforcement elements
505a, 505b extend in a circumferential direction D¢ and a radial direction Da,
respectively, across a body portion 510 and two sleeve portions 520. in some
cases, leaflet 500 provided herein can include the mesh 5068 such that the
circumierentially-directed reinforcement elements 505a are in greater or lesser
tension {or compression) than the radialiy-directed reinforcement elements 505b.
For example, in some cases, circumierentially-directed reinforcement elements 505a
can be pre-stressed with a tensile force {or compression force) that is about 1%,
about 2%, about 3%, about 5%, about 10%, about 20%, about 30%, about 40%,
about 50%, about 60%, about 70%, about 80%, about 90%, about 100%, or more
than 100% greater than the tensile force {or compression force) applied to the
radially-directed reinforcement elements 505b.

{0061} Referring specifically to FIG. 6, the depicted leaflet 600 includes the
mesh 606 containing a first set of pre-stressed reinforcement elements 605a and a
second set of pre-stressed reinforcement elements 605b. The first and second sels
of the pre-stressed reinforcement elements 605a, 605b are arranged at an angle
oblique to the radial and circumferential directions Dr, D of the leaflet. In some
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cases, as shown in FIG. 6, the first and second pre-stressed reinforcement slements
605a, 605b can extend in directions that are generalily orthogonal io one ancther. In
some cases, the first and second pre-stressed reinforcement elements 605a, 605k
can extend in directions that are generally oblique o one another. In some cases,
the leaflet 800 provided herein can include the mesh 606 that is pre-stressed in a
direction that is parallel 1o the first set of the pre-siressed reinforcement elements
605a, the second set of the pre-stressed reinforcement elements 605b, or both. in
some cases, the leaflet 800 provided herein can include the mesh 606 that is pre-
stressed in an oblique direction relative to the first and second sels of the pre-
stressed reinforcement elements 805a, 605b, as depicted by the arrows shown in
FIG. 6.

{0062} In some cases, heart valve leaflets provided herein can include multiple
layers of reinforcement elements {e.g., one or more fibers, meshes or fabric), in
which at least a portion of one or more layers are pre-stressed. In some cases, a
leaflet provided herein can include multiple layers of reinforcement elements (pre-
siressed or non-stressed) that overlap one another, or are positioned adjaceni to one
ancther. For example, a leafiet provided herein can include a first mesh layer that is
pre-stressed and a second mesh layer that is not tensioned, in which both the first
and second mesh layers are al least partially disposed between at least two polymer
layers. In some cases, heart valve leaflels provided herein can include two or more
mesh layers of pre-stressed reinforcement elements in which a first mesh layer of
the pre-stressed reinforcement elemenis contain a different material than a second
mesh layer of the pre-stressed reinforcement elements. In some cases, the heart
valve leaflets provided herein can include one, two, three, four, five, six, seven, eight,
nine, ten, or more than ten mesh layers of reinforcement elements, in which one or
more layers can be pre-siressed.

{0063} The leaflets provided hergin can include pre-stressed reinforcement
elements that are scalable 10 a range of sizes. In various cases, pre-stressed
reinforcement elements (or layers) and polymer layers can be sized to construct a
leaflet that has a thickness ranging from about 0.002 inches (50.8 micrometers) to
about 0.005 inches (127 micrometers), including all values and ranges there

between.
{0064} The dimension {e.g., a diameier or a width) of a pre-siressed
reinforcement element, in some cases, can range from 0.0001 inches (2.54
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micrometers) from about 0.0005 inches (12.7 micrometers), from about (.0005
inches {(12.7 micrometers) to aboui 0.001 inches (25.4 micrometers), from about
0.001 inches (25.4 micrometers} to about 0.002 inches (50.8 micrometers), from
about 0.002 inches {50.8 micrometers) o about 0.003 inches (76.2 micrometers),
from about 0.003 inches (76.2 micrometers) to about 0.004 inches (102
micrometers), or from about 0.004 inches {102 micrometers) to about 0.005 inches
{127 micrometers).

{0065} In some cases, the thickness of a pre-formed polymer layers {e.g., a
polymeric film or layer before being compressed into a ieaflet form) can range from
about 0.001 inches {25.4 micrometers) to about 0.002 inches (50.8 micrometers),
from about 0.002 inches (50.8 micrometers) io about 0.003 inches ({76.2
micrometers), from about 0.003 inches (76.2 micrometers) to about 0.004 inches
{102 micrometers), or from about 0.004 inches (102 micromeiers) io about 0.005
inches (127 micrometers).

{00686] FIGS. 7-13 show cross-sectional views of different embodimenis of a
reinforcement element.  The prosthetic heart valve leaflet provided herein can
contain one or more reinforcement elements including a cross-sectional shape, as
desired. Suitable cross-sectional shapes include, but are not limited to, a circular
(FIG. 7) shape, or a polygonal shape, such as a rectangular (FIG. 8), a sgquare {FIG.
9}, octagonal (FIG. 10), or triangular (FIG. 11) shape. In some cases, reinforcement
elements can include features such as radiating spikes (FIG. 12), barbs, or hair-like
extensions (FIG. 13) for increasing a mechanical bond belween a reinforcement
element and a surrounding polymer substrate {e.g., one or more polymer layers).
[0067] FiG. 14 provides another embodiment of a prosthetic heart vaive 1400
provided herein. Prosthelic heart valve 1400 includes a base 1412 defining a
substantially cylindrical passage 1413 and a plurality of polymeric leaflets 1414
disposed along the substantially cylindrical passage 1413, Each polymeric leafist
1414 includes a respective root portion 1416 coupled to base 1412 and a respective
edge portion 1418 movable relative 1o the rool poriion 14186 1o coapt with the edge
portions of the other polymeric leafleis along a coaptation region. In some cases,
the entire heart valve 1400 can include a composite material provided herein. in
some cases, portions of heart valve 1400, e.g., the polymeric leaflets 1414 of the
heart valve 1400, may include the composite materials discussed herein. In some
cases, the polymeric leaflets 1414 provided herein can include materials containing
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pre-stressed reinforcement elements, such as the pre-stressed fibers discussed
herein.

{0068} Base 1412 includes a frame 1422 disposed in a polymer layer 1424.
The polymer layer 1424 can be composed of composite materials provided herein.
in some cases, polymer layer 1424 can include materials containing pre-stressed
reinforcement elements, such as pre-siressed fibers. Polymer layer 1424 secures
respective root portions 1416 of polymeric leaflets 1414 to the base 1412, Polymer
layer 1424 can form a substantially continuous surface with respective root portions
1416 of polymeric leaflets 1414. This can reduce the likelihood of siress
concentrations at the junction of respective root portions 1416 and base 1412,
Additionally or alternatively, polymer layer 1424 can e disposed between each of
polymeric leaflels 1414 and frame 1422 such that polymer layer 1424 protecis
polymeric leaflets 1414 from inadvertent contact with frame 1422 (e.g., as can occur
through eccentric deformation of prosthetic heart valve 1400 on a calcium deposit
present at the implantation site).

{0069} In some cases, frame 1422 is substiantially cvlindrical such that the
outer surface of the base 1412 is substantially cylindrical and the polymer layer 1424
disposed on the frame 1422 forms the substantially cylindrical passage 1413. In
some cases, frame 1422 is completely disposed in the polymer layer 1424, with the
polymer layer 1424 forming a contoured outer surface of the valve 1400. In some
cases, the frame 1422 is partially disposed in the polymer layer 1424, In some
cases, the polymer layer 1424 is applied to the frame 1422 to form a substantially
smooth inner and/or outer surface of the valve 1400.

[0070] Although the prosthetic heart valves provided hersin are generally
made of synthelic materials, such as materials that include pre-stressed
reinforcement elements, such as pre-stressed fibers. In some cases, prosthelic
heart valves can be made of both synthelic materials and non-synthetic materials
such as animal tissue. For example, in some cases, at least a portion of a leaflet
provided herein can be made from materials containing pre-stressed reinforcement
elements, such as pre-stressed fibers, as well as tissue obtained from an animal,

2.g., bovine pericardium or porcine tissue.

Methods of Forming Composite Materials Including Pre-stressed

Reinforcement Eiemenis
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{0671} A prosthetic heart valve provided herein and components thereot, e.g.,
heart valve leaflets, can be made using a wide variety of manufacturing processes.
In some cases, processes that can be used for making the heart valves provided
herein can include, but are not limited {o, compression molding, dip coatling, injection
molding, exirusion, additive manufacturing, and combinations thereof.

{00721 In some cases, a method of manufacturing a prosthetic heart valve
leaflet provided herein includes orienting a reinforcement element {(e.g., a
reinforcement fiber) between first and second polymer layers, pre-siressing the
reinforcement element by applying an axial force {(or a compression force) to the
reinforcement element, and coupling the reinforcement element o the first and
second polymer layers. In some cases, orienting the reinforcement element includes
aligning the reinforcement element in a circumferential or a radial direction of a heart
leaflet (e.g., the circumferential or radial direction shown on leaflet 300 of FIG. 3). In
some cases, a method of manufacturing the leaflet provided herein includes dip
coating one or more pre-stressed reinforcement elements.

[0073] Pre-stressed reinforcement elements {e.q., pre-stressed fibers) of a
composite material used o consiruct a heart valve can be pre-tensioned (or pre-
compressed) to a range of axial (e.g., tensile or compressional) forces, as desired.
in some cases, the pre-stressed reinforcement elements can be subjected o a
predetermined tensile force. In various cases, the predetermined axial force can be
applied o the reinforcement element (e.g., one or more reinforcement fibers) during
manufacturing.  In some cases, a lensile force or a compression force can be
applied to the reinforcement element. In some cases, reinforcement elements {(e.g.,
fibers) can be mounted into a tensioning fixture, for example, a tensioning fixture
1300 as shown in FIGS. 15A and 15B. In some cases, the reinforcement element(s)
can be fastened into the fixiure, for example, by the use of a fastener, such as a
screw (as shown in FIGS. 15A and 15B), compression rollers, adhesive, and the like.
In some cases, a tensile force or a compression force ranging from about 0.25
pound-force {Ibf) to about 10 Ibf, including all values and ranges therebetween, may
be applied to the reinforcement element. For example, pre-stressed reinforcement
glements can be subjected to a tensile (or compression) load of about 0.1 bf to
about 0.2 Ibf {or about 0.44 newtons (N) to about 0.82 N, from about 0.2 1bf to about
0.3 Ibf (or about 0.8 N to about 1.3 N), from about 0.3 Ibf {0 about 0.4 ibf {or about
1.3 N fo about 1.8 N), from about G.4 Ibf to about 0.5 Ibf {or from about 1.8 N 1o
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about 2.2 N), from about 0.5 1bf to about 1 Ibf (or about 2.2 N 1o about 4.4 N}, from
about 1 ibf fo about 2 bf (or about 4.5 N to about 8 N}, from about 2 Ibf to about 3 lbf
{or about 9 N to about 13 N, from about 3 bf to about 4 Ibf {or about 13 N to about
18 N}, from about 5 lbf to about 7 ibf {or about 22 N to about 31 N}, and from about 7
fbf to about 10 lof (or about 31 N to about 44 N}, in relation {0 a surrounding polymer
layers that is in non-stressed stale. In some cases, the reinforcement element is
tensioned by elastically deforming the reinforcement element until the first and
second layers have been coupled to the reinforcement element.

[0074] Various manufacturing processes and equipment can be used for
applying axial force on a pre-siressed reinforcement element (e.g., one or more
fibers). For example, in some cases, a lensioning fixture that can grasp a
reinforcement element in two different locations and apply an axial force o the
reinforcement element.

[0075] Various processes can be used o couple the reinforcement element
{e.g., reinforcement fiber) to the first and second layers. Relerring o FIG. 16,
manufacturing assembly 1600 may include a tensioning fixture 1610 that is used in
conjunction with a compression molding machine 1620 for forming the heart valve
leaflets provided herein. In some cases, first and second polymeric layers 1830 are
coupled to at least one reinforcement element 1640 (e.g., pre-siressed fibers or
mesh) by compression molding the first and second layers 1630 to the reinforcement
eglement 1640. In some cases, a non-stick substrate 1650, such as a Teflon shest,
can be placed belween each polymeric layver 1630 and portions of the compression
molding machine 1620 that come inlo contact with the polymeric layers {0 prevent
slicking therebetween. The compression molding machine 1620 can apply heat to
the reinforcement element 1640 and one or more polymeric layers 1630 for a pre-
determined time to reflow the layers around the reinforcement element and/or bond
the reinforcement element o the layers. For example, in some cases, a
compression molding machine 1620 can apply heat o the subassembly for at least 5
minutes, 10 minutes, 20 minutes, 30 minutes, 45 minutes, 60 minutes, or greater
than 80 minuies. Suilable compression molding temperatures can include a
temperature range of about 300 °F (149°C) to about 500 °F (260°C) {(e.g., from about
350 °F {177°C) 1o about 400 °F (204°C), from about 400 °F (204°C) to about 450 °F

{232°C), from about 450 °F {232°C) to about 500 °F {260°C), from about 350 °F
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(177°C) to about 450 °F (232°C), from about 350 °F (177°C) to about 500 °F
(260°C), or from about 400 °F (204 °C) to about 500 °F (260°C)).

0076} {t should be understood that one or more design features of the heart
valve devices provided herein can be combined with other features of other heart
valve devices provided herein. In effect, hybrid designs that combine various
features from two or more of the heart valve device designs provided herein can be
created, and agre within the scope of this disclosure.

{0077} While this specification containg many specific implementation details,
these should not be construed as limitations on the scope of any invention or of what
may be claimed, but rather as descriptions of features that may be specific to
particular embodiments of particular inventions. Certain features that are described
in this specification in the context of separate embodiments can alse be implemented
in combination in a single embodiment.  Conversely, various features that are
described in the context of a single embodiment can also be implemented in multiple
embodiments separately or in any suitable subcombination. Moreover, although
features may be described above as acting in certain combinations and even initially
claimed as such, one or more features from a claimed combination can in some
cases be excised from the combination, and the claimed combination may be
directed to a subcombination or variation of a subcombination.

{0078} In addition to being directed to the teachings described above and
claimed below, devices and/or methods having different combinations of the features
described above and claimed below are contemplaied. As such, the descriplion is
also directed to other devices and/or methods having any other possible combination
of the dependent features claimed below.

{0079} Numerous characteristics and advantages have been set forth in the
preceding description, including various alternatives together with details of the
structure and function of the devices and/or methods. The disclosure is intended as
iflustrative only and as such is not intended o be exhaustive. |t will be evident {o
those skilled in the art that various modifications may be made, especially in matters
of structure, materials, slements, components, shape, size and arrangement of parts
including combinations within the principles of the invention, to the full extent
indicated by the broad, general meaning of the terms in which the appended claims
are expressed. To the extent that these varicus maodifications do not depart from the
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spirit and scope of the appended claims, they are intended to be encompassed
therein. All references, publications, and patents referred to herein, including the
figures and drawings included therewith, are incorporaied by reference in their

entirety.
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CLAIMS

We claim:

1.

A prosthetic heart valve, comprising:

a base; and

one or more heart valve leaflels, the leaflet characterized by at least a
portion of the leaflet comprising a composite material that includes a polymer
subsirate and a pre-stressed reinforcement element at least partially disposed
in the polymer substraie,

The prosthetic heart valve of claim 1, wherein the pre-stressed reinforcement
element is bonded to the polymer substrate at two or more discrete localions
along a length of the pre-stressed reinforcement element.

The prosthetic heart valve of claim 1 or claim 2, wherein the polymer
substrate and the pre-stressed reinforcement elements comprise different

materials.
The prosthetic heart valve of one of claims 1-3, wherein the polymer substrate
comprises ab least two polymer layers and the pre-siressed reinforcement

element is disposed between the at least two polymer layers.

The prosthetic heart valve of one of claims 1-4, wherein the pre-stressed

reinforcement element comprises a metal.

The prosthetic heart valve of claim &, wherein the pre-stressed reinforcement

element comprises nitinol.

The prosthetic heart valve of one of claims 1-6, wherein the pre-stressed

reinforcement element comprises a polymer.

The prosthetic heart valve of claim 7, wherein the pre-stressed reinforcement
element comprises polyetherstherketone (PEEK) or polyethersulfone (PES).
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1.

12.

13.

15.

The prosthetic heart valve of one of claims 1-8, wherein the polymer substrate
comprises polyisobulylens polyurethane {(PIB-PUR).

The prosthetic heart valve of one of claims 1-8, wherein the pre-stressed
reinforcement element is configured 1o be in iension when the polymer

substrale is in a non-strained siate.

The prosthetic heart valve of one of claims 1-10, wherein the pre-stressed
reinforcement element is in tension, at least a portion of the polymer substrate

is in compression, or both,

The prosthetic heart valve of one of claims 1-11, wherein the pre-stressed

reinforcement element comprises a plurality of fibers.

The prosthetic heart valve of claim of one of claims 1-12, wherein the pre-

stressed reinforcement element comprises a mesh.

A prosthetic heart valve, comprising:

a base; and

one or more heart valve leaflets, the ieaflet including a body, at least a
portion of the body comprising a composite material that includes a polymer
substraie and a pre-stressed mesh embedded within the polymer substrate,
the leaflet characterized by at least a portion of the pre-siressed mesh being
embedded within the polymer substrate such that the pre-siressed mesh is
tensioned in at least one direction along the body of the leaflet.

A method of manufaciuring a prosthetic heart valve leaflel, the method
comprising:

disposing a plurality of fibers between first and second polymeric
layers;

applying a predetermined axial force 1o the plurality of fibers;

coupling the plurality of fibers {o the first and second layers; and
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16.

17.

18.

19.

20.

21.

22.

23.

the method characterized by the applying the predetermined axial force
to the plurality of fibers during the coupling step.

A prosthetic heart valve, comprising:

a base; and

one or more heart valve leaflels, at least a portion of the leaflel
comprising a composite material that includes a polymer subsirate and a pre-
stressed reinforcement element at least partially disposed in the polymer
substratle.

The prosthetic heart valve of claim 18, wherein the pre-stressed reinforcement
element is bonded to the polymer substrate al two or more discrete locations
along a length of the pre-stressed reinforcement element.

The prosthetic heart valve of claim 16, wherein the polymer substrate and the

pre-stressed reinforcement element comprise different materials.
The prosthetic heart valve of claim 16, wherein the polymer substrate
comprises ab least two polymer layers and the pre-siressed reinforcement

element is disposed between the at least two polymer layers.

The prosthetic heart valve of claim 18, wherein the pre-stressed reinforcement

element comprises a metal.

The prosthetic heart valve of claim 20, wherein the pre-stressed reinforcement

element comprises nitinol.

The prosthetic heart valve of claim 16, wherein the pre-stressed reinforcement

element comprises a polymer.

The prosthetic heart valve of claim 22, wherein the pre-stressed reinforcement
element comprises polyetherstherketone (PEEK) or polyethersulfone (PES).
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24.

26.

28.

28.

30.

3t.

The prosthetic heart valve of claim 16, wherein the polymer substrate
comprises polyisobulylene polyurethane {(PIB-PUR).

The prosthetic heart valve of claim 18, wherein the pre-stressed reinforcement
element is configured 1o be in tension when the polymer subsirate is in a non-

strained state.

The prosthetic heart valve of claim 16, wherein the pre-stressed reinforcement
element is in lension, at least a portion of the polymer subsirate is in

compression, or both.

The prosthetic heart valve of claim 18, wherein the pre-stressed reinforcement
element comprises a plurality of fibers.

The prosthetic heart valve of claim 16, wherein the pre-stressed reinforcement

element comprises a mesh.

A method of manufacturing a prosthetic heart valve leaflet, the method
comprising:

disposing a plurality of fibers between first and second polymeric
lavers;

applying a predetermined axial force to the plurality of fibers; and

coupling the plurality of fibers 1o the first and second layers;

wherein the applying of the predetermined axial force to the plurality of
fibers occurs during the coupling step.

The method of claim 29, wherein the applying predetermined axial force
comprises applying a tensile force to the plurality of fibers.

The method of claim 29, wherein the applying axial force comprises applying
a tensile force ranging from about 0.5 pound-force 1o about 1-pound-force.
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3z2.

33.

34.

35.

The method of claim 29, wherein the applying of the predetermined axial force
to the plurality of fibers comprises elastically deforming at least a portion of
the fibers to a predetermined elongation percentage while the first and second
layers are being coupled to the plurality of fibers.

The method of claim 29, wherein the coupling step comprises compression
molding or dip coating the first and second layers to the plurality of fibers.

The method of claim 29, wherein disposing the plurality of fibers comprises
aligning the plurality of fibers in a circumferential direction of the heart leaflet,
a radial direction of the heart leaflet, or both.

A prosthetic heart valve, comprising:

a base; and

one or more heart valve leaflets, the leallet including a body, at least a
portion of the body comprising a composite maierial that includes a polymer
substrate and a pre-stressed mesh embedded within the polymer sulbstrate, at
feast a portion of the pre-stressed mesh being embedded within the polymer
subsirate such that the pre-stressed mesh is tensioned in at least one
direction along the body of the leaflet.
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