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METHOD FOR PRE-STRETCHING IMPLANTABLE BIOCOMPATIBLE
MATERIALS, AND MATERIALS AND DEVICES PRODUCED THEREBY

FIELD
[0001] The present disclosure concerns methods for pre-stretching implantable
biocompatible materials and materials produced thereby, as well as implantable devices
incorporating such materials. Particular embodiments relate to pre-stretching
implantable biocompatible materials maintained at a temperature that is at least about
a temperature of an environment into which a device incorporating such material will be

implanted.

BACKGROUND
[0002] The human heart can suffer from various valvular diseases. These valvular
diseases can result in significant malfunctioning of the heart and ultimately require
replacement of the native valve with an artificial valve. There are a number of known
artificial valves and a number of known methods of implanting these artificial valves in

humans.

[0003] A particular type of artificial valve is constructed from natural tissue or a
synthetic material coupled, such as by sewing, to a frame. Prosthetic heart valves that
are implanted surgically in an open-chest procedure typically have a rigid frame that is
sutured to the native valve annulus. Transcatheter heart valves have radially collapsible
and expandable frames to permit delivery of the prosthetic valve through the patient’s

vasculature using a delivery catheter without the need to open the patient’s chest.

[0004] The material that is attached to a valve frame, particularly material that
forms prosthetic valve leaflets, can be subject to various mechanical stresses during the
life of the valve, including during construction of the valve, preparation of the valve for
implantation, implantation, and after implantation. For instance, during construction,
the material may be stretched to fit over a frame or individual frame elements. The valve
may be crimped to a reduced diameter for storage and implantation, and then expanded
during implantation (e.g., after delivery to an implantation site). After implantation,
during operation of the valve in a subject, the material, particularly material in the valve

leaflets, may experience repetitive stresses from opening and closing of the valve.

[0005] The stresses experienced by material used in prosthetic valves can negatively
affect the construction and performance of such prosthetic valves. For instance,

materials used in the construction of prosthetic valves typically exhibit viscoelastic
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properties. In particular, the materials may be prone to stretch, or creep, over time. As
the materials stretch, they may lose contact with frame elements (e.g., sag) or may rub
against or otherwise contact frame elements, which can potentially prematurely wear
the material or cause the material to become damaged. In addition, if the size of the
material changes due to stretching, or the material experiences a change in its
mechanical properties, the valve may no longer function as intended, such as having

leaflets that no longer properly coapt, which can cause regurgitation through the valve.

[0006] The properties of the material used in prosthetic valves can affect the
construction or performance of the valve in other ways. For example, the degree to which
a valve can be crimped, and its performance during crimping (such as achieving a
desired configuration, such as folding of the material relative to frame components) can
be affected by the thickness of the material. In at least some cases, thinner materials can

provide smaller crimp profiles and more consistent folding of the material.

[0007] At least some prior methods of obtaining thinner materials, such as removing
surface material or compression, can alter the properties of the material. In the case of
tissue, such as pericardial tissue, removing surface material can affect other properties
of the material (such as elasticity or rigidity), as different layers of the material can
include different components, such as different amounts or orientations of collagen and
elastin. In the case of compression, compressing material to reduce its thickness can
change the available compression ratio. That is, if the material is pre-compressed, it may
be less able to undergo further compression during later assembly or use of a prosthetic

valve that incorporates the material.

SUMMARY
[0008] Certain embodiments of the present disclosure relate to methods for pre-
stretching an implantable biocompatible material, such as pericardial tissue. The pre-
stretched implantable biocompatible material can be incorporated into implantable

devices, including a heart valve prosthesis.

[0009] In one representative embodiment, a disclosed method includes applying a
tensioning force of between about 300 grams and about 4000 grams to a sheet of
implantable biocompatible material, such as bovine or porcine pericardial tissue. While
the sheet of implantable biocompatible material is under tension, the temperature of the
sheet 1s maintained at a temperature that is at least substantially as high as a

temperature of an environment into which at least a portion of the implantable



biocompatible material will be implanted, such as a physiological environment. For
example, the temperature can be between about 30 °C and about 46 °C. In some cases,
the implantable biocompatible material can be maintained at a temperature that is
between about the temperature of an environment into which at least a portion of the
implantable biocompatible material will be implanted and a temperature less than a
temperature beyond which the implantable biocompatible material will experience
damage from the temperature during the course of the stretching. Maintaining the
temperature of the implantable biocompatible material at a temperature higher than
that of an implantation environment, such as a temperature close to a temperature at
which the implantable biocompatible material may become damaged by the temperature,
can reduce the time needed to obtain a desired degree of pre-stretching, as well as

reducing the tension to be applied to achieve the desired degree of pre-stretching.

[0010] The sheet can be maintained under tension until the sheet experiences a
substantial decrease in an elongation rate of the sheet. The time the sheet is maintained
under tension can be between about 11 days and about 45 days, or until the elongation
rate is less than about 25% of an average initial elongation rate, where the average
initial elongation rate is the average elongation rate of the first hour of applying tension

to the sheet.

[0010a] An aspect of the disclosure provides a method of pre-stretching an implantable
biocompatible material comprising applying a tensioning force of between 300 grams and
4000 grams to a sheet of implantable biocompatible material, while applying the
tensioning force, maintaining the sheet of implantable biocompatible material at a
temperature that is at least as high as a temperature of an environment into which at
least a portion of the implantable biocompatible material will be implanted and
maintaining the sheet of implantable biocompatible material under tension until the
sheet experiences a decrease in an elongation rate of the sheet, wherein the tensioning

force is applied for a period of at least 1 day.

[0010b] Another aspect of the disclosure provides a method of pre-stretching
pericardial tissue comprising applying a tensioning force of between 400 grams and 1000
grams to a sheet of pericardial tissue, while applying the tensioning force, maintaining
the sheet of pericardial tissue at a temperature of between 30 °C and 46 °C, and
maintaining the sheet of pericardial tissue under tension until the elongation rate of the

sheet is less than 10% of an average initial elongation
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rate, where the average initial elongation rate is the elongation rate over the first hour
in which tension is applied, wherein the tensioning force is applied for a period of at least

1 day.

[0010c] Another aspect of the disclosure provides a method of forming a prosthetic
valve, comprising performing the method of pre-stretching an implantable biocompatible
material of any of claims 1 to 12, wherein the tensioning force is between 400 grams and
1000 grams, wherein the implantable biocompatible material is a sheet of pericardial
tissue, wherein the temperature is between 30 °C and 46 °C, and wherein the sheet of
pericardial tissue is maintained under tension until the elongation rate of the sheet is
less than 10% of an average initial elongation rate, where the average initial elongation
rate is the elongation rate over the first hour in which tension is applied, and attaching

at least a portion of the sheet of elongated pericardial tissue to a frame.

[0011] The foregoing and other objects, features, and advantages of the disclosure
will become more apparent from the following detailed description, which proceeds with

reference to the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] FIG. 1 is a perspective view of a representative embodiment of a prosthetic

heart valve.

[0013] FIG. 2 illustrates a schematic diagram of an implantable biocompatible

material, including various manners of applying tensioning forces to the material.

[0014] FIG. 3 is a graph of measured thickness values (mm) for bovine pericardial
tissue samples before (initial) and after (creep) applying tensioning forces to the tissue

for a period of two weeks.

[0015] FIG. 4 is a plot of measured thickness values (mm) for individual bovine
pericardial tissue samples before and after applying tensioning forces to the tissue for a

period of two weeks.
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DETAILED DESCRIPTION
[0016] The present disclosure provides methods for pre-stretching implantable
biocompatible materials with viscoelastic characteristics, such as material to be
incorporated into an implantable device, as well as materials produced by such methods
and implantable devices incorporating such materials. FIG. 1 shows an exemplary
implantable device with which pre-stretched implantable materials of the present

disclosure can be used, in the form of a prosthetic heart valve 10.

[0017] The prosthetic heart valve 10 comprises a stent or frame 12 and a valvular
structure 14 supported by the frame and configured to regulate the flow of blood through
the prosthetic valve. In some embodiments, the prosthetic valve 10 is adapted to be
implanted in the native aortic valve and can be implanted in the body using, for example,
a delivery apparatus as known in the art. The frame 12 can comprise a plastically
expandable material, such as stainless steel, a nickel based alloy (e.g., a nickel-cobalt-
chromium alloy), polymers, or combinations thereof, so that the frame 12 plastically
expands when the prosthetic valve expands from a crimped, radially compressed
configuration to the radially expanded configuration shown in FIG. 1 upon inflation of an
expansion mechanism, such as a balloon of a balloon catheter, one or more mechanical
actuators, or another type of expansion means. In alternative embodiments, the frame 12
can comprise a self-expandable material, such as Nitinol, so that the frame can self-
expand from a radially compressed configuration to a radially expanded configuration

when released from a delivery sheath or other restraining device.

[0018] The valvular structure 14 can comprise a plurality of leaflets 16 mounted
inside of the frame 12. The opposing sides of each leaflet 16 can be paired with adjacent
leaflets to form commissures 18 of the valvular structure. The commissures 18 can be
mounted to the frame 12 via reinforcing members 20. The prosthetic valve 10 can also
include a sealing member 22 mounted on the outside of the frame 12. The sealing
member 22 is configured to help seal the prosthetic valve 10 against surrounding tissue
and prevent or minimize perivalvular leakage. The leaflets 16 can be made from any of
various suitable implantable biocompatible materials, including natural tissue, such as
bovine pericardial tissue (or pericardial tissue from other sources) or synthetic materials,
such as any of various fabrics or non-fabric materials (e.g., polyurethane). The leaflets 16

can be produced using any of the methods and/or techniques disclosed herein.

[0019] The reinforcing members 20 and the sealing member 22 desirably are made of

a fabric material, such as polyethylene terephthalate (PET) fabric, although non-fabric



WO 2019/147585 PCT/US2019/014591

_5_

materials and natural tissue also could be used. Further details of the prosthetic valve
10, including methods for assembling the leaflets 16 and the sealing member 22 on the
frame 12, are disclosed in U.S. Patent Application Publication No. 2018/0028310. Other
types of prosthetic heart valves that can incorporate leaflets formed using implantable
biocompatible materials produced via the methods disclosed herein are described in U.S.
Patent Nos. 7,510,575; 7,993,394; and 9,393,110.

[0020] According to a disclosed technique for producing a pre-stretched implantable
biocompatible material, a sheet of implantable biocompatible material is attached to one
or more tensioning members, where tension is applied along one or more axes. Tension is
applied for a period of time, and at an appropriate force, to produce a desired degree of
thinning or pre-stretching of the implantable biocompatible material. During the
tensioning, the implantable biocompatible material can be maintained at an elevated
temperature, such as a temperature that is at least substantially a temperature of an

environment into which the material will be implanted.

[0021] In particular aspects, the implantable biocompatible material can be
maintained at a temperature that is higher than the environment into which the
material will be implanted, but less than a temperature where the material would
experience temperature-related damage. The elevated temperature can be selected such
that pre-stretching occurs to a desired degree over a particular time period and using a
particular degree of tension. For instance, at least approximately equivalent pre-
stretching can be achieved using shorter times and greater tension and/or higher

temperature, or using longer times and lower tension and/or lower temperatures.

[0022] Pre-stretched implantable biocompatible materials according to the present
disclosure can provide a variety of benefits. For example, when stretching is carried out
such that additional elongation under the applied conditions has essentially ceased, if
the stretching conditions are similar to the implantation environment, a device
incorporating the stretched implantable material is likely to be more stable after
implantation. More particularly, if the implantable biocompatible material is
incorporated into a prosthetic valve, the valve may be more durable, and the chances of
the valve leaflets contacting components of a valve frame may be reduced (which can,

among other things, reduce the chances of the leaflets being thereby damaged).

[0023] In some cases, valves can be manipulated between a compressed, or crimped,

state (such when the valve is being stored or during delivery of the valve to an
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implantation site in a subject) and an expanded, or uncrimped, state (such as when the
valve has been delivered to an implantation site and fully deployed). Pre-stretching

material used in the valve can help ensure that the valve materials do not significantly
stretch or elongate after the valve is implanted and expanded, which can improve long

term valve stability.

[0024] As stretching does not typically affect the density and, at least some cases, the
internal structure, of the implantable biocompatible material, at least certain physical
and mechanical properties of the stretched material may be the same or more similar to
the native (unstretched) material that materials produce using other thinning
techniques. In particular, when thinning is carried out by removing material from the
surface of an implantable biocompatible material, the material produced thereby may
still undergo additional thinning if the material is subjected to tension, such as during or
after incorporation of the material into an implantable device or implantation of such a

device.

[0025] The disclosed methods can be used with any suitable implantable
biocompatible material. Implantable biocompatible materials can be of biological origin
or can be synthetic. Biological materials can include tissues of human origin or animal
tissue. Sources of animal tissue can include bovine, equine, or porcine sources. Biological
tissue, whether of human or animal origin, can be taken from tissues such as blood
vessels, cardiac valves, dura mater, ligaments, pericardium, small intestinal submucosa
(“SIS tissue”), and tendons. Synthetic materials can include polytetrafluoroethylene,
poly-di-methyl-siloxane, poly-glycolic acid, poly-4-hydroxybutyrate,
polyhydroxyalkanoate, and polyethylene terephthalate (PET, e.g., Dacron® PET). In
general, techniques according to the present disclosure can be used with any viscoelastic

material which is to be used in an implantable device.

[0026] Biological materials can be preprocessed before stretching. Preprocessing can
include, for example, cleaning, defatting, and the like. Such materials are often cut or
resected into pieces or sheets. For example, bovine pericardial sacs can be cut into
rectangular pieces with a long dimension of about 30-40 em, which can then be subjected
to the stretching procedure disclosed herein. Smaller pieces of tissue can also be selected
from these larger sheets based on particular criteria, for example, thickness, fiber
direction, consistency, and/or convenience of handling. These smaller pieces of tissue are
also suitable for the stretching procedure. Examples of such smaller pieces are rectangles

with a longer dimension of about 5-8 cm.
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[0027] Implantable biocompatible materials, such as for use in a prosthetic valve, can
be selected based on, among other factors, compatibility with a subject in which the
material will be implanted, physical properties of the material, such as thickness and
consistency (e.g., the amount of variability in thickness over the surface area of a
sample), and mechanical properties (e.8., elasticity or rigidity). In at least some cases,
such as when biological tissue is used, mechanical properties of the implantable

biocompatible material can be affected by the relative amounts of collagen and elastin.

[0028] Implantable biocompatible materials can be formed from a single material or
from multiple materials, such as a multi-layer laminate. Laminate materials can be
formed from sheets of the same implantable biocompatible material or from sheets of
different implantable biocompatible materials, including mixtures of biological materials
and synthetic materials. When the implantable biocompatible material is a multi-layer
material, the constituent layers can be stretched before the composite is formed, or the
composite can be stretched after assembly. In a particular example, one or more layers,
such as a plurality of layers, are stretched before incorporation into the composite. For
instance, two or more layers of the composite may be stretched separately before being

incorporated into the composite.

[0029] Implantable biocompatible materials can be selected such that an implantable
device into which a material is incorporated or formed has desired mechanical
properties. For instance, different implantable biocompatible materials may have
different degrees of viscoelasticity, and so may stretch to different degrees, including
requiring different times to reach a point where viscoelastic creep has substantially
ceased for a given set of conditions (e.g., at a given temperature and degree of tension).
Stretching the layers prior to assembling the composite can result in improved properties
in the composite, including implantable devices formed therefrom, such as having
reduced propensity to creep during formation into a device and after implantation.
Stretching the layers prior to forming the composite can also increase the stability of the
composite, such as reducing any tendency of the composite to delaminate, particularly

under applied stress.

[0030] Typically, the thickness of implantable biocompatible materials used to form
an implantable device, such as a heart valve prosthesis, is also selected to provide
desired physical and mechanical properties, such as having properties similar to native
tissue in a subject (e.g., native heart valve leaflets). Larger heart valve leaflets (e.g.,

having a larger surface area) are typically thicker than smaller heart valve leaflets.
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Implantable biocompatible materials can be selected such that, after being pre-stretched
according to a disclosed embodiment, the implantable biocompatible material has a
desired final thickness. The desired thickness may be a thickness within a particular
range (e.g., the implantable biocompatible material does not have a completely uniform
thickness) and the implantable biocompatible material can have a desired degree of
consistency in its thickness (e.g., the material does not vary more than a given
percentage from an average, median, or desired thickness, or less than a particular

amount of the material exceeds such a range).

[0031] In particular examples, implantable biocompatible material to be subjected to
a disclosed pre-stretching process, including harvested tissue, has a thickness between
about 100 microns and about 4000 microns, such as between about 200 microns and
about 2000 microns, between about 200 microns and about 1000 microns, or between
about 200 microns and about 900 microns. When the implantable biocompatible material
is bovine pericardial tissue, harvested tissue typically has a thickness between about 250
microns and about 700 microns, more typically between about 300 microns and about

700 microns.

[0032] The final thickness of the implantable biocompatible material, including after
being incorporated into an implantable device, is typically between about 50 microns and
about 3000 microns, such as between about 100 microns and about 2000 microns,
between about 150 microns and about 1000 microns, between about 160 microns and
about 700 microns, between about 160 microns and about 650 microns, between about
150 microns and about 600 microns, between about 300 microns and about 600 microns,
or between about 230 microns and about 580 microns. When the implantable
biocompatible material is a composite material, the thickness of individual layers may be
less than a range disclosed above, with the final composite having a thickness in an

above-disclosed range.

[0033] As pre-stretching can reduce the thickness of the implantable biocompatible
material, the material to be stretched can have a larger or greater thickness than the
final desired thickness. For instance, if the implantable biocompatible material is
expected to experience a thinning of 15% during a pre-stretching procedure, the starting
thickness can be selected to be 115% of the desired final thickness. Similarly, other
dimensions, such as the length or width, of the initial, unstretched implantable
biocompatible material can be adjusted based on an expected degree of stretching or

elongation, such as selecting a starting material that has a smaller length or width than
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a final dimension, where stretching produces a material having the final desired

dimensions.

[0034] Implantable biocompatible materials, typically after pre-stretching, and
optionally other preparative steps, can be cut to a desired shape to facilitate processing
into an implantable device. In some cases, cutting can be carried out mechanically, such
as using a suitably shaped die or a cutting tool. In other cases, non-mechanical
techniques, such as laser cutting, can be used. In at least some cases, the starting
implantable biocompatible material is dimensioned so that the final, stretched material
has excess material. For example, having excess material can allow portions of the
implantable biocompatible material coupled to a gripping member (in turn coupled to a
tensioning member for applying a force to the gripping member and in turn the
implantable biocompatible material) to be resected before being formed into an

implantable device, or other processing steps.

[0035] Implantable biocompatible materials can be pretreated in manners other than
stretching prior to implantation. Such pretreatments can be applied before or after
incorporation of the implantable biocompatible material into an implantable device, and
before or after pre-stretching. In particular implementations, such pretreatments are
applied after pre-stretching, but before incorporating the implantable biocompatible

material into an implantable device.

[0036] Pretreatment steps can include steps to stabilize the implantable
biocompatible material, such as to prevent chemical changes to the material before or
after the material is implanted. For instance, at least some implantable biocompatible
materials can undergo calcification after implantation, which can result in stiffening or
degradation of the material, which can affect the performance of an implantable device
that uses the material, and potentially can lead to device failure. Accordingly, at least
certain implantable biocompatible materials can be treating with a “capping” agent,
where a capping agent blocks, removes, or alters a functional group of an implantable
biocompatible material. Particular capping agents can be selected to help reduce
calcification of the implantable biocompatible material. Suitable capping agents and

techniques are disclosed in U.S. Patent No. 9,351,829.

[0037] For at least some implantable biocompatible materials, such as tissue-based
materials, pretreatment steps can include fixation, where cells and tissue components

are preserved, such as from decay or alteration. Fixation is typically carried out by
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treating the implantable biocompatible material with a chemical agent, such as a
chemical agent that crosslinks polypeptide chains within the same or adjacent collagen
molecules. Examples of chemical fixative agents include dialdehyde starch, diamines,
formaldehyde, glutaraldehyde, hexamethylene diisocyanate, and polyepoxy compounds.
In a specific example, an implantable biocompatible material is fixed using a
glutaraldehyde solution of between about 0.2 wt% and about 50 wt% glutaraldehyde,
such as a solution having between about 0.2 wt% and about 8% wt% glutaraldehyde,
between about 0.2 wt% and about 1.25 wt% glutaraldehyde, or between about 0.2 wt%
and about 0.7 wt% glutaraldehyde.

[0038] After pre-stretching and any other pretreatment steps, an implantable
biocompatible material may be stored prior to incorporation into an implantable device.
The implantable biocompatible material may be stored in a liquid, such as in a solution
(such as saline solution) having a low (e.g., 0.6 wt%) glutaraldehyde concentration.
Alternatively, implantable biocompatible materials may be stored in a dry state, and
rehydrated prior to incorporation into an implantable device. In a particular example,
the implantable biocompatible material can be dehydrated in a mixture of glycerol and

ethanol.

[0039] Implantable biocompatible materials can be sterilized, such as after stretching
and any other pretreatment steps, including one or both of sterilizing the material prior
to dehydration and after rehydration. Suitable sterilization methods include treating the
implantable biocompatible material with ethylene oxide, gamma rays, or electron beam
radiation. Glutaraldehyde can be used as a sterilization agent, as well as a fixative

agent.

[0040] Pre-stretching can be applied to an implantable biocompatible material in one
or more directions. With reference to FIG. 2, an implantable biocompatible material 100
can have a length 108, a width 112, and a thickness 116. A section or segment of
implantable biocompatible material 100 can be generally referred to as a sheet. A sheet
of material can have different shapes and dimensions, but typically has substantially

larger length and width (or diameter) compared with the thickness of the material.

[0041] The implantable biocompatible material 100 is shown with reference to an X-
axis 120 (generally corresponding to the length 108), a Y-axis 124 (generally
corresponding to the width 112), and a Z-axis 128 (generally corresponding to the
thickness 116), with an origin 132 located at the center of the implantable biocompatible
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material. A pulling or stretching force can be applied in a positive direction along the X-
axis 120 (e.g., the material is pulled in the positive X-direction), in a negative direction
along the X-axis, in a positive direction along the Y-axis 124, in a negative direction

along the Y-axis, or a combination thereof.

[0042] In some examples, opposing tensioning forces are applied along an axis, such
as an implantable biocompatible material being pulled in both positive and negative
directions along the X-axis 120, along the Y-axis 124, or a combination thereof. In further
examples, tensioning forces can be applied in perpendicular directions, such as pulling
the implantable biocompatible material 100 in one or more directions (e.g., positive,
negative) along a first axis and pulling the material in one or more directions along a
second axis, where the first and second axes are perpendicular. When tensioning forces
are applied in multiple directions, some or all of the directions may be non-opposing or
non-perpendicular to another direction. For example, a tensioning force could be applied
at an acute angle between pairs of perpendicular axes. Tensioning forces can also be
applied radially outwardly relative to the origin 132, at a desired number of angles about
the origin, including in the case of arcuate segments of implantable biocompatible

material 100, or segments having a least one side that is not at least generally linear.

[0043] In some aspects, one or more directions in which an implantable biocompatible
material is stretched can depend on the environment in which the material will be used,
such as during or after incorporation into an implantable device, including after
deployment of such an implantable device. For instance, it may be known that the
implantable biocompatible material will experience tensioning forces along a first axis,
but not in other directions (including a second axis perpendicular to the first axis). In
some aspects, tension can be applied in directions where such forces will be applied to
the implantable biocompatible material in use, but not in other directions, which can

help maintain other native, desired properties of the implantable biocompatible material.

[0044] In other aspects, one or more directions in which an implantable
biocompatible material is stretched can depend on the chemical, physical, or mechanical
properties of the implantable biocompatible material. For instance, many biological
materials, such as pericardial tissue, that may be incorporated into implantable devices
contain significant amounts of structural proteins, such as collagen and elastin. These
proteins can have particular orientations, such that the tissue may be more readily
stretched in some directions than others. Accordingly, greater or lesser tensioning forces

can be applied to an implantable biocompatible material depending on the viscoelastic
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properties (e.g., propensity to creep) of the material in particular directions and, if more
uniform stretching is desired, the forces applied in different directions can be varied
according to the degree of creep experienced in a particular direction. That is, for
example, higher tension can be applied along an axis where stretching is more difficult

than along an axis where stretching is easier.

[0045] Tensioning forces in a particular direction can be applied at a single point on
the implantable biocompatible material or at multiple points. For example, if a section of
implantable biocompatible material has a side (which can be fully or partially linear, or
at least at a distinct angle from another side), the pulling force can be applied at multiple
points along the side, which points can be symmetrically or unsymmetrically spaced. For
instance, FIG. 1 illustrates a side 136 with a single attachment point 140 and a side 144

with multiple, evenly spaced attachment points 148.

[0046] An attachment point may contact all or a portion of a side of the implantable
biocompatible material 100 when a single attachment point is used, or less than all of a
portion of a side of the material when multiple attachments points are used. As shown in
FIG. 1, attachment point 152 is a single attachment point, but has a larger surface area
than the individual attachment points 148 or the single attachment point 140. Larger
attachment points (e.g., having a larger surface area in contact with the implantable
biocompatible material 100) may more evenly distribute a tensioning force, which can
reduce any tendency of the implantable biocompatible material to become damaged
during stretching, and may result in more even stretching, or otherwise impart more
consistent properties to a particular portion of a material being stretched. Although the
implantable biocompatible material 100 is shown as rectangular, the material can be of
any desired shape, including arcuate shapes such as ellipses and circles (in which case
attachment points can be located symmetrically or unsymmetrically along the perimeter

of the material at points at which the material is to be stretched).

[0047] When multiple attachments points are used, tension may be applied
symmetrically or unsymmetrically to the attachment points (and the symmetry may be
different than the symmetry, or lack thereof, of the spacing of the multiple attachment
points). For instance, if a pulling force provided by a 200 gram weight is to be applied to
a side of the implantable biocompatible material 100, and there are four attachment
points on the side, each attachment point could be coupled to a 50 gram weight, or some
attachment points could be coupled to greater or lesser amounts of weight. Or, multiple

attachment points could be attached to a single weight, such as having all four
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attachment points in the above example being attached to a single 200 gram weight (e.g.,

as shown for attachment point 160 of FIG. 1).

[0048] Applying unsymmetrical forces to a side of a section of implantable
biocompatible material may be useful, for example, when different thicknesses or
physical properties (including elasticity or propensity for further elongation when
subjected to additional tension) are desired at different portions of the material.
Applying unsymmetrical forces can also be useful when the material originally has
different thicknesses at different locations. A weight distribution can be used to help
increase the uniformity of the thickness (e.g., by applying larger forces to thicker
locations, or otherwise applying larger forces to areas which are desired to be made

thinner than other areas).

[0049] In some embodiments, a constant force is applied to the implantable
biocompatible material during stretching, such as by tensioning the material with a
constant amount of weight. Applying constant tension can help provide that the final
properties of the implantable biocompatible material are suitable for an intended use.
For instance, if an implantable biocompatible material is to be placed under a certain
amount of tension after implantation (including resulting from its incorporation into an
implantable device), it may be desirable to provide that the tension applied during
stretching is greater than or equal to the tension experienced by the material after
implantation. Applying an equal or greater amount of tension during a pre-stretching

procedure can reduce (or eliminate) additional stretching (or creep) after implantation.

[0050] However, in some aspects, the tension applied to an implantable
biocompatible material can be varied during a pre-stretching process. For instance, the
pre-stretching process may be expedited by stretching the implantable biocompatible
material using a higher tension for a period of time and then stretching the material
using a lower tension, such as a tension closer to the tension the material will experience
after-implantation, for a shorter period of time. Applying an initially higher tension and
then a lower tension may, in at least some cases, produce equivalent results as
stretching the material at lower, constant tension for a longer period of time. However,
applying greater tension to the implantable biocompatible material may affect other
properties of the material, even if an equivalent level of stretching is achieved as for
applying a lower tension for a longer time. For instance, the rigidity (ability to resist
bending, such as, with reference to FIG. 2, about the X-axis 120 or the Y-axis 124) of the

implantable biocompatible material 100 may be reduced.
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[0051] Tension may be applied to the implantable biocompatible material in any
suitable manner. For instance, as mentioned above, a weight can be coupled to the
implantable biocompatible material. In another example, a spring or other mechanical
source of tension can be coupled to the implantable biocompatible material. When a
spring is used, a spring can be selected having a suitable spring constant to provide the
desired degree of tension. Tension may also be applied by an adjustable tensioning
member, such as a threaded rod or cable tie (or another tensioning member having a
ratcheting mechanism), coupled (directly or indirectly) to an implantable biocompatible
material, where the tensioning member can be moved distally or proximally relative to
the center of the material to increase or decrease the tensioning force. In other examples,
tension is applied using a motor, for example, a stepper motor. Combinations of methods

are also suitable.

[0052] As discussed above, in at least some cases, the tension applied to the
implantable biocompatible material can be selected to achieve a desired degree of
stretching, and may be related to the forces the material is expected to experience in
vivo, including as a result of being incorporated into an implantable device. The amount
of tension needed to produce a desired degree of stretching (or other preconditioning) can
depend on the physical properties of the material, such as its viscoelasticity. Typically,
more viscoelastic materials typically need lower tension to achieve a desired degree of

stretching than less viscoelastic materials.

[0053] When applied as a weight, such as a dead weight (e.g., attached to one end of
an implantable biocompatible material), the weight can be between about 300 grams
(about 3 N) and about 4000 grams (about 40 N) for bovine pericardial tissue or a
material having a viscoelasticity similar to bovine pericardial tissue (e.g., having a
stress/strain curve or length/time curve that is at least about 80% similar to that of
bovine pericardial tissue, such as being at least about 85%, at least about 90%, at least
about 95%, at least about 99%, or about 100% similar to that of bovine pericardial
tissue). In more particular examples, the weight can be between about 300 grams and
about 3000 grams, between about 300 grams and about 2000 grams, between about 300
grams and about 1000 grams, between about 325 grams and about 800 grams, between
about 350 grams and about 650 grams, between about 400 grams and about 1000 grams,
between about 400 grams and about 800 grams, between about 400 grams and about 700

grams, between about 400 grams and about 600 grams, between about 450 grams and
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about 550 grams, or about 500 grams. Such tensile loads are suitable for the pieces of

pericardial tissue of the dimensions discussed above.

[0054] The weight can be adjusted to account for implantable biocompatible
materials having a different viscoelasticity than bovine pericardial tissue, such as by
increasing or decreasing the weight proportionally to the difference in viscoelasticity
between the materials. When tension is applied other than as a weight (e.g., by a
tensioning member, such as a rod, a spring, or a motor), the force can be at least

substantially equivalent to the force applied by a weight in an above-described range.

[0055] A tensioning member or mechanism, such as a weight (FIG. 2, 170), spring
(174), or motor (178) can be applied to the implantable biocompatible material 100 in any
suitable manner. For instance, a tensioning member can be coupled to, or include, one or
more securing members, where a securing member secures the tensioning member to the
implantable biocompatible material and transmits the tensioning force to the material. A
securing member can be a component that pierces through all or a portion of the
implantable biocompatible material, such barbs, hooks, pins, or sutures. As another
example, the securing member can be a clamp (such as an alligator clamp) that
compresses one or more surfaces of the implantable biocompatible material. In some
cases, a securing mechanism can use suction to attach a tensioning member to the
implantable biocompatible material, which can also apply all or a portion of the tension.
The implantable biocompatible material may be coupled to a tensioning member using
an adhesive as the securing member. The adhesive can be a biodegradable adhesive,

such as fibrin, or a non-biodegradable adhesive, such as cyanoacrylate.

[0056] The implantable biocompatible material is typically maintained at an elevated
temperature during stretching. More particularly, the implantable biocompatible
material is typically maintained at a temperature that is at least substantially the same
as a temperature of an environment into which the material will be implanted, such as a
physiological temperature. In further aspects, the implantable biocompatible material
can be stretched while being maintained at a temperature that is higher than a

temperature of an environment into which the material will be implanted.

[0057] Maintaining the implantable biocompatible material at a temperature that is
at least substantially the same as its implantation environment can help provide that
the material undergoes at least as much stretching as it would in the implantation

environment. Maintaining the implantable biocompatible material at a higher
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temperature than an implantation environment can result in a greater degree of
stretching than would be experienced in the implantation environment. Thus,
maintaining the implantable biocompatible material at a higher temperature can also
help reduce, including in some cases eliminating, any further stretching after the

material is implanted.

[0058] A temperature that is at least substantially the same as a temperature of an
environment into which the implantable biocompatible material will be implanted can be
a temperature that is at least about 85%, at least about 90%, at least about 95%, or at
least about 99% of the temperature of the implantation environment. The temperature
used during pre-stretching can be between such a temperature and a temperature at
which the implantable biocompatible material experiences undesired physical,
mechanical, or chemical changes, where the upper temperature in a range can vary for
different materials. In some cases, the upper temperature in a range can be a
temperature that is less than about 150%, less than about 145%, less than about 140%,
less than about 135%, less than about 130%, less than about 125%, less than about
120%, less than about 115%, less than about 110%, or less than about 105% of the
temperature (such as the average temperature) of an environment into which the
implantable biocompatible material will be implanted. In more specific examples, the
temperature can be a range between a lower temperature recited herein (e.g., an “at least
about” temperature) and a higher temperature recited herein (e.g., a “less than about’

temperature).

[0059] In various examples, the temperature at which the implantable biocompatible
material is maintained during stretching can be between about 30 °C and about 46 °C or
between about 30 °C and about 41 °C, such as between about 32 °C and about 44 °C,
between about 35 °C and about 41 °C, between about 36 °C and about 39 °C, between
about 37 °C and about 38 °C, or about 37 °C. As discussed above, typically, the
implantable biocompatible material is maintained at a temperature that is less than a
temperature at which the material would undergo undesired physical or chemical
changes. Higher temperatures can allow for a larger degree of stretching in a shorter
amount of time, and potentially lower tension to be used. For bovine pericardial tissue,
the temperature at which undesired changes can occur to the tissue can be between
about 80 °C and about 95 °C depending on any pretreatments that may have been
applied (e.g., treatment with a fixative, such as glutaraldehyde). Thus, in further

examples, the implantable biocompatible material, and in particular bovine pericardial
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tissue, can be maintained at a temperature within a range between an above listed
temperature (including a temperature in an above listed range) and about 80 °C, about
85 °C, about 90 °C, or about 95 °C.

[0060] During stretching, the implantable biocompatible material can be heated, or
maintained, at a temperature including, in a least some cases, by maintaining the
material in a liquid (such as in a bath) having the desired temperature. When
maintained in a liquid, such as a saline solution, the solution can include other
components to help condition or stabilize the implantable biocompatible material, or to
modify various properties of the material. However, heat can be applied in any suitable
manner, including using other fluids, such as gaseous fluids, to transfer heat to the
implantable biocompatible material. Or, the implantable biocompatible material can be
contacted with a solid object that is heated to the desired temperature, or otherwise

supplies heat to the material.

[0061] Tensioning of the implantable biocompatible material can be carried out for a
time sufficient to produce a desired amount of elongation. In particular cases, tensioning
is carried out for a period of time until the rate of elongation experiences a substantial
decrease (such as a consistent decrease, such as a decrease that persists for at least
about 15 minutes, at least about 30 minutes, at least about 1 hour, or at least about 2
hours). In various examples, the implantable biocompatible material is stretched until
the rate of elongation is less than about 70% of the initial stretching rate (such as, for
example, the average stretching rate over a period of time, such as a period of time
within the first six hours of stretching, such as the first five hours, four hours, three
hours, two hours, hour, half hour, or fifteen minutes of stretching). More particularly,
tensioning can be carried out until the rate of elongation is less than about 25%, about
20%, about 15%, about 10%, about 5%, about 2%, about 1%, or less than about 1% of such
an average initial elongation rate. In specific examples, tensioning, such as tensioning
using a tension in an above-described range, is carried out for at least about 1 day, such
as at least about 2, at least about 3, at least about 4, at least about 5, at least about 6, at
least about 7, at least about 8, at least about 9, at least about 10, at least about 11, at
least about 12, at least about 13, at least about 14, at least about 15, at least about 16, at
least about 17, at least about 18, at least about 19, at least about 20, or at least about 21
days, such as between about 1 day and about 45 days, between about 1 day and about 21
days, between about 7 days and about 21 days, between about 10 days and about 21
days, between about 11 days and about 45 days, between about 11 days and about 30



WO 2019/147585 PCT/US2019/014591

18-

days, between about 11 days and about 21 days, between about 12 days and about 21
days, between about 13 days and about 21 days, between about 14 days and about 45
days, between about 14 days and about 21 days, or between about 14 days and about 18
days.

[0062] In at least some embodiments, the implantable biocompatible material is
stretched without a compressive force being applied, such as a compressive force directed
orthogonally to a stretching direction, or a generally flat or planar surface of the material
(e.g., compressing the thickness of the material). This lack of compression can allow the
final, stretched implantable biocompatible material to retain a compression ratio that is
at least substantially similar to the original unstretched material, allowing the material
to be further compressed, such as when the material is, or 1s being, incorporated into an

implantable device.

[0063] After an implantable biocompatible material has been stretched to a desired
degree, it can be incorporated into an implantable device. Example methods of forming
implantable devices, including prosthetic heart valves, from implantable biocompatible
materials are disclosed in U.S. Patent Publication No. 2003/0027332. The implantable
biocompatible material can be cut to a desired shape and size, including using a
technique described above. The implantable biocompatible material can be subjected to
additional pretreatments (that is, a post-treatment with respect to a pre-stretching
procedure, but being a pre-treatment with respect to incorporation of the pre-stretched
material into an implantable device), including pretreatments steps described above,
such as capping, fixation, or sterilization. The implantable biocompatible material may

also be stored prior to use, including in a hydrated or dehydrated state.

[0064] In a specific implementation, un-fixed or partially fixed implantable biological
materials are subjected to a disclosed pre-stretching procedure and are fixed after being
stretched to a desired degree. Fixing conditions described above for “pre-treatments” can
be used for post-stretching fixation. It may be beneficial to use higher glutaraldehyde
concentrations for post-stretching fixation, such as using a solution having between
about 1.25 wt% and about 50% glutaraldehyde or between about 1.25 wt% and about 8
wt% glutaraldehyde.

[0065] Using partially fixed or unfixed tissue for a thinning or stretching procedure
can be beneficial, as unfixed or partially fixed material may stretch more quickly, to a

larger extent, with lesser force, or a combination of these features compared with
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partially- or fully-fixed material. That is, fixing the implantable biocompatible material
prior to stretching may reduce the ability of the material to stretch, thus potentially
requiring longer stretching times or higher degrees of tension to achieve an equivalent
degree of stretching or thinning as compared with unfixed material. Additionally, fixed
or partially fixed implantable biocompatible material may not be capable of the same
maximum stretching or thinning as unfixed or less fixed material. Further, waiting to
fix, or fully fix, the implantable biocompatible material until after a desired degree of
stretching has been performed can help “lock in” the stretch. Similar considerations can
apply to the timing of other material treatments, such as sterilization of the implantable
biocompatible material, including the use of terminal liquid sterilization procedures (e.g.,

heating the material in a closed container immersed in a liquid sterilant).

[0066] As used herein, “partially fixed” can refer to a level of fixation, such as a level
of crosslinking in an implantable biocompatible material, that is between that of an
unfixed material and that of a “fully-fixed” material, where a fully fixed material can be
determined with respect to a final fixation level that is to be achieved (e.g., “fully fixed”
with respect to a final fixation level for a particular material in a particular process), or
with respect to conditions that are generally understood to provide fixed materials. In
particular examples, “partially-fixed” can be defined with respect to a level of
crosslinking, such as the level being between about 15% and about 85% of the level
present in fully-fixed implantable biocompatible materials, such as being between about
25% and about 80%, between about 35% and about 75%, between about 40% and about
65%, or between about 45% and about 60% of the level of crosslinking in a fully-fixed

implantable biocompatible material.

[0067] In a specific implementation, non-fixed implantable biocompatible material,
implantable biocompatible material that has been fully or partially fixed, but not
sterilized, or implantable biocompatible material that has been sterilized and/or fully or
partially fixed, but maintained in a non-fixating solution (e.g., water, saline, other non-
fixating solutions, or combinations thereof) for a prolonged duration (e.g., at least one
hour, at least 12 hours, at least 1 day, at least 3 days, at least 7 days, at least 28 days,
optionally with an upper bound of exposure, such as at most 3 months, at most 6 months,
or at most 1 year) is subjected to a stretching process, and the pre-stretched material is
then treated with a fixative agent, such as glutaraldehyde, and then optionally sterilized,
such as using terminal liquid sterilization. In another implementation, non-fixed

implantable biocompatible material, implantable biocompatible material that has been
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fully or partially fixed, but not sterilized, or implantable biocompatible material that has
been sterilized and/or fully or partially fixed, but maintained in a non-fixating solution
(as described above) for a prolonged duration (as described above) is subjected to a
stretching process, and the pre-stretched material is then treated with a fixative agent,
such as glutaraldehyde, while the material is being maintained under tension. In a
particular example, the implantable biocompatible material is sterilized after the fixed,
stretched material has been released from tension. In another example, the implantable
biocompatible material is both fixed and sterilized while under tension. In some cases,
applying a serialization procedure, such as one involving heat treatment, while an
implantable biocompatible material is under tension can induce additional

stretching/thinning in the material.

[0068] When the implantable biocompatible material is stored, or during
manipulation or fabrication steps, the material can be maintained in a suitable solution,
such as a solution having an appropriate pH. In particular examples, the solution can
have a pH of between about 6 and about 10, such as between about 6.9 and 9. Solutions
may be buffered at a particular pH or within a particular pH range, including using
buffering agents such as ammonium, bicarbonate, borate, cacodylate, carbonate, and
organic buffers such as morpholine propanesulfonic acid, N-(2-hydroxyethyl)piperazine-

N'-(2-ethanesulfonic acid) (HEPES), or {risthydroxymethyl)aminomethane (TRIS).

[0069] The present disclosure lists values and ranges for various pre-stretching
parameters, including applied tension, stretching time (or an elongation rate at which
tension is released), and temperature. It should be understood that the present
disclosure embraces any value or range of one parameter being used in combination with
any recited value or range for any other parameters. However, in particular examples,
the applied tension is between about between about 400 grams and 1000 grams (or an
intermediate range), the temperature is maintained at a temperature of between about
35 °C and about 41 °C (or an intermediate range), and the tension is applied for a period

of between about 11 days and about 45 days (or an intermediate range).

EXAMPLE
[0070] Eight samples of bovine pericardium tissue were obtained. A constant force
(dead weight of 500 grams) was applied to the samples for a period of two weeks. During

this stretching, the samples were maintained in a warm bath (37 °C).
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[0071] The thickness of the samples was measured before and after the stretching.
FIG. 3 1s a plot of individual thickness values (mm) for the samples at their initial

thickness and at their thickness after being stretched.

[0072] FIG. 4 is plot of initial thickness and final thickness of the eight samples.
Although the samples varied in their initial thickness, each of the samples underwent
significant thinning during the stretching process, as evidenced by the final thickness

values. The samples stretched an average of about 12.5%, or 0.05 mm.

[0073] For purposes of this description, certain aspects, advantages, and novel
features of the embodiments of this disclosure are described herein. The disclosed
methods, apparatus, and systems should not be construed as being limiting in any way.
Instead, the present disclosure is directed toward all novel and nonobvious features and
aspects of the various disclosed embodiments, alone and in various combinations and
sub-combinations with one another. The methods, apparatus, and systems are not
limited to any specific aspect or feature or combination thereof, nor do the disclosed
embodiments require that any one or more specific advantages be present or problems be

solved.

[0074] Although the operations of some of the disclosed embodiments are described in
a particular, sequential order for convenient presentation, it should be understood that
this manner of description encompasses rearrangement, unless a particular ordering is
required by specific language set forth above. For example, operations described
sequentially may in some cases be rearranged or performed concurrently. Moreover, for
the sake of simplicity, the attached figures may not show the various ways in which the
disclosed methods can be used in conjunction with other methods. Additionally, the
description sometimes uses terms like “provide” or “achieve” to describe the disclosed
methods. These terms are high-level abstractions of the actual operations that are
performed. The actual operations that correspond to these terms may vary depending on
the particular implementation and are readily discernible by one of ordinary skill in the
art.

» o«

[0075] As used in this application and in the claims, the singular forms “a,” “an,” and
“the” include the plural forms unless the context clearly dictates otherwise. Additionally,
the term “includes” means “comprises.” Further, the term “coupled” generally means

physically, mechanically, chemically, magnetically, and/or electrically coupled or linked
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and does not exclude the presence of intermediate elements between the coupled or

associated items absent specific contrary language.

[0076] Unless otherwise indicated, all numbers expressing quantities of components,
percentages, temperatures, times, and so forth, as used in the specification or claims that
are modified by the term “about” should also be understood to include the recited values
and ranges as exact numbers, not modified by “about.” Unless otherwise indicated,
implicitly or explicitly, the numerical parameters set forth as approximations may
depend on the desired properties sought and/or limits of detection under standard test

conditions/methods.

[0077] In view of the many possible embodiments to which the principles of the
disclosure may be applied, it should be recognized that the illustrated embodiments are
only preferred examples and should not be taken as limiting the scope of the disclosure.

Rather, the scope of the disclosure is defined by the following claims.
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What is claimed is:

1. A method of pre-stretching an implantable biocompatible material
comprising:

applying a tensioning force of between 300 grams and 4000 grams to a
sheet of implantable biocompatible material;

while applying the tensioning force, maintaining the sheet of implantable
biocompatible material at a temperature that is at least as high as
a temperature of an environment into which at least a portion of
the implantable biocompatible material will be implanted; and

maintaining the sheet of implantable biocompatible material under
tension until the sheet experiences a decrease in an elongation rate
of the sheet, wherein the tensioning force is applied for a period of

at least 1 day.

2. The method of claim 1, wherein the temperature is between 30 °C
and 95 °C, preferably between 30 °C and 46 °C, more preferably between 36 °C
and 39 °C.

3.  The method of claim 1 or 2, wherein the tensioning force is between

300 grams and 1000 grams, preferably between 400 grams and 700 grams.

4.  The method of any of claims 1 to 3, wherein the tensioning force is
applied for a period of between 1 day and 45 days, preferably for a period of
between 11 days and 45 days, more preferably for a period of between 10 days
and 21 days.

5. The method of any of claims 1 to 4, wherein the implantable
biocompatible material comprises pericardial tissue, preferably bovine

pericardial tissue or porcine pericardial tissue.

6. The method of any of claims 1 to 5, wherein the sheet of implantable
biocompatible material is maintained under tension until the elongation rate
is less than 25%, preferably less than 10%, more preferably less than 5 %, of

an average initial elongation rate.
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7.  The method of any of claims 1 to 6, wherein the tensioning force is
applied along a single axis, preferably in opposing directions along a single

axis, or along multiple axes.

8.  The method of claim 7, wherein at least two of the multiple axes are

perpendicular to one another.

9.  The method of any of claims 1 to 8, further comprising incorporating
the pre-stretched implantable biocompatible material into an implantable
device, wherein the implantable device preferably comprises a prosthetic heart
valve, wherein the stretched implantable biocompatible material more

preferably forms at least one leaflet of the prosthetic heart valve.

10. The method of any of claims 1 to 9, wherein the implantable
biocompatible material is unfixed when the tensioning force is applied and the

implantable biocompatible material is fixed while under tension.

11. The method of any of claims 1 to 10, wherein the implantable
biocompatible material is partially fixed when the tensioning force is applied

and the implantable biocompatible material is fixed while under tension.

12. The method of any of claims 1 to 11, wherein the implantable
biocompatible material is an at least partially fixed implantable biocompatible
material maintained in a non-fixative solution for at least one hour prior to

applying tension to the implantable biocompatible material.

13. A method of pre-stretching pericardial tissue comprising:

applying a tensioning force of between 400 grams and 1000 grams to a
sheet of pericardial tissue;

while applying the tensioning force, maintaining the sheet of pericardial
tissue at a temperature of between 30 °C and 46 °C; and

maintaining the sheet of pericardial tissue under tension until the

elongation rate of the sheet is less than 10% of an average initial
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elongation rate, where the average initial elongation rate is the
elongation rate over the first hour in which tension is applied,

wherein the tensioning force is applied for a period of at least 1 day.

14. A method of forming a prosthetic valve, comprising:

performing the method of pre-stretching an implantable biocompatible
material of any of claims 1 to 12, wherein the tensioning force is
between 400 grams and 1000 grams, wherein the implantable
biocompatible material is a sheet of pericardial tissue; wherein the
temperature is between 30 °C and 46 °C; and wherein the sheet of
pericardial tissue is maintained under tension until the elongation
rate of the sheet is less than 10% of an average initial elongation
rate, where the average initial elongation rate is the elongation rate
over the first hour in which tension is applied; and

attaching at least a portion of the sheet of elongated pericardial tissue to

a frame.
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