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MESH ENCLOSED TISSUE CONSTRUCTS

RELATED APPLICATIONS

This application is a continuation-in-part application of
application Ser. No. 14/162,617, filed Jan. 23, 2014, which:
(a) is a continuation-in-part application of application Ser.
No. 13/427,807, filed Mar. 22, 2012, and (b) which claims
priority to U.S. Provisional Application No. 61/756,451,
filed Jan. 24, 2013; application Ser. No. 13/427,807 claims
priority to: U.S. Provisional Application No. 61/559,694,
filed Jan. 19, 2012, U.S. Provisional Application No. 61/540,
330, filed Sep. 28, 2011, U.S. Provisional Application No.
61/496,369, filed Jun. 13, 2011, and U.S. Provisional Appli-
cation No. 61/466,882, filed Mar. 23, 2011; all of which are
herein incorporated by reference in their entireties.

FIELD

The disclosure pertains to a heart valve leaflet manufac-
tured from a mesh material. The mesh material may have an
ability to capture circulatory/stationary/migratory cells of
the body to become biologically active.

BACKGROUND

Engineering of the membrane-like tissue structures with
ability to remodel and regenerate is currently an unresolved
subject in the field of tissue engineering. Several attempts
with minimal success have been made to create functional
viable membrane tissues such as heart valve leaflet with the
ability to grow, repair, and remodel. Shinoka et al. fabricated
single leaflet heart valves by sequentially seeding ovine
fibroblasts and endothelial cells on a bioabsorbable polymer
composed of a polyglactin woven mesh surrounded by two
nonwoven polyglycolic acid mesh sheets. (See Shinoka, T.,
Breuer, C. K., Tanel, R. E., Zund, G., Miura, T., Ma, P. X_,
Langer, R., Vacanti, J. P., and Mayer J. E. Tissue engineering
heart valves: Valve leafet replacement study in a lamb
model. Ann Thorac Surg, 60, 13, 1995). Hoerstrup et al.
fabricated a trileaflet heart valve using nonwoven polygly-
colic acid mesh, a bioabsorbable polymer, sequentially
seeded with ovine myofibroblasts and endothelial cells made
using a pulse duplicator in vitro system. (See Hoerstrup, S.
P, Sodian, R., Daebritz, S., Wang, J., Bacha, E. A., Martin,
D. P, Moran, A. M., Guleserian, K. J., Sperling, J. S.,
Kaushal, S., Vacanti, J. P, Schoen, F. J., and Mayer, J. E. Jr.
Functional living trileaflet heart valves grown in vitro.
Circulation, 102, 44, 2000). Sodian et al. constructed trileat-
let heart valve scaffolds fabricated from seeding ovine
arterial vascular cells on a polyhydroxyoctanoate material.
(See Sodian, R., Hoerstrup, S. P., Sperling, J. S., Daebritz,
S., Martin, D. P,, Moran, A. M., Kim, B. S., Schoen, F. J.,
Vacanti, J. P., and Mayer, J. E. Jr. Early in vivo experience
with tissue-engineered trileafet heart valves. Circulation,
102, suppl 111, 2000). Sutherland et al. created autologous
semilunar heart valves in vitro using mesenchymal stems
cells and a biodegradable scaffold made of polyglycolic acid
and poly-L-lactic acid. (See Sutherland, F. W., Perry, T. E.,
Yu, Y., Sherwood, M. C., Rabkin, E., Masuda, Y., Garcia, A.,
McLellan, D. L., Engelmayr, G. C., Sacks, M. S., Schoen, F.
J., and Mayer J. E. Jr. From stem cells to viable autologous
semilunar heart valve. Circulation, 111, 2783, 2005). Draw-
backs to the approaches described above include structural
vulnerability, short term functionality, and limited mechani-
cal properties of the membrane constructs.
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Scaffolds are critical components of the engineered tis-
sues that allow them to be formed in vitro and remain secure
in vivo when implanted in a host. Several approaches have
been taken to develop scaffolds for tissue membranes. The
most widely used method involves biodegradable naturally-
derived or synthetic polymers, where the polymer eventually
degrades by normal metabolic activity, while the biological
matrix is formed. To have viable tissue, the rate of scaffold
degradation should be proportional to the rate of tissue
formation to guarantee mechanical stability over time. The
poor control of enzymatic degradation and low mechanical
performance are two major limitations of naturally derived
polymers. In contrast, synthetic polymers can be prepared
precisely with respect to structure and function. However,
most of them produce toxic chemicals when they degrade in
vivo, and due to lack of receptor-binding ligands, they may
not provide a good environment for adhesion and prolifera-
tion of cells.

Another option for creating scaffolds is to use decellular-
ized xenogenic tissues, which has some advantages over
polymeric materials. Decellularized tissues provide a unique
scaffold, which is essentially composed of extracellular
matrix (ECM) proteins that serve as an intrinsic template for
cells. However, the process of decellularization cannot com-
pletely remove the trace of cells and their debris. These
remnants not only increase the potential of an immunogenic
reaction, but also result in increased tissue susceptibility to
calcification.

Another, albeit less developed, strategy involves creating
a scaffold with completely biological matrix components.
This approach has advantages over using polymeric mate-
rials or decellularized xenogenic tissues. For example, large
amounts can be produced from xenogenic sources, which
can readily accommodate cellular ingrowth without cyto-
toxic degradation products. However, this strategy is
restricted due to mechanical fragility of the scaffold and the
low potentials for creating complex tissue structures.

Thus, a continuing need exists for a tissue construct that
is strong enough to resist forces that exist inside a body,
while possessing biocompatible surfaces.

SUMMARY

Some embodiments relate to a heart valve leaflet includ-
ing a thermoplastic polyurethane (TPU) mesh material.

In some embodiments, the heart valve leaflet includes one
to three layers of cells cultured on each side of the mesh
material.

In some embodiments, the one to three layers of cells
include smooth muscle cells, fibroblasts, and/or endothelial
cell populations.

In some embodiments, the smooth muscle cells are vas-
cular smooth muscle cells (VSMC).

In some embodiments, the one to three layers of cells
cultured on each side of the mesh material include a first
layer of smooth muscle cells formed directly on the ther-
moplastic polyurethane mesh, a second layer of fibroblast/
myofibroblast cells formed on the first layer, and a third
layer of endothelial cells formed on the second layer.

In some embodiments, a first layer of smooth muscle cells
and fibroblast/myofibroblast cells are intermixed together
and are formed directly on the thermoplastic polyurethane
mesh, and a second layer of endothelial cells is formed on
the first layer.
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In some embodiments, the TPU mesh material includes an
aliphatic polycarbonate-based thermoplastic polyurethane
or an aromatic polycarbonate-based thermoplastic polyure-
thane.

In some embodiments, the thermoplastic polyurethane
(TPU) mesh material has a tensile strength of about 68.9
MPa, an elastic modulus of about 74.5 MPa.

In some embodiments, the leaflet has an ability to capture
circulatory/stationary/migratory cells of the body to become
biologically active.

In some embodiments, the leaflet has a modified surface,
which facilitates growth of a tissue layer on the leaflet, such
that the mesh may become enclosed in the tissue layer.

In some embodiments, a bioactive material is used to coat
the leaflet to optimize cell capture and/or to actively recruit
cells and/or provide cell differentiation guidance.

In some embodiments, the bioactive material is selected
from the group consisting of a molecule that binds to a cell
adhesion molecule (CAM), a growth factor, an extracellular
matrix molecule, a subendothelial extracellular matrix mol-
ecule and a peptide.

In some embodiments, the molecule that binds to a CAM
is a CD34 antibody.

In some embodiments, the growth factor is selected from
the group consisting of epidermal growth factor (EGF),
fibroblast growth factor 1 (FGF1), FGF2, FGF3, FGF4,
vascular endothelial growth factor-A (VEGF-A), VEGF-B,
VEGF-C, VEGF-D, and placental growth factor (PGF).

In some embodiments, the subendothelial extracellular
matrix molecule is selected from the group consisting of
fibronectin, fibulin-5 and fibrillin-1.

In some embodiments, the peptide is an RGD-peptide.

In some embodiments, the surface of the leaflet is modi-
fied by plasma coating.

In some embodiments, the surface of the mesh is micro-
patterned to enhance cell binding.

In some embodiments, the mesh has a stiffness that is
comparable to a native heart valve leaflet, such that it
functionally mimics a native heart valve leaflet.

In some embodiments, the mesh has a hole diameter of
between 0.0005-0.0400 inches.

In some embodiments, the mesh has no physical holes.

In some embodiments, the mesh has a hole diameter of
about 0.0088 inches.

In some embodiments, the mesh has a thickness of
between 0.0004-0.0100 inches.

In some embodiments, the mesh has a thickness of about
0.001 inches.

Some embodiments relate to a heart valve including a
heart valve leaflet as disclosed herein.

In some embodiments, the heart valve includes a metal
frame.

In some embodiments, the metal frame includes titanium.

In some embodiments, the metal frame is 3D printed.

In some embodiments of heart valve, the thermoplastic
polyurethane (TPU) mesh material has a tensile strength and
an elastic modulus that are within an order of magnitude
from the tensile strength and elastic modulus of native aortic
valve tissue, and wherein the heart valve withstands 50
million cycles with no detectable damage on the frame and
leaflets.

In some embodiments, the thermoplastic polyurethane
(TPU) mesh material has a tensile strength of about 68.9
MPa, an elastic modulus of about 74.5 MPa.

BRIEF DESCRIPTION OF THE DRAWINGS

The objects, features and advantages of the present inven-
tion will be apparent from the following detailed descrip-
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tions of the preferred aspect of the invention in conjunction
with reference to the following drawings where:

FIG. 1A shows a representation of a scaffold of one aspect
of the present invention;

FIG. 1B is a diagram showing the three layers of cells of
a scaffold that mimic heart valve tissue structure of one
aspect of the present invention;

FIG. 2 is a schematic showing the steps in the three-
dimensional (3D) cell culture method to develop a tissue;

FIG. 3A is an image of a stainless steel mesh with a
surface area of about 1 cm.sup.2;

FIG. 3B is a view of the engineered tissue after three
months of cell culture;

FIG. 4A is a scanning electron micrograph of the first
layer on the mesh showing that smooth muscle cells are
attached over the mesh;

FIG. 4B is a expanded view of FIG. 4A;

FIG. 5A is a scanning electron microscopy image taken
after culturing the second layer of cells containing fibro-
blasts and myofibroblasts;

FIG. 5B shows the formation of extracellular matrix and
a layer of cells formed on the metal mesh, the black arrow
indicates a single fibroblast cell;

FIG. 6 A shows a top view of cell culture without addition
of TGF-p;

FIG. 6B shows a top view of cell culture without addition
of TGF-p;

FIG. 6C shows the top view of the cell culture with TGF-3
added to the cell culture;

FIG. 6D shows the top view of the cell culture with
TGF-f added to the cell culture;

FIG. 7A is a scanning electron microscopy image that
show layers of tissue tightly enclosing the stainless steel
mesh;

FIG. 7B is a scanning electron microscopy image that
show three layers of tissue tightly enclosing the stainless
steel mesh;

FIG. 7C is a scanning electron microscopy image that
show three layers of tissue tightly enclosing the stainless
steel mesh;

FIG. 7D is a scanning electron microscopy image that
show three layers of tissue tightly enclosing the stainless
steel mesh;

FIG. 8A is an illustration depicting a size comparison of
a one-centimeter by one-centimeter Nitinol mesh in relation
to a United States Penny;

FIG. 8B shows the engineered tissue on Nitinol mesh after
the months of cell culture;

FIG. 9A is an illustration of a heart valve depicting the
Nitinol mesh scaffolding;

FIG. 9B is an illustration of a heart valve with heart
leaflets that are made of tissue described in this application;

FIG. 9C is an illustration of a heart valve with heart
leaflets that are made of tissue described in this application;

FIG. 9D is an illustration depicting schematic parts of a
tri-leaflet scaffold that can be used as a heart valve;

FIG. 9E is an illustration that includes various view-point
illustrations of the heart valve;

FIG. 9F is an image of the tri-leaflet scaffold that is
depicted in FIGS. 9A and 9D;

FIG. 10A is a schematic representation of a blood vessel;
and

FIG. 10B is a schematic representation of a blood vessel
formed from the tissue described in this application.

FIG. 11 depicts a Nitinol mesh leaflet and the bioactive
valve. (A) The flat Nitinol mesh cut to the desired shape of
a leaflet; (B) a tri-leaflet valve comprised of a stand, a base



US 10,610,616 B2

5

and leaflets made of 25 microns thickness Nitinol mesh
leaflets, The surface of the mesh has been modified to
becomes biologically active once implanted to capture the
cells of the body.

FIG. 12 depicts functional testing of a tri-leaflet bioactive
valve with Nitinol mesh leaflets inside a heart flow simula-
tor. The images are consecutive slides taken from a recorded
movie showing opening and closure of the valve. It can be
seen that the leaflets are compliant enough to open and close
with a flow rate (3 L/min) even less than normal flow rate of
the heart.

FIG. 13 shows a thermoplastic polyurethane (TPU) scat-
fold material. A thin film sheet of CARBOTHANE was used
in biocompatibility tests. 1 cm?® pieces were cut and placed
in individual culture wells.

FIG. 14. Elastic modulus and tensile strengths of scaffold
materials. The mechanical properties of aortic valves (left)
compare more favorably with those of CARBOTHANE
(middle) than Nitinol (right).

FIG. 15. HASMC, NHLF, and HUVEC cell populations.
Only HUVEC populations decreased over the duration of
the experiment.

FIG. 16. Fluorescence microscopy images of HASMCs,
NHLFs, and HUVECs on AC-4095A. (A) HASMCs (left),
NHLFs (middle), and HUVECs (right) show attachment on
fibronectin-treated AC-4095A. (B) Attachment is seen for
cells on untreated AC-4095A. (C) HUVECs begin to clump
together and die on fibronectin-treated (top) and untreated
(bottom) AC-4095A within 24 hours.

FIG. 17. Accelerated Wear Testing (AWT) M6 simulator
with pressure sensors.

FIG. 18. Pulsatile Flow Simulator (PFS) with associated
equipment.

FIG. 19. Valve in the opened position and measurement of
circulated orifice area (COA) (Valve 1 at 3.6 L/min).

FIG. 20. Valve in the opened position and method of
image calibration. (Valve 1 at 3.6 L/min).

FIG. 21. Post displacement calculated from the valve at
the closed (A) and opened (B) positions. The white line
shows the post displacement. (Valve 2 at 4.4 I./min).

FIG. 22: Inlet and outlet pressure measured by
DYNATEK software. The traces marked (i), (ii) and (iii)
represent the inflow, outflow and the differential pressure,
respectively.

FIG. 23. Manufacture and testing of tri-leaflet valve. (A)
Three CARBOTHANE mesh leaflets are sewn into a tri-
leaflet valve. (B) CARBOTHANE mesh scaffold with cul-
ture male/female molds. (C) and (D) CARBOTHANE valve
(not-meshed) in the Accelerated Wear Testing (AWT) M6
simulator ready for testing.

FIG. 24. A hybrid valve with a titanium frame and a
polyurethane core. (A) In culture medium. Covered by
collagen fibers and endothelial cells on both sides, (B) aortic
side and (C) ventricular side.

FIG. 25. Surgical mitral valve replacement. Hybrid valve
prior to implantation (A) and during attachment with sutures
in the mitral position (B).

FIG. 26. Mobility of leaflets in hybrid valve during: (A)
systole, the phase of the heartbeat when the heart muscle
contracts and pumps blood from the chambers into the
arteries and (B) diastole, the phase of the heartbeat when the
heart muscle relaxes and allows the chambers to fill with
blood.

FIG. 27. Regurgitation Analysis. No regurgitation was
observed in the implanted valve at mitral position after
surgery. (A) Doppler imaging shows that no blood regurgi-
tates when the valve is closed during systole, (B) Structural
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image shows the valve positioned and working at mitral
position. Left ventricle, LV; mitral valve, MV; left atrium,
LA; and aorta, Ao.

FIG. 28. Postoperative Status: Mitral valve replacement
was successfully performed and the sheep was able to walk
around and drink water after recovery from anesthesia.

FIG. 29. Post-implantation analysis of hybrid valve fol-
lowing surgical removal approximately six hours after the
implantation. (A) Hybrid valve in the mitral position.
Removed hybrid valve was covered by intact collagen fibers
and endothelial cells on the (B) ventricular and (C) aortic
sides. The images show that the hybrid valve is intact with
all tissues still in place, neither washed nor detached from
the CARBOTHANE scaffold.

DETAILED DESCRIPTION

Reference will now be made in detail to embodiments of
the present disclosure, examples of which are illustrated in
the accompanying drawings. While the disclosure will be
described in conjunction with these embodiments, it will be
understood that they are not intended to limit the invention
to these embodiments. On the contrary, the disclosure is
intended to cover alternatives, modifications, and equiva-
lents, which may be included with the spirit and scope of the
invention as defined by the appended claims. Furthermore,
in the following detailed description, numerous specific
details are set forth in order to provide thorough understand-
ing of the present disclosure. However, it will be recognized
by one of ordinary skill in the art that the present disclosure
may be practiced without these specific details. In other
instances, well-known methods, procedures, and compo-
nents have not been described in detail as not to unneces-
sarily obscure aspects of the embodiments.

As noted above and as shown in FIG. 1A, some embodi-
ments are directed to a scaffold 100 that is composed of
multi-layered tissue enclosed on a metal mesh. This is
further illustrated in FIG. 1B, which illustrates that the
scaffold 100 is made of an extra layer of metal mesh 102
enclosed by a biological matrix, such as layers (e.g., three
layers) of cells (e.g., different cell types). It should be
understood that while embodiments of the present disclosure
are described as scaffold 100 that includes three layers of
different cell types, it is not intended to be limited thereto as
the scaffold 100 can be formed with a single layer, or any
suitable number of layers, and, further, with a single or
different cell types. Additionally, while the mesh 102 is
described as being covered with biological materials or a
biological matrix, the disclosure is not limited thereto as the
mesh 102 can also be enclosed by synthetic materials that
are known to one skilled in the art (such as polymers, etc.).
As a non-limiting example, the synthetic material can be
molded onto the mesh. Such as

However, desirably, the three layers of biological mate-
rials include a first layer 104 of smooth muscle cells. The
second layer 106 may be composed of fibroblast and myo-
fibroblast cells and the third layer 108 (which can is the outer
layer) may comprise of endothelial cells. These three layers
wrap around the metal mesh 102 in three-dimensions so that
each layer fully envelopes the metal mesh 102. This
approach is intended to retain all the advantages of using
biological scaffolds while developing a strong extracellular
matrix (ECM) backbone composed of the mesh 102 that can
withstand various types of loads after implantation inside the
body. Additionally, such a mesh pattern ensures structure
integration of the formed tissue and allows cells and ECM
components on both sides of the mesh 102 to interact with
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each other. The formed tissue is intended to be biomechani-
cally resilient against the physiological stresses inside the
body. In one aspect, the scaffold 100 is a living tissue, able
to continually remodel and mature in vitro and in vivo. For
example, the scaffold 100 has living tissue (as described
below) that can continue to grow and mature, with the mesh
102 becoming biologically active when implanted in-vivo.

In one aspect, the three layers of cells of the scaffold 100
may mimic the heart valve structure. These three layers
mimic ventricularis, spongiosa and fibrosa layers of a heart
valve leaflet. This type of scaffold can be used in any
membrane tissue fabrication, such as heart valve leaflets,
vascular grafts, etc.

While the present disclosure is directed to a unique hybrid
scaffold 100 as shown in FIGS. 1A and 1B, the present
disclosure also includes the method of making the novel
scaffold (made of an extra layer of metal mesh enclosed by
three layers of different cell types). For example, FIG. 2
shows a schematic diagram of a method for producing the
multilayered tissue. Through the three-dimensional cell cul-
ture technique detailed in this application, all layers of the
cells were seeded on rectangular-shaped Stainless Steel
meshes to produce ECM or connective tissue.

The method of making the multilayered tissue is as
follows. The first step in creating the scaffold is preparation
of the metal mesh scaffold. The metal mesh is any suitable
material that can operate as scaffolding for a tissue. As a
non-limiting example, the metal mesh may be a flat mesh of
T316 Stainless Steel woven from 0.0037" round wires,
targeting at 80 end per inch (EPI)x80 pick per inch (PPI) that
possesses an opening size of 0.0088". A non-limiting
example of such a mesh is that sold by TWP, Inc., located at
2831 Tenth Street, Berkeley, Calif. 94710 USA. The metal
mesh was heated at 520° C. for 5 min, followed by water
quenching. The oxidized film was removed at multiple
stages; by polishing the surface, using hydrochloric acid
wash, ultrasonic cleaning wash in ethanol for 15 min and
glow discharging for 40 seconds. Finally, the mesh was cut
into pieces with area of one square centimeter to be used for
cell culture.

After the metal was cleaned and cut into pieces, an ion
beam surface modification method was used to get a smooth
surface and ensure the biocompatibility and enhanced cell
attachment for the Stainless Steel meshes. The meshes were
mechanically polished with wetted metallographic polishing
high-grade Silicon Carbide (SiC) papers. Afterward, the
meshes were acid-washed, degreased in an ultrasonic vibro-
bath, and rinsed with distilled water. Prior to cell culture, the
samples were irradiated by He" ion beam at energy of 150
keV with fluences of 1x10'* ions/cm>.

In one aspect, the growth of the tissue may be aided by the
addition of growth factors and materials. For example, a
mixture containing bovine and rat tail collagen may be used
to coat the mesh to ensure development of an interconnected
pore network, which is essential for cell growth, nutrient
supply, and removal of metabolic waste products. In addi-
tion, the culture media may be supplemented with additives,
including, but not limited to, ascorbic acid to promote matrix
production. Moreover, proteins (cytokines), including TGF-
p1, may be added to the collagen gels in each layer to
increase the rate of extracellular matrix production. For the
biological part of the scaffold any collagen type by itself or
in mixture as well as the other biological scaffold such as
fibrin or even synthetic scaffolds can be used. Growth
factors depending on the target tissue and the cells that have
been used can be different, such as vascular endothelial
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growth factor (VEGF) if endothelial progenitor cells are
used instead of endothelial cells.

After the mesh has been prepared, the three-dimensional
tissue scaffold was constructed by sequential seeding of
three different types of cells on the metal mesh. As a
non-limiting example, three different cell types were iso-
lated and used for preliminary assay, as follows: smooth
muscle cells and fibroblast and myofibroblast cells to fulfill
the role of valvular interstitial cells (VICs) and endothelial
cells to act as the valvular endothelial cells. In another
aspect, the following three different cell types are isolated
and used: human aortic smooth muscle cells, human aortic
adventitial fibroblast/myfibroblast cells to fulfill the role of
valvular interstitial cells (VICs), and human umbilical vas-
cular endothelial cells to act as valvular endothelial cells.
The basal media for culturing cells contained DMEM (e.g.,
Dulbecco’s Modified Eagle Medium, Gibco, produced by
Invitrogen Corporation, located at 1600 Faraday Ave., Carls-
bad, Calif. 92006, USA), 10% fetal bovine serum (HyClone,
Rockford, 111.), 1% penicillin/streptomycin (Gibco, Carls-
bad, Calif.) and 1% L-glutamine (Gibco, Carlsbad, Calif.),
with appropriate growth factors added to it for enhancement
of growth and proliferation. Cultured cells were fed every
two to three days, and split 1 to 3 at confluence. Cells were
used on the passages 3 to 5 for the experiment.

Each mesh was coated with a mixture of bovine and rat
tail collagen (Gibco, Carlsbad, Calif.) in a tissue culture
hood with an aligned appearance. The liquid collagen mix-
ture was neutralized using NaOH. Cell-seeded collagen
constructs were prepared by first casting an acellular colla-
gen solution and then adding a total of 3x10° cells for each
cell type to it, before the collagen had set. After placing the
Stainless Steel meshes among the solutions, the constructs
were incubated at 37° C. in a 5% CO, humidified incubator
for polymerization. This method ensures that collagen con-
structs have uniform cell density (3x10° cells/cm?) after gel
formation. The tissue constructs were cultured at 37° C. with
replacement of culture media every two days. To achieve a
phenotype similar to the natural valve leaflets in-vivo, the
cells in the next layers were plated over the constructs at
time intervals of two weeks and the next layer was con-
structed around the deeper layer in a similar method that has
been described in the beginning of this paragraph. The
media was also supplemented with ascorbic acid (e.g.,
produced by Sigma-Aldrich Inc., located at 3050 Spruce
Street, St. Louis, Mo. 63103, USA) as an additive to
promote matrix production. To increase the rate of extracel-
Iular matrix production, 10 ng/ml of TGF-p1 (e.g., produced
by R&D Systems Inc., located at 614 McKinley Place
Northeast, Minneapolis, Minn. 55413, USA) was added to
the collagen gels in each layer. These cultures were later on
compared to the control group with no TGF-f supplemen-
tation.

In one aspect, the tissue may be suitable for applications
in which strong composition of the membrane is essential,
including but not limited to, heart valves and vascular grafts.
For further understanding, FIGS. 3A and 3B provide images
that depict the scale and size of the mesh and corresponding
tissue. For example, FIG. 3A is an image of a stainless steel
mesh 102 with a surface area of about one square centimeter
Additionally, FIG. 3B is a macroscopic view of the engi-
neered tissue 100 after three months of cell culture. The
outer surface shown in FIG. 3B is the endothelial layer or the
third layer. Seeding the third layer completely concealed the
mesh 102 and formed a smooth, confluent surface around the
construct. Although the third layer concealed the mesh 102,
the metallic mesh 102 can still be seen inside the tissue.
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FIG. 4A and FIG. 4B are scanning electron micrographs
(SEM) images of the first layer of cells. FIG. 4A shows the
smooth muscle cells 400 as being attached over the mesh
102. FIG. 4B shows the first layer of tissue (i.e., the smooth
muscle cells 400) compacted during the culture period,
which confirmed the expression of alpha-SMA, as its
expression.

FIG. 5A is a top-view of the SEM image taken after
culturing the second layer of cells containing fibroblasts/
myofibroblasts. Formation of ECM and a confluent layer
around the construct are visible. Alternatively, FIG. 5B
shows a side-view of the SEM image. The arrow in FIG. 5B
indicates a single fibroblast cell 500. Both FIG. 5A and FIG.
5B show fibroblast cells 500 in the second layer. Addition of
TGF-f increased the number of cells with either fibroblasts
or myofibroblasts in the second layer.

FIG. 6A through FIG. 6D show confocal microscopy
images of the cell culture at the end of the eighth week, with
and without addition of TGF-f. FIG. 6A shows the control
group from a top-view, without TGF-p added. FIG. 6B
shows the control group from a side-view without TGF-f
added. Alternatively, FIG. 6C is a top-view image of the cell
culture with TGF-p added to the cell culture. FIG. 6D is a
side-view image, showing the cell culture with TGF-f§ added
to the cell culture. As shown between FIGS. 6 A through 6D,
greater extracellular matrix deposition is observed when
TGF-f is added, in comparison to control groups. DAPI
(ie., 4',6-Diamidino-2-Phenylindole, Dihydrochloride)
staining of nuclei in the construct shows that the number of
cells at the surface of the mesh increased progressively in
TGF-f groups, and the groups treated with TGF-f} eventu-
ally formed a thicker tissue around the mesh.

FIGS. 7A through 7D show SEM images taken after eight
weeks, depicting the three layers of tissue tightly enclosing
the stainless steel mesh. FIG. 7A shows the endothelial
surface layer, the smooth structures 108, covering the con-
struct in a confluent manner. FIG. 7B shows that after eight
weeks, the tissue shows three different cell layers in
sequence, 108 is the surface endothelial layer, 106 is the
middle fibroblast and myofibroblast layer, and 104 is the
base layer of smooth muscle cells. FIG. 7C and FIG. 7D
show that the mesh 102 is tightly integrated with the tissue
membrane, with FIG. 7C further illustrating that the cells
104 are penetrating through the mesh 102 opening holes. It
can be observed that adding the second and the third layers
improves production of the ECM (mainly collagen and
glycosaminoglycans) that covers the mesh, forming a con-
fluent smooth surface with endothelial cell lining in both
experimental groups.

As noted above, the metal mesh is any suitable material
that can operate as scaffolding for a tissue. Further, the mesh
can be in any form, non-limiting examples of which include
being braided or flat (e.g., the mesh is fabricated as sheet of
punched wire mesh or with a woven pattern). In another
aspect, a Nitinol metal mesh scaffold may be used instead of
stainless steel metal mesh for the scaffold. For scale com-
parison, FIG. 8 A shows multiple sheets of one centimeter by
one centimer Nitinol mesh 800 in relation to a United States
one cent coin 802. In production of the tissue, the Nitinol
metal mesh 800 is etched with acid in the same process used
for the Stainless Steel metal mesh. In this non-limiting
example, the mesh 800 is made of a superelastic Nitinol
sheet with the thickness of 76 microns etched as a network
of holes with 240 microns diameter and the central distance
of 320 microns. For the heart valve leaflet application, a
sheet that is 25 microns thick is used, which provides the
desired elastic recoil of the leaflets. In this aspect, the mesh
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800 is cut to the shape of a heart valve leaflet. The Nitinol
mesh is seeded with cells in the same manner as the
described for the Stainless Steel mesh. An example of the
resulting scaffold 100 that is grown for 3 months is shown
in FIG. 8B.

As noted above, the scaffold of the present disclosure can
be incorporated into any suitable tissue based item, a non-
limiting example of which includes a vascular graft. As
another non-limiting example and as shown in FIGS. 9A
through 9C, the scaffold may be incorporated into a tissue
heart valve that mimicks the natural heart valve. The tissue
heart valve comprises a flexible frame having a saddle-
shaped base 901 and at least two upstanding posts 902 (or
three as depicted), which divide the base into at least two
portions (or three as depicted), together with tissue leaflets
903 formed from the tissue described in this application. The
posts 902 can be formed at opposite ends of a diameter of an
undistorted base or, as depicted three (or more) posts 902 are
placed at regular intervals around the base.

The tissue leaflets 903 each having a periphery consisting
of'a free portion 906 extending between the tips of posts 902
and a fixed portion secured, sealed or sutured to correspond-
ing sides of the posts 902 and the adjacent portion of the base
901. The leaflets 903 are made of a mesh material, such as
but not limited to superelastic Nitinol mesh (or Stainless
Steel or any other suitable mesh material). The superelastic
mesh acts as a structure that defines the shape of the leaflets
903 and can be a structure, such as but not limited to a mesh
with arranged or unarranged holes. The mesh can be fabri-
cated, such as but not limited to a sheet of punched wire
mesh or with a woven pattern.

To use the heart valve shown in FIGS. 9A through 9C, the
saddle-shaped base 901 is attached to the circumference of
the auriculoventricular orifice, preferably through an inter-
mediate suture ring 904, whereby the base can deform from
a substantially circular shape to the shape of the orifice
simultaneously, as is the case with the natural heart valve. In
a valve replacement, the posts 902 may be disposed at
regular intervals round the undistorted base, or at other
intervals as needed, for example, by the anatomical require-
ments of coronary ostia in aortic valve replacement.

The flexible frame (i.e., saddle-shaped base 901 and at
least two upstanding posts 902) is formed of any suitably
flexible yet durable material. As a non-limiting example, the
flexible frame is desirably formed of Elgiloy covered with a
woven polyester cloth 912 (such as but not limited to Dacron
cloth, or any other suitable covering material), with the
differential flexibility afforded by differing thicknesses of
the frame material to either side of the posts and/or differing
thicknesses of Eligiloy at each portion of the posts. It is
designed to be compliant at the orifice and commissures to
reduce the closing loading shocks at the commissure tips and
free margin of the leaflets. The suture ring 904 can contain
inserts of silicone rubber and non-woven polyester. At least
two contrasting marking sutures 905 are located on the
suture ring 904. The marking sutures 905 are intended to aid
in the proper orientation for implanting the prosthesis. The
posts 902 desirably merge at each side into the respective
arcuate portions of the saddle-shaped base 901, with the
merging preferably being by way of a continuous curve from
the rounded tip of one post 902 to the rounded tip of the
other post 902.

For example in a tri-leaflet valve, the shape of each leaflet
903 preferably corresponds to a portion of a surface of a
cone, which portion is defined by the intersections on the
conical surface of three flat planes with sixty degree angles
together. The three flat panes having peripheries on the
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conical surface corresponding in length respectively to the
circumference of the saddle-shaped base and the distance
between the tips of the posts of the frame. A forth intersec-
tion is included on the conical surface of a curved plane that
is concave towards the apex of the cone and intersects the
three mentioned flat planes at opposite sides of the cone. The
spacing of the flat planes and the curvature of the curved
plane are such that the development of the curved plane on
the conical surface matches in length and curvature a
continuously blending of the curve of one arcuate portion of
the saddle-shaped base and the adjacent sides of the posts,
so that no molding or stress-fixing of the leaflet material is
required.

For further understanding of the scaffold nature of the
heart valve, FIG. 9A depicts the heart valve with the mesh
(such as Nitinol mesh 800) that is the underlying base
structure of the leaflets 903. Specifically, FIG. 9A illustrates
the heart valve and its scaffold without the biological matrix.
FIG. 9A includes an enlarged view 910 of the mesh 800 to
illustrate a non-limiting example of a mesh pattern and the
holes therethrough. Further, as shown in FIG. 9B, the three
layers are grown on top of the Nitinol mesh 800. Specifi-
cally, shown is the first layer 104 of smooth muscle cells, the
second layer 106 of fibroblast and myofibroblast cells and
the third layer 108 of endothelial cells. Finally, FIG. 9C
illustrates a resulting heart valve, where the outer layer of
each leaflet 903 is the third layer 108 (or endothelial cells).

For further understanding of a suitable base structure,
FIG. 9D illustrates components of the heart valve as
depicted in FIG. 9A. Shown in FIG. 9D is the flexible frame
that includes the saddle-shaped base 901 and at least two
upstanding posts 902. The suture ring 904 is also depicted in
FIG. 9D, along with the suture material 914. Further, the
leaflets 903 are shown, including an enlarged view 910 of
the mesh to illustrate an example of the mesh pattern.

As shown, the leaflets 903 can be attached together to
form a dimensionally stable and consistent coating leaflet
subassembly 916 when subjected to physiological pressures.
Then each of the leaflets 903 of the subassembly 916 is
aligned with and individually sewn to the frame (i.e., the
saddle-shaped base 901 and posts 902), typically from one
commissure tip (i.e., post 902), uniformly around the leaflet
903 cusp perimeter, to the tip of an adjacent commissure tip
(post 902). The frame (base 901 and 902) is usually covered
with cloth but can alternatively be covered with biologic
tissue. The sewed sutures 914 act like similarly aligned
staples, all of which equally take toe loading force acting
along the entire cusp of each of the pre-aligned leaflets 903.
The resulting structural assembly (i.e., the heart valve 918
depicted at the top of FIG. 9D and also shown in FIG. 9A)
thereby formed reduces stress and potential fatigue at the
leaflet suture interface by distributing stress evenly over the
entire leaflet cusp from commissure to commissure. Thus,
unlike some bioprosthetic valves wherein leaflets are
attached individually and the peripheral stitching of the
cusps terminates before the tips of the commissures, pro-
ducing a potential stress point, the produced valve assembly
has uniform stitching from commissure tip to commissure
tip and consistently aligned coapting leaflet mating edges.
This is further illustrated in FIG. 9E, which provides various
view-point illustrations of the tri-leaflet heart valve to
clearly illustrate the shape of the valve assembly (i.e.,
tri-leaflet heart valve) and its leaflet mating edges. Finally
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and for further illustration, FIG. 9F provides an illustration
of'the tri-leaflet scaffold that is depicted in FIGS. 9A and 9D.

FIG. 10A and FIG. 10B provide yet another example of a
tissue based item that can be adapted or formed to incorpo-
rate the scaffold. For example, FIG. 10A is a schematic
representation of a blood vessel, depicting the various com-
ponents of an actual blood vessel. Alternatively, FIG. 10B
illustrates the scaffold formed as a blood vessel. As shown,
the scaffold in this example includes the base Nitinol mesh
800 that is provided in a tubular wire mesh form to mimic
the shape of a blood vessel. The corresponding tissue is
grown around the Nitinol mesh 800. Thus, as can be
appreciated, the present disclosure enables generation of a
variety of scaffolds that are strong enough to resist forces
that exist inside a body, while possessing biocompatible
surfaces.

Mesh Made Heart Valves

Some embodiments relate to development of a heart
valve, whose leaflets are made of a mesh material.

Valvular heart disease is one of the most common causes
of heart problems and is associated with high mortality.
Treatment for severe cases is valve replacement or valve
repair. Over 260,000 replacement procedures are performed
each year worldwide. Two types of valves are currently
used: mechanical and bioprosthetic (tissue). Mechanical
valves are recommended for patients aged 15-64 because
they are durable; however, they significantly increase the
risk of blood clot formation and require patients to be on
lifelong anticoagulation medication, which increases the
likelihood of life-threatening bleeding episodes. Biopros-
thetic valves, on the other hand, are biocompatible and do
not require the use of anticoagulants. However, they last on
average only 15-20 years, with 30% of patients requiring
reoperation within the first 10 years. This is not as significant
for the cohort that is 65 and older, since they have a shorter
life expectancy, but is problematic for younger patients
because health risks increase with each reoperation. Clearly,
there is a need for a valve that solves both the issue of
biocompatibility and durability for patients.

In some embodiments, the mesh material is a polymer,
such as a surgical mesh. Biocompatibility of polymer mesh
implants is good. For example, polyvinylidene fluoride
(PVDF, PRONOVAT™) is a non-absorbable polymer which
features superior textile and biostable properties. Compared
to polyester, it shows a higher mechanical stability. In
addition, progression of rigidity is not an issue, for example
as seen with polypropylene. PVDF is an advantageous
alternative to other commonly used materials due to an
improved biostability and biocompatibility.

In some embodiments, the mesh material is a thermoplas-
tic polyurethane, such as CARBOTHANE, which is a family
of aliphatic and aromatic, polycarbonate-based thermoplas-
tic polyurethanes (TPUs) that are available in a wide range
of hardness, color, and radiopacifier formulations. CAR-
BOTHANE TPU has elevated performance properties, such
as resistance to bodily fluids and good oxidative and bio-
compatible properties. Medical-grade TPU are suitable for
long term implantation applications. Examples of Aromatic
and Aliphatic Polycarbonate-based thermoplastic polyure-
thanes, e.g., versions marketed by The Lubrizol Corpora-
tion, are listed in Tables 1 and 2 below.
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Medical Grade Aromatic Polycarbonate-based thermoplastic polyurethanes:

Properties ASTM Test AC-4075A AC-4085A AC-4095A AC-4055D
Durometer D785 T7A 85A 95A 56D
(Shore Hardness)
Specific Gravity D792 1.19 1.20 1.21 1.22
Ultimate Elongation (%) D412 8000 9000 10000 11000
Ultimate Tensile (psi) D412 400 400 370 300
Tensile Modulus (psi) D412
at 100% Elongation 400 875 2125 3300
at 200% Elongation 1025 2100 4750 6700
at 300% Elongation 4400 6200 7700 N/1
Flexural Modulus (psi) D790 1500 3500 10800 27700
Vicat Temperature (° C.) D1525 91 73 124 144
Mold Shrinkage (in/in) D955 0.011 0.011 0.009 0.008
(1" % .25" x 6" bar)
Glass transition DSC -23 -24 -10 NA
temperature

TABLE 2

Medical Grade Aliphatic Polycarbonate-based Thermoplastic Polyurethanes:

Properties ASTM Test PC-3574A PC-3585A PC-3595A PC-3555D PC-3572D
Durometer D2240 70A 80A 90A 50D 69D
(Shore Hardness)

Specific Gravity D792 1.15 1.15 1.15 1.15 1.15
Ultimate Elongation — D412 7200 8300 9600 9700 9600
(%)

Ultimate Tensile (psi) D412 600 425 400 325 325
Tensile Modulus (psi) D412

at 100% Elongation 350 600 1050 1750 3500

at 200% Elongation 500 1100 2250 3100 5400

at 300% Elongation 2000 4000 6400 6800 9200
Flexural Modulus (psi) D790 1600 1470 6400 19300 134000
Vicat Temperature D1525 46 58 62 51 63
“C)

Mold Shrinkage (in/in) D955 0.010 0.010 0.010 0.008 0.008
(1" % .25" x 6" bar)

Glass transition DSC -29 =27 -25 -25 NA

temperature

In some embodiments, the mesh material is a metal, such
as but not limited to superelastic Nitinol material. For
example, titanium and titanium alloys offer desirable prop-
erties, such as relatively low modulus, good fatigue strength,
formability, machinability, corrosion resistance, and bio-
compatibility. Some embodiments may include a stainless
steel mesh. Metal mesh materials may optionally contain a
combination of biocompatible metals or be used in conjunc-
tion with other biomaterials.

As used herein, “biocompatible metal or biocompatible
alloy” is defined as individual metals or metal combinations
(alloy). An example of a biocompatible metal is pure tita-
nium or pure zirconium with any additional metals less than
1 wt %. Examples of biocompatible alloys include cobalt-
chromium-molybdenum, titanium-aluminum-vanadium,
nickel-titanium and zirconium-niobium. Other biocompat-
ible alloys may be made from either zirconium or titanium
or tantalum or niobium or hafhium or combinations thereof.

Nitinol is a commonly used metal. Nitinol, which is
formed by alloying nickel and titanium (~50% Ni), is a
shape memory alloy with superelastic properties similar to
that of bone, in comparison to stainless steel (another
commonly used biomaterial). This property makes nitinol an
especially advantageous material for biomedical applica-
tions.

45

50

55

60

65

In some embodiments, the mesh material has openings or
holes that enable capture of circulatory/stationary/migratory
cells, and minimize the effect of the metal on in vivo formed
tissue natural remodeling. In some embodiments, the hole
openings have a diameter (in inches) of about 0.0005,
0.0010, 0.0020, 0.0030, 0.0040, 0.0050, 0.0060, 0.0070,
0.0080, 0.0088, 0.0090, 0.0100, 0.110, 0.0120, 0.0130,
0.0140, 0.0150, 0.0160, 0.0170, 0.0180, 0.0190, or 0.0200.

In some embodiments, the mesh material has a thickness
(in inches) of about 0.0004, 0.0005, 0.0006, 0.0007, 0.0008,
0.0009, 0.0010, 0.0015, 0.0020, 0.0025, 0.0030, 0.0035,
0.0040, 0.0045, 0.0050, 0.0055, 0.0060, 0.0065, 0.0070,
0.0075, 0.0080, 0.0085, 0.0090, 0.0095 or 0.0100.

Surprisingly, the inventors have discovered that heart
valve leaflets containing these hole dimensions and thick-
ness demonstrate functional properties very similar to native
heart valve leaflets, even in the absence of cells growing on
the surface of the mesh. Although the heart valve leaflets
contain numerous holes that pass through the mesh, the fluid
dynamics of a prosthetic heart valve containing such leaflets
are comparable to a native heart valve. Moreover, the
flexibility of metal meshes having these dimensions mini-
mizes tissue detatchment, clotting or excessive tissue
growth.
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Surface Modification with Bioactive Materials

With respect to the heart valve leaflets disclosed herein,
various types of bioactive materials can be used to optimize
cell capture, as wells as to promote active recruitment and to
provide differentiation guidance.

A mesh used in a heart valve leaflet may be modified to
contain a molecule that interacts with a cell adhesion mol-
ecule. Cell adhesion molecules (CAMs) are proteins located
on a cell surface involved in binding with other cells or with
the extracellular matrix (ECM) in the process called cell
adhesion. Two well-known examples are CD34 and
GLYCAM-1. Any molecule that interacts with a cell adhe-
sion molecule may be associated with a mesh, such as but
not limited to a CD34 antibody or a GLYCAM-1 antibody.
CD34 molecule is a cluster of differentiation molecule
present on certain cells within the human body. It is a cell
surface glycoprotein and functions as a cell-cell adhesion
factor. Glycosylation-dependent cell adhesion molecule-1
(GLYCAM-1) is a proteoglycan ligand expressed on cells.
Integrins, which are one of the major classes of receptors
within the extracellular matrix (ECM), mediate cell-ECM
interactions with collagen, fibrinogen, fibronectin, and vit-
ronectin. Integrins provide essential links between the extra-
cellular environment and the intracellular signalling path-
ways. Cadherins are homophilic Ca®*-dependent
glycoproteins, which link to the actin filament network
through specific linking proteins called catenins. Many cell
types express combinations of cadherin types. The extracel-
Iular domain has major repeats called extracellular cadherin
domains (ECD). Selectins are a family of heterophilic
CAMs that bind fucosylated carbohydrates, e.g., mucins.
Three family members include E-selectin (endothelial),
L-selectin (leukocyte), and P-selectin (platelet). A well char-
acterized ligand for the three selectins is P-selectin glyco-
protein ligand-1 (PSGL-1), a mucin-type glycoprotein
expressed on white blood cells.

A mesh used in a heart valve leaflet may be modified to
contain a molecule that interacts with a cellular receptor,
such as a growth factor. Epidermal growth factor (EGF) is
a growth factor that stimulates cell growth, proliferation, and
differentiation by binding to its receptor EGFR. Fibroblast
growth factors (FGFs) are a family of growth factors, with
members involved in angiogenesis, wound healing, embry-
onic development and various endocrine signaling path-
ways. The mammalian fibroblast growth factor receptor
family includes FGFR1, FGFR2, FGFR3, and FGFR4. Vas-
cular endothelial growth factor (VEGF) is a signal protein
produced by cells that stimulates vasculogenesis and angio-
genesis. VEGFs include VEGF-A, VEGF-B, VEGF-C and
VEGF-D, and placenta growth factor (PGF).

A mesh used in a heart valve leaflet may be modified to
contain a subendothelial extracellular matrix molecule, such
as fibulin-5 and fibrillin-1, or an extracellular matrix mol-
ecule.

A mesh used in a heart valve leaflet may be modified to
contain a peptide-based coating, such as an RGD-peptide.
Proteins that contain the Arg-Gly-Asp (RGD) attachment
site, together with the integrins that serve as receptors for
them, constitute a major recognition system for cell adhe-
sion. The RGD sequence is the cell attachment site of a large
number of adhesive extracellular matrix, blood, and cell
surface proteins.

In some embodiments, a bioactive material is coated onto
the surface of a mesh. Such coating may be carried out by:
(a) providing a solution comprising a dissolved protein, (b)
contacting the solution with a surface of a mesh, (¢) allowing
coating of the surface of said mesh with said dissolved
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protein, and (d) drying of the coated mesh obtained in step
(c). In some embodiments, the mesh is a metal mesh.

Surface coating with a bioactive material may facilitate
recruitment and/or binding of cells to the mesh due to an
interaction between the bioactive material and various cell
types, such as endothelial cells, smooth muscle cells and/or
fibroblast/myoblast cells, for example by binding to a sur-
face receptor on the cells.

In some embodiments, growth of cells on the mesh
surface, for example, surface endothelialization, can prevent
thrombogenicity. Nitinol alloy has been applied widely, due
to its shape-memory property and superelastic capability.

When materials are introduced to the body, it is important
not only that the material does not damage the body, but also
that the environment of the body does not damage the
implant. One method that prevents the negative effects
resulting from this interaction is called passivation. Passi-
vation is a process that removes corrosive implant elements
from the implant-body interface and creates an oxide layer
on the surface of the implant. The process can cause bio-
materials to be more biocompatible. In some embodiments,
a metal mesh surface is plasma coated, for example using a
using a low-temperature plasma deposition technique.

In some embodiments, the surface of the metal mesh may
be micropatterned, e.g., with mechanical polishing and/or
chemical pickling to prepare surface topographies that
enhance cell binding.

The disclosed mechanical valves retain adequate
mechanical strength and durability similar to the current
mechanical valves and they have excellent hemodynamic
performance, no immunogenic, thrombogenic or inflamma-
tory reactions. Therefore, there is no need for anticoagula-
tion medication for the patients who use these types of valve.
Moreover, the disclosed valves have the ability of capturing
the circulatory/stationary/migratory cells of the body to
become biologically active to self-growth, repair and
remodel. The ability to capture circulatory/stationary/migra-
tory cells of the body may be enhanced by modifying the
surface of the valve leaflets, facilitating growth of a tissue
layer on the mesh in a suitable environment (such as the
body), so that the mesh may enclosed by the tissue layer.

Referring to FIG. 11, a bioactive heart valve replacement
disclosed herein may comprise a flexible frame, similar to
currently available bioprosthetic valves, and at least two
upstanding posts, which divide the base into at least two
portions, together with the mesh leaflets each having a
periphery consisting of a free portion extending between the
tips of posts and a fixed portion secured, sealed or sutured
to corresponding sides of the posts and the adjacent portion
of the base.

Once implanted, the heart valve may activate appropriate
signaling cascades for cell recruitment and attachment in
order to benefit from the body’s natural regenerative ability.
Currently available artificial heart valves have the disadvan-
tage of lacking such signaling molecules and cannot offer
biological functionality on their surface. Consequently, there
has been a lot of research on the functional integration of
bioactivity into biomaterials.

The compliance of the valve was tested by using a heart
pulsed flow simulator system. The results (FIG. 12) con-
firmed that the Nitinol mesh sheet, which dominates the
mechanical properties of the leaflet material, has stiffness
that is appropriate for valve function. This was achieved by
using an extra thin superelastic Nitinol mesh (25 microns
thickness) and also by proper attachment of the leaflets to the
valve stand. The design of the Nitinol mesh leaflets is in a
way to reduce the amount of stress applied to cells inside the
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blood. The dimensions of holes in the mesh and its thickness
were chosen not to have a significant effect on the remod-
eling of the finally formed tissue. An opening size of about
0.0088", which is almost 10 times larger than the dimension
of the circulatory/stationary/migratory cells of the body,
minimizes the effect of the metal on the in vivo formed
tissue natural remodeling. A higher stiffness mismatch could
lead to tissue detachment and immediate clotting or stimu-
lated and excessive tissue growth.

EXAMPLE 1

Biocompatibility and Cell Proliferation Tests on a Polycar-
bonate-Based Thermoplastic Polyurethane Scaffold for
Hybrid Tissue Engineered Heart Valve Applications

Cell adhesion and proliferation of human aortic smooth
muscle cells (HASMC), normal human lung fibroblasts
(NHLF), and umbilical vein endothelial cells (HUVEC)
were examined on a polyurethane scaffold material.
Methods

A thermoplastic polyurethane, Aromatic CARBOTHANE
AC-4095A (Lubrizol, Inc.), was used as the substrate mate-
rial because of its desired mechanical and biocompatibility
properties (FIG. 13, 14). We determined that its tensile
strength of 68.9 MPa and its elastic modulus of 74.5 MPa are
both significantly closer to the values for native aortic valve
tissue (2.6 MPa and 15 MPa, respectively) than Nitinol
(roughly 1200 MPa and 100 GPa, respectively) and that, by
utilizing CARBOTHANE, the physical characteristics of a
native heart valve could be emulated more accurately than
otherwise possible with Nitinol leaflets.

To produce the CARBOTHANE mesh leaflets, 250
micron-thick sheets of the material were laser cut using a
Universal Laser Systems 25 W CO2 laser system. Two-
dimensional Solidworks models of the leaflet design were
converted into AutoCAD files and imported into the laser
cutter program. This program will not run properly unless
the AutoCAD files were created from 2-D Solidworks
models, and the line thickness in AutoCAD is set to 0 mm.
Laser system settings were set to 5% power, 5% speed, and
500 ppi (points per inch) to eliminate any burning or
excessive melting of the polymer. Following completion of
the laser cutting process, leaflets were viewed under a
microscope to confirm that the material did not burn due to
prolonged exposure to excessive heat. Any leftover circle
cutouts from the mesh may be removed using compressed
air.

HASMCs, NHLFs, and HUVECs were each seeded on
top of 1 cm? pieces of AC-4095A and incubated for 7 days.
Cell adhesion and viability was then tested on both fibronec-
tin-treated and untreated substrate material. Samples were
stained using Cell Tracker Red CMTPX and imaged using
fluorescence microscopy. To determine proliferation rates,
the CARBOTHANE pieces were transferred into a fresh
well, and the cells were dissociated using TrypLLE Express
(1x). Cells were then counted in a Cell Countess machine
and the populations were compared to the initial seeding
density of 100,000 cells/ml (FIG. 15).

Results

AC-4095A showed positive adhesive properties with
HASMCs and NHLFs. The cells’ level of elongation was
used as a factor to determine their ability to adhere to and
survive on the CARBOTHANE material. Both cell types
attached and survived when cultured on fibronectin coated
and untreated AC-4095A. Cells survived on the substrate for
the entire 3-day period of the experiment. Fluorescence
imaging confirmed HASMC and NHLF viability on the

20

25

30

35

40

45

50

55

60

65

18

polyurethane substrate. HUVECs initially attached to the
fibronectin coated substrate, but they began to clump
together within 24 hours. Similarly, for untreated
AC-4095A, HUVECs showed initial attachment but
clumped together and died within 24 hours of seeding.
Because of the trilayered structure of valve interstitial tissue,
it is not necessary for all three layers to show adhesive
ability to the CARBOTHANE surface. It was previously
confirmed that a trilayered tissue construct of HASMCs,
NHLFs, and HUVECs is possible in culture.

When cultured on CARBOTHANE, HASMCs and
NHLFs exhibited cell shape characteristics similar to cells
cultured on standard Corning Cell Culture Flasks. Both
HASMCs and NHLFs elongated when cultured on both
fibronectin-treated and untreated AC-4095A. Cells survived
on the substrate for the entire 3-day period of the experi-
ment. Fluorescence imaging confirmed HASMC and NHLF
viability on the polyurethane substrate (FIGS. 16A and B).
HUVEC:s initially attached and elongated on the fibronectin-
treated substrate, but they began to clump together within 24
hours (FIG. 16C). Similarly, for untreated AC-4095A,
HUVECs showed initial attachment but clumped together
and died within 24 hours of seeding. Cell proliferation tests
confirmed the suggestion that HASMCs and NHLFs exhibit
normal growth properties, while HUVECs do not. A signifi-
cant increase in population for both HASMCs and NHLFs
was observed (215,000+55,000 and 490,000+100,000,
respectively) (FIG. 15). HUVEC populations decreased sig-
nificantly (60,000+20,000), likely due to weak adhesive
properties of these cells on the CARBOTHANE surface.

Following confirmation of cell survival and proliferation
onthe CARBOTHANE squares, tri-layered tissue growth on
CARBOTHANE mesh was examined. CARBOTHANE
sheets were lasercut to create a mesh to allow for the growth
of tissue through the scaffold to enhance the strength of the
leaflets. HASMCs were suspended in 5 mg/ml collagen type
1, and 250,000 cells were pipetted directly on the mesh. The
cell-collagen mixture was allowed to polymerize before
submerging in cell media and placed in the incubator. Every
24 hours, the mesh samples were flipped and another layer
of cells was seeded onto the scaffold. This process was
completed two times for each cell type until the tri-layered
tissue was fully seeded. Samples were then incubated for
seven days, with the cell media mixture changed every 24
hours. Throughout this process, cells continued to elongate
and proliferate, which was confirmed by visual inspection
under a microscope. Following completion of the tissue
growth process, samples were fixed using 4% formaldehyde.
The samples were sent out for immunohistochemistry stain-
ing and cross-sectioning to determine the success of the
tri-layered aspect of the experiment.

The biocompatibility properties of CARBOTHANE
AC-4095A were tested using HASMCs, NHLFs, and
HUVECs. Each cell type was seeded on fibronectin coated
and untreated substrates, and cell attachment and viability
were observed using fluorescence microscopy. HASMCs
and NHLFs exhibited good attachment and proliferation on
both fibronectin coated and untreated substrates, while
HUVEC:s did not attach as well to either substrate. HUVECs
began to clump together and die within 24 hours of seeding.
However, all three cell types survived during the tri-layered
tissue growth experiment. CARBOTHANE AC-4095A is an
ideal candidate for hybrid-TEHV scaffold material because
of its excellent durability and biocompatibility.
Conclusions

The adhesive properties of CARBOTHANE AC-4095A
were tested using HASMCs, NHLFs, and HUVECs. Each
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cell type was seeded on fibronectin-treated and untreated
substrates, and cell attachment and viability were observed
using fluorescence microscopy. HASMCs and NHLFs
exhibited normal attachment characteristics on both
fibronectin-treated and untreated substrates, while HUVECs
did not attach to either substrate long term. HASMCs and
NHLFs attached and elongated on CARBOTHANE, but
HUVECs began to clump together and die within 24 hours
of seeding. Proliferation tests confirmed these results by
showing an increase in population of HASMCs and NHLFs
but a decrease in population of HUVECs. Because of the
trilayered nature of the valve interstitial tissue, thermoplastic
polyurethane polymer materials, such as CARBOTHANE
AC-4095A, provide a basis for use as a scaffold for hybrid
tissue-engineered heart valve leaflets.

EXAMPLE 2

Accelerated Wear Testing (AWT) and Pulsatile Flow Simu-
lator (PFS) of Polymer Valves
Purpose

We tested the use of a thermoplastic polyurethane poly-
mer (Aromatic CARBOTHANE—AC) as a scaffold mate-
rial for hybrid tissue valves. We report the durability and
functionality of the polymer by using Accelerated Wear
Testing (AWT) and a Pulsatile Flow Simulator (PFS), per-
taining to our hybrid tissue-engineered heart valve. These
designs are constructed utilizing AC, which is a biocompat-
ible material. We determined that the design provides
improved durability and functionality for the hybrid valve.
The valve can be used for culturing cells and collagen. We
tested the design using AWT and a PFS machine to inves-
tigate the valve durability and functionality.
Scope

Durability and functionality are essential for hybrid tissue
valves (HTV’s). We designed and built polymer valves
using Aromatic CARBOTHANE polymer leaflets and Tita-
nium frames. We measured durability of the valves over 50
million cycles and functionality of the valves by measuring
Geometric Orifice Area (GOA).
Background

Mechanical and bioprosthetic valves are the most preva-
lent types of current heart valves offered for patients in need
of an artificial heart valve replacement. Both types of
artificial valves as a replacement to a patients’ native valve
have inherent risks and concerns for patients. Currently there
are two basic types of Bioprosthetic heart valves. Tissue
valves are manufactured using a biocompatible tissue. A
mechanical heart valve is made from materials that do not
include any form of biological tissue (pig, cow, horse).
Instead, they include very strong materials, such as titanium
and carbon. However, current tissue bioprosthetic heart
valves have lower durability and are calcified in a shorter
time than that of a mechanical valve. Thus, each type of
these valves has its own advantages and disadvantages,
depending on patient conditions. Thus, there is a need to
design and build a novel valve to improve upon the above
issues. Recently, the hybrid tissue engineered heart valve
offers patients a novel valve. Hybrid tissue valves also help
to improve the durability and functionality issues of bio-
prosthetic valves and they help patients to avoid anticoagu-
lation therapy (J. E. Rossi, “Anticoagulation in TAVR”
American College of Cardiology, Mar. 17, 2014).
Test Articles and Controls

The following tools and resources were used:

a) Test Articles: Two valves were manufactured using an
AC polymer as a new biocompatible material. Valve con-
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struction and materials were identical with one exception.
For valve two, each of the three posts were stiffer than those
utilized to construct valve one.

b) AWT Simulator: We used an AWT M6 simulator made
by the DYNATEK Company. The M6 can test two to six
heart valves simultaneously. Our M6 simulator is equipped
with two pressure transducers and a thermocouple. The two
valves were simultaneously tested for 50 million cycles,
with a closing pressure of 120 mm Hg. FIG. 1 shows our M6
simulator under valve durability testing. We used the M6
AWT simulator to measure valve durability over fifty mil-
lion cycles. The AWT machine can simultaneously run 6
valves at a maximum pressure of 250 mmHg and 1000 cpm.
Also, we used our custom PFS simulator to measure valve
functionality. The PFS simulator provides a pulsated flow
range from 1 to 4.5 liter per minutes. The two valves have
been tested using two different pulse rates. (3.6 And 4.4 liter
per minutes). FIG. 2 shows our PFS simulator during valve
functionality testing.

¢) Software: All measurements were done by DYNATEK
Labs software for the valve durability data taken from the
AWT simulator. Also we use Imagel software to measure
geometric orifice area (GOA) and calculated orifice area
(COA) from images taken from the PFS simulator.

d) Controls: This is an investigational study only. We did
not run a control group for this study. However, all devices
used to measure the variables have been tuned before the
valve testing.

e) Statistics: Since the number of tests was limited, no
specific method of analysis was used. However, the data
measured from both valves has been compared and quanti-
fied.

Methodology

a) Image quality: All images were captured by a camera.
All images were imported into Imagel software. All images
have been calibrated by the software and calculated orifice
areas (COA) were measured for both valves.

b) Phase of study: All measurements were done at 50
million cycles, at 120 mmHg pressure on the AWT simula-
tor. All measurements were done at 3.6 and 4.4 liter per
minute in 70 heart beats using our PFS simulator.

¢) Variables and method of assessment:

1. Measure of COA: For this variable, we used images
taken from PFS simulator. When the valves are in the open
and close positions, the areas of opened and closed valve
were measured. FIG. 20 shows the calculated area from the
valve at opened position.

II. Dimensions of COA: First, pixel measurements were
done by the Image] software. Then, the data were converted
to mm?2, based on image calibration. FIG. 20 shows an
image how we calibrated the image and converted it to mm.
The black line shows the inner diameter of PFS tube which
is 31.6 mm.

III. Maximum of COA were measured by Image] soft-
ware. The opened area was highlighted by a black line
shown in FIG. 19. Then, the area was measured in pixels and
was converted to mm based on the calibration picture (FIG.
20). The COA method performed for a both valve at two
different flow rates.

IV. Post displacement was measured by Imagel software.
The two images taken from the valve at opened and closed
positions were imported into Imagel] software. The location
of the post was quantified at both images. Then, the post
displacement was calculated based on the location of the
post in the images. FIG. 21 shows how the post displacement
was calculated. The white line shows the post displacement
for the valve in our PFS machine.
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V. AWT simulator was set to run for 50 million cycles at
800 cpm and pressure of 120 mmHg. The pressure of inflow
and outflow were measured by two pressure transducers.
The transducers were calibrated before the test by a trans-
ducer tester. The pressure from both transducers were
recorded by the DYNATEK software throughout the valve
testing (FIG. 22). Also, a stroboscope was used to tract the
valve at opening and closing positions to monitor the orifice
area.

Results:

Both valves were tested by PFS simulator and the COA’s
were measured at two different flow rates. Table 1 shows the
results of COA’s in mm”.

Valves Rate L/min Opened area mm?
Valve 2 3.6 124.28
Valve 2 4.4 140.36
Valve 1 3.6 93.91
Valve 1 4.4 115.8

Both valves were run by the PFS simulator and the post
displacement of both valves were measured at two different
flow rates. Table 2 shows the calculated displacement taken
from both valves.

Valves Rate L/min Displacement mm
Valve 2 3.6 3.685
Valve 2 4.4 5.215
Valve 1 3.6 3.582
Valve 1 4.4 4.385

Both valves first were tested by the AWT simulator and
then they were tested by PFS simulator. No damage was
found in both valves after 50 million cycles run by the AWT
machine. We did not detect any damage on the posts and
leaflets on both valves. The valves were run by the AWT at
the same time and FIG. 22 shows a short part of the pressure
measured by the transducers.

Unexpected Superior Function of a Thermoplastic Polyure-
thane (TPU) Mesh Material

A common problem with many tissue engineered heart
valves is a progressive deterioration that leads to regurgita-
tion and/or leaflet thickening a few months after implanta-
tion. The use of bioresorbable scaffolds is speculated to be
one factor affecting these valves’ failure.

We have previously developed a non-degradable super-
elastic nitinol mesh scaffold concept that can be used for
heart valve tissue engineering applications (Alavi et al. 2011
Tissue Engineering Part C Methods 18: 293-301). The use
of'a non-degradable, superelastic nitinol mesh may increase
the durability of tissue engineered heart valves, avoid their
shrinkage, and accordingly prevent regurgitation (2017
Annals of Biomedical Engineering 45(2): 413-426. How-
ever, we discovered that nitinol valve scaffolds, with no
flexible posts or no interconnecting fabrics between their
leaflets and frames and peripherally meshed nitinol leaflets,
showed unfavorable results. We identified three require-
ments for proper function of the nitinol scaffolds. First, when
used with nitinol meshes, the valve frames should be made
of a durable material such as titanium with separate stands
made of flexible materials, such as PET, to reduce the overall
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to avoid leaflet fracture due to excessive stress. Third, the
presence of a thin fabric in between the leaflets and frame/
stands helps to reduce stress exerted over the leaflets by
minimizing leaflet deflection during the valve function.
Thus, auxiliary materials and special configurations are
required for nitinol-based scaffolds to function properly and
to have durability.

In contrast, we unexpectedly discovered that heart valves
made from a thermoplastic polyurethane polymer (Aromatic
CARBOTHANE-AC) showed excellent function and dura-
bility without such limitations. It was surprising that there
was no detectable damage on the posts and leaflets on both
valves, even after 50 million cycles run by the AWT
machine.

Conclusion:

Our results generated from AWT and PFC simulators
demonstrate that both valves made from Aromatic CAR-
BOTHANE polymer and a Titanium frame can be opened
and closed without issue. Both valves functioned for a total
amount of 50 million cycles without any damage throughout
the valve testing. The COA calculated from Valve 2 with
stiffer posts and longer leaflets shows slightly higher COA
and post displacements. We believe that the improvement of
valve 2 was due to the stiffer post construction. In spite of
providing higher COA and post displacement, the leaflet
cooptation lines of Valve 2 do not match one another
symmetrically. It is possible that the longer leaflets may
provide more flexibility to the valve which leads to the
nonsymmetrical cooptation line of leaflets. However, valve
2 has a slightly higher COA and post movement in com-
parison to valve 1. At the end, our results show that both
valves have a good durability and functionality.

EXAMPLE 3

Implantation of Hybrid Valve in Sheep
Purpose

To test the in vivo function, biocompatibility and dura-
bility of hybrid valves made from Aromatic CARBOTH-
ANE polymer and Titanium frame.

Methods

The polyurethane core, made from Aromatic CARBOTH-
ANE polymer, was covered by collagen fiber and endothe-
lial cell on both side (aortic side and ventricular side).

A mixture of SMC and fibroblasts used were harvested
from a jugular vein of the same sheep. This provides a basis
for using pieces of saphenous vein for corresponding use in
humans. Since it is not easy to get aortic smooth muscle cells
from a human, peripheral vein cells provide a convenient
and useful alternative.

Open chest surgery was performed under general anes-
thesia, and the hybrid valve was implanted in the mitral
position.

Results

Abnormal mobility of the valve leaflets was not observed.
The leaflets sufficiently opened in echocardiographic
images. No apparent regurgitation was observed in the
implanted hybrid valve.

Mitral valve replacement was successfully performed and
the sheep was able to walk around and drink water after the
recovery from anesthesia.

It is understood that the examples and embodiments
described herein are for illustrative purposes only and that
various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included
within the spirit and purview of this application and scope of
any appended claims. All figures, tables, and appendices, as
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well as publications, patents, and patent applications, cited
herein are hereby incorporated by reference in their entirety
for all purposes.

What is claimed is:

1. A heart valve comprising a heart valve leaflet compris-
ing a thermoplastic polyurethane (TPU) mesh material,
wherein the thermoplastic polyurethane (TPU) mesh mate-
rial has a tensile strength and an elastic modulus that are
within an order of magnitude from the tensile strength and
elastic modulus of native heart valve tissue, and wherein the
heart valve withstands at least 50 million cycles of acceler-
ated wear testing (AWT) with no detectable damage on the
frame and leaflets.

2. The heart valve according to claim 1 comprising one to
three layers of cells cultured on each side of the mesh
material.

3. The heart valve according to claim 2, wherein the one
to three layers of cells comprise smooth muscle cells,
fibroblasts, and/or endothelial cell populations.

4. The heart valve according to claim 3, wherein the
smooth muscle cells are vascular smooth muscle cells
(VSMCO).

5. The heart valve according to claim 2, wherein the one
to three layers of cells cultured on each side of the mesh
material comprise a first layer of smooth muscle cells
formed directly on the thermoplastic polyurethane mesh, a
second layer of fibroblast/myofibroblast cells formed on the
first layer, and a third layer of endothelial cells formed on the
second layer.

6. The heart valve according to claim 2, wherein a first
layer of smooth muscle cells and fibroblast/myofibroblast
cells are intermixed together and are formed directly on the
thermoplastic polyurethane mesh, and a second layer of
endothelial cells is formed on the first layer.

7. The heart valve of claim 1, wherein the TPU mesh
material comprises an aliphatic polycarbonate-based ther-
moplastic polyurethane or an aromatic polycarbonate-based
thermoplastic polyurethane.

8. The heart valve of claim 1, wherein the thermoplastic
polyurethane (TPU) mesh material has a tensile strength of
about 68.9 MPa, an elastic modulus of about 74.5 MPa.

9. The heart valve of claim 1, wherein the leaflet has an
ability to capture circulatory/stationary/migratory cells of
the body to become biologically active.

10. The heart valve of claim 1, wherein the leaflet has a
modified surface, which facilitates growth of a tissue layer
on the leaflet, such that the mesh may become enclosed in
the tissue layer.
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11. The heart valve of claim 10, wherein the surface of the
leaflet is modified by plasma coating.

12. The heart valve of claim 10, wherein the surface of the
mesh is micropatterned to enhance cell binding.

13. The heart valve of claim 1, wherein a bioactive
material is used to coat the leaflet to optimize cell capture
and/or to actively recruit cells and/or provide cell differen-
tiation guidance.

14. The heart valve of claim 13, wherein the bioactive
material is selected from the group consisting of a molecule
that binds to a cell adhesion molecule (CAM), a growth
factor, an extracellular matrix molecule, a subendothelial
extracellular matrix molecule and a peptide.

15. The heart valve of claim 14, wherein the molecule that
binds to a CAM is a CD34 antibody.

16. The heart valve of claim 14, wherein the growth factor
is selected from the group consisting of epidermal growth
factor (EGF), fibroblast growth factor 1 (FGF1), FGF2,
FGF3, FGF4, vascular endothelial growth factor-A (VEGF-
A), VEGF-B, VEGF-C, VEGF-D, and placental growth
factor (PGF).

17. The heart valve of claim 14, wherein the subendothe-
lial extracellular matrix molecule is selected from the group
consisting of fibronectin, fibulin-5 and fibrillin-1.

18. The heart valve of claim 14, wherein the peptide is an
RGD-peptide.

19. The heart valve of leaflet claim 1, wherein the mesh
has a stifftness equivalent to a native heart valve leaflet, such
that it functionally mimics a native heart valve leaflet.

20. The heart valve of claim 1, wherein the mesh has a
hole diameter of between 0.0005-0.0400 inches.

21. The heart valve of claim 20, wherein the mesh has a
hole diameter of about 0.0088 inches.

22. The heart valve of claim 1, wherein the mesh has a
thickness of between 0.0004-0.0100 inches.

23. The heart valve of claim 22, wherein the mesh has a
thickness of about 0.001 inches.

24. The heart valve according to claim 1, comprising a
metal frame.

25. The heart valve according to claim 24, wherein the
metal frame comprises titanium.

26. The heart valve according to claim 24, wherein the
metal frame is 3D printed.
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