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Metal Mesh Scaffold for Tissue Engineering of Membranes

S. Hamed Alavi, M.Sc., and Arash Kheradvar, M.D., Ph.D.

Engineering of the membrane-like tissue structures to be utilized in highly dynamic loading environments such
as the cardiovascular system has been a challenge in the past decade. Scaffolds are critical components of the
engineered tissue membranes and allow them being formed in vitro and remain secure in vivo when implanted in
the body. Several approaches have been taken to develop scaffolds for tissue membranes. However, all methods
entail limitations due to structural vulnerability, short-term functionality, and mechanical properties of the
resulted membrane constructs. To overcome these issues, we have developed a novel hybrid scaffold made of an
extra thin layer of metal mesh tightly enclosed by biological matrix components. This approach retains all the
advantages of using biological scaffolds while developing a strong extracellular matrix that can stand various

types of loads after implantation inside the body.

Introduction

ENGINEERING OF THE MEMBRANE-LIKE TISSUE structures
with an 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
leaflets with the ability to grow, repair, and remodel.'”
These approaches were mainly unsuccessful due to struc-
tural vulnerability, short-term functionality, and mechanical
properties of the membrane constructs.

Scaffolds are critical components of the engineered tissues
that allow them to be formed in vitro and remain secure
in vivo when being implanted in a host. Several approaches
have been taken to develop scaffolds for tissue membranes.
The most widely used method involves biodegradable nat-
urally derived or synthetic polymers,*®™® where the polymer
eventually degrades by normal metabolic activity, while the
biological matrix is formed. To have a 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 natu-
rally derived polymers.'" In contrast, synthetic polymers can
be prepared precisely with regard 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
proliferation of cells."?

The other approach is to create scaffolds from decellular-
ized xenogenic tissues, which has some advantages over
polymeric materials. Decellularized tissues provide a unique

scaffold, which is essentially composed of extracellular ma-
trix (ECM) proteins that serve as an intrinsic template for the
cells.’®* However, the process of decellularization cannot
completely 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.'®

The least developed strategy involves creating a scaffold
with completely biological matrix components.'”'® This ap-
proach is superior to the other two with regard to producing
large supplies from xenogenic sources, which can readily
accommodate cellular ingrowth without cytotoxic degrada-
tion products. However, this strategy is restricted due to
mechanical fragility of the scaffold, and the low potentials for
creating complex tissue structures."

In this work, we have developed a novel hybrid scaffold
that is utilized for tissue engineering of membranes, par-
ticularly when resistance of the membrane is crucial (e.g.,
artificial heart valves and vascular grafts). This scaffold is
made of an extra thin layer of metal mesh tightly enclosed
by biological matrix components (Fig. 1). This approach
retains all the advantages of using biological scaffolds
while developing a strong ECM backbone composed of the
mesh that can stand various types of loads after implan-
tation inside the body. Additionally, such a mesh pattern
assures structural integration of the formed tissue and al-
lows cells and ECM components on both sides of the mesh
to interact with each other. The formed tissue is expected
to be biomechanically resilient against the physiologi-
cal stresses inside the body, and, in particular, can be an
alternative for heart valve leaflets on utilizing a proper
elastic mesh.
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FIG. 1.
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Schematic representation of a hybrid scaffold and the multiple tissue layers enclosing it; (A) tissue construct with a

rectangular-shape metallic mesh as its core, (B) three layers of cells that mimic the heart valve tissue structure; the first layer
consists of smooth muscle cells and myofibroblasts on both sides of the core, the second layer consists of fibroblast/
myofibroblast cells that are cultured on top of the first layers, and the third layer consists of endothelial cells that act as the

cover layer of the structure.

Materials and Methods

Flat mesh of T316 Stainless Steel woven from 0.0037”
round wires, targeting at 80 EPIx80 PPI* (TWP Inc., Ber-
keley, CA), was used as a test material. The mesh possesses
an opening size of 0.0088”, which is almost 10 times larger
than the dimension of the cells being used in this study.
The base material 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 hydro-
chloric acid wash, ultrasonic cleaning wash in ethanol for
15min, and glow discharging for 40s. Finally, the mesh
was cut into pieces with an area of 1cm? to be used for cell
culture.

Surface modification

An jon beam surface modification method was used to get
a biocompatible surface. The meshes were mechanically
polished with wetted metallographic polishing high-grade
silicon carbide (SiC) papers. Afterward, the meshes were
acid washed and then degreased in an ultrasonic vibrobath
before final rinsing with distilled water. Before cell culture,
the samples were irradiated by He" ion beam at energy of
150keV with fluences of 1x10' ions/cm’ The surface
modification technique ensures the biocompatibility and
enhanced cell attachment for the Stainless Steel meshes.”**!

Cell isolation and culture

A cell pattern similar to a natural heart valve leaflet was
chosen for the experiment. Three different cell types were
isolated and used for preliminary assay; human aortic
smooth muscle cells and human aortic adventitial fibroblast/
myofibroblast cells to fulfill the role of valvular interstitial
cells (VICs), and human umbilical vascular endothelial cells
to act as the valvular endothelial cells. The basal media for
culturing cells contained (Dulbecco’s Modified Eagle Med-
ium; Gibco, Carlsbad, CA), 10% fetal bovine serum (Hy-
Clone, Rockford, IL), 1% penicillin/streptomycin (Gibco),
and 1% L-glutamine (Gibco), with appropriate growth fac-
tors added to it for the enhancement of growth and prolif-
eration. Cultured cells were fed every two to three days, and

split 1 to 3 at confluence. Cells were used in passages 3 to 5
for the experiment.

Three-dimensional construct

Each mesh was coated with a mixture of bovine and rat
tail collagen (Gibco) in a tissue culture hood with an aligned
appearance. This mixture in optimal concentration ensures
development of an interconnected pore network, which is
essential for cell growth, nutrient supply, and removal of
metabolic waste products. Briefly, liquid collagen mixture
was neutralized using NaOH. Cell-seeded collagen con-
structs were prepared by first casting an acellular collagen
solution and then adding a total of 3x 10 cells for each cell
type to it, before the collagen had set. After placing the
Stainless Steel meshes appropriately among the solutions,
the constructs were incubated at 37°C in a 5% CO, humidi-
fied incubator for polymerization. This method ensures that
collagen constructs have a uniform cell density (3x 10° cells/
cm?) after gel formation. The hybrid 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 2 weeks in a similar
way described earlier. Media was also supplemented with
ascorbic acid (Sigma-Aldrich Inc., St. Louis, MO) as an
additive to promote matrix production. To increase the rate
of ECM production, 10ng/mL of TGF-B1 (R&D Systems
Inc., Minneapolis, MN) was added to the collagen gels in
each layer to increase the rate of ECM production. These
cultures were later on compared with the control group
with no TGF- supplementation. Figure 2 shows a schematic
diagram of the experimental methods for producing the
hybrid multilayered tissue. Through the 3D cell-culture
technique, all layers of the cells were seeded on the rectan-
gular-shaped Stainless Steel meshes to produce ECM or
connective tissue.

Confocal microscopy

After placing all three cell layers, the constructs were an-
alyzed using a Zeiss LSM 510 Metaconfocal microscope.
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FIG. 2. Different steps in the 3D cell culture method used to
develop a hybrid tissue.
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FIG. 3. (A) Stainless Steel mesh with a surface area of about
1cm?; (B) macroscopic view of the engineered hybrid tissue
after 3 months of cell culture. White arrow shows the me-
tallic mesh inside the tissue.

Antibodies against SM22, Phalloidin 488, Pecam were used
for smooth muscle cells, fibroblasts/myofibroblasts, and
endothelial cells, respectively. Cellular phenotypes were
determined after 8 weeks. Samples were also counterstained
with 4’,6-diamidino-2-phenylindole (DAPI) to reveal cell
nuclei.

Scanning electron microscopy

Different sections of the hybrid tissue with and without
addition of TGF-p were used for scanning electron micro-
scopy (SEM) analysis. Samples were dehydrated in ascend-
ing concentrations of ethanol (30-100%) followed by a critical
point dried in CO,. Then, the samples were mounted
on carbon stubs, and sputtered using a 4nm coating of
gold (VCR Group, San Francisco, CA). A low-voltage, high-
resolution SEM (Quanta 3D FEG Electron Microscope, FEI,



296

ALAVI AND KHERADVAR

FIG. 4. Scanning electron micrographs of the first layer on the mesh show that smooth muscle cells are attached over the
mesh. The collagen gel degrades rapidly, and the cells are attached throughout the mesh either in bundles or as single cells;
(A) The same image as (A); arrows indicate smooth muscle cells attached to mesh; (B) A larger view that shows the
arrangement of first layer, and verifies that collagen gel has been degraded.

Hillsboro, OR) was used at 10kV to capture images at var-
ious magnifications ranging from 10 to 1000 p.

Results

In the present study, we have developed a tissue mem-
brane in vitro using a core Stainless Steel mesh for the first
time (Fig. 3). There are a total of three layers of cells at each
side of the mesh where the two layers proximal to the mesh
(smooth muscle cells) tightly enclose it in three dimensions.
These three layers at each side are the mimic ventricularis,
spongiosa, and fibrosa layers of a heart valve leaflet. All
groups showed a shiny smooth surface and macroscopically,
there were differences in the size of the membranes between
the controls and the TGF-f conditioned constructs. The
maximum overall thickness that the membrane reached was
1.2mm (containing the mesh with the overall thickness of
0.188 mm), which was observed in the TGF-B group. The
control groups showed less tissue formation and organiza-
tion at all time points. Proliferation was also exceeded in the
TGF-B group when compared with the control ones. Con-
sistent with known pleiotropic actions of TGF-, stimulated
scaffolds revealed dramatically enhanced collagen produc-

tion, indicating an increase in proliferation and apoptosis,
respectively, and providing a potential mechanism for the
continuing process of remodeling and maturation in vitro.
Furthermore, due to the membrane-like nature of the formed
tissues, the cells in deeper layers remained alive merely
based on the diffusion of essential gasses and nutrients, and
no evidence of neovascularization inside the tissue was ob-
served, as we did not add any angiogenic growth factor into
the scaffold. Here, we have described the three grown layers
in greater detail.

Smooth muscle cell layers

These layers are the ones covering the mesh. They were
first arranged as a cluster of single cells when plated in
aligned collagen matrix (Fig. 4), similar to the works done
by other investigators.*>** Later, they were arranged in
small bundles of 5-20 cells within the first covering layer,
started attaching to the wires” surfaces through the open-
ings of the mesh, and were spread throughout the mesh
making a tight network around it (Fig. 4A). Populated
constructs compacted during the culture period, which
confirmed expression of o-SMA, as its expression is

FIG. 5. Scanning electron microscopy images taken after culturing the second layer of cells containing fibroblasts/
myofibroblasts; (A) formation of ECM and a confluent layer around the construct are visible, (B) black arrow indicates a
single fibroblast cell inside view of the tissue. ECM, extracellular matrix.



FIG. 6. Compares the images of confocal
microscopy with and without addition of
TGEF-B. Greater extracellular matrix
deposition is observed when TGF-p is added
compared with the control groups. DAPI
staining of nuclei in the construct shows that
the number of cells at the surface of the
mesh increased progressively in TGF-
groups, eventually formed a thicker tissue
around the mesh; (A) control group from
top view, (B) control group from side view;
(C) TGF-B group from top view; and (D)
TGEF-B group from side view. Nuclei,
fibroblasts, smooth muscle cells, and
endothelial cells were stained as blue,
green, red, and magenta, respectively.
TGEF-B, transforming growth factor.

linirn

FIG. 7. Result of scanning electron microscopy after 8 weeks with three layers of cells shows the formed tissue tightly
enclosing the Stainless Steel mesh; (A) endothelial surface layer (blue) starts covering the construct right after culturing
around it; (B) after 8 weeks, the tissue shows three different cell layers in sequence; surface endothelial layer (blue), middle
fibroblast/myofibroblast (emerald green), and base layer of smooth muscle (bright green); (C) and (D) show that the mesh is
tightly integrated within the tissue construct, and the cells are penetrating through the mesh opening holes. The tissue is
intentionally sliced before microscopy to visualize the layers and the mesh.
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correlated with gel compaction in this type of cell. The
formed gel degreased rapidly before the next layer was
cultured on it (Fig. 4B).

Fibroblast/Myofibroblast cell layers

These layers covered on top of the first layers, in parallel
alignment with the underlying cell layer. After a short period
of time, the collagen layers on the top and bottom of the
culture altered in such a way that they no longer stayed
aligned. There was a significant decrease in the degradation
rate of collagen matrix in culture. They started maintaining the
ECM, which was obvious during the microscopy phases, but
increasing the number of layers required daily changing of the
media due to high oxygen and nutrition consumption. The
addition of TGF-B increased the number of cells with either
fibroblasts or myofibroblasts within the second layer (Fig. 5).

Endothelial cell layer

Seeding the third layer completely concealed the mesh
and formed a smooth, confluent surface around the construct
(Fig. 3B). The endothelial layer seemed to be strongly at-
tached to the inner two layers and participated in remodeling
activities of the membrane. This stable lining layer poten-
tially provides a surface with reduced thrombogenicity when
implanted in-vivo. The biologic part of the membranes
showed some level of shrinkage after the addition of each
layer, mainly due to utilizing collagen as the biologic scaf-
fold. The shape of hybrid tissues was monitored every week.
It was found that the tissue was maximally organized, and
the shrinkage terminated after the eight week. The mesh acts
as a backbone that minimizes further shrinkage of the
membrane by tightly holding each segment of the tissue to-
gether. No further changes in dimension of the tissue con-
struct were observed thereafter.

Figure 6 shows the result of confocal microscopy from top
and side views at the end of the eighth week. At this stage,
the deeper layers had a denser cellularity compared with
the superficial layers, which were less packed. The control
group showed tissue formation mainly at the surface of the
mesh, which was less dense compared with the group with
TGF-B supplement. Additionally, the group with TGF-
supplement showed an increase in proliferation and more
ingrowths into the outer portions of the tissue. Figure 7
shows the result of SEM at the end of eighth week with all
three layers present. It can be observed that adding the sec-
ond and the third layers improves production of the ECM
(mainly collagen and glycosaminoglycans) that covers the
mesh, forming a confluent smooth surface with endothelial
cell lining in both experimental groups.

Discussion

The advantages of using completely biological matrix
components are biocompatibility, cell-controlled degrad-
ability, and intrinsic cellular interaction. Although biological
scaffolds appear to be the best choice for engineering tissue
membranes so far, none has fulfilled all the requirements of
an optimal scaffold; in particular, they lack structural resis-
tance and desired mechanical property. In this study, we
have devised a hybrid concept for tissue membranes that
potentially overcomes the mechanical vulnerability limita-
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tions of biological ECMs while maintaining the biocompati-
bility and nontoxicity of them. This new technology provides
an opportunity to develop membranes that are strong en-
ough to resist the forces that exist inside the body (e.g., the
fluid forces that are exerted on artificial heart valves inside
the heart or the radial stresses available in a growing arterial
aneurism) while possessing biocompatible surfaces.

Heart valve leaflets experience a variety of cyclic me-
chanical stresses inside the body, which are dynamic and
complex, including (1) shear stress due to blood flow when
the valve is open, (2) flexural stress due to cyclic opening and
closure, and (3) tensile stress when the valve is closed. In
natural valves, the principal determinant of the valve dura-
bility is the valvular ECM composition, which acts as the
leaflet’s backbone withstanding the stresses.** Forces acting
on the leaflets at the macroscopic level are translated into
specific biomechanical responses at the tissue level, which
will be transduced into VICs that are responsible for dy-
namic composition of the leaflet tissue. When the leaflets are
exposed to higher levels of stress, higher stiffness is induced
by VICs through increasing the a-smooth muscle actin (o-
SMA) contents and additional collagen biosynthesis in the
leaflet.” Such an adapting mechanism does not currently
exist in the bioprosthetic heart valve, which are glutaralde-
hyde fixed tissues.”**” As a result, these valves lack dynamic
control of tissue strength and are vulnerable when exposed
to loads exerted on them in cardiac cycles.

Another application of hybrid tissue is in the development
of vascular grafts. Investigators have tried using synthetic
materials such as expanded polytetrafluoroethylene and
Dacron (polyethylene terephthalate fiber) to bypass stenotic
arteries in peripheral vascular disease”*’ and to replace an
aneurismal segment.* It has been shown that replacement of
vessels with purely synthetic polymeric conduits often leads
to an early failure of such grafts mainly due to the forma-
tion of thrombosis; this is particularly true in the smaller-
diameter vasculature (i.e., less than 6 mm) and in the regions
of low blood flow.>’”>® These materials lack growth poten-
tial, and the long-term results have revealed several cases of
stenosis, aneurismal formation, thromboembolization, cal-
cium deposition, and infection, mainly due to material fail-
ure®* The ineffectiveness of these materials is further
noticeable in situations where a mechanical device needs to
be anastomosed to the natural vasculature or to the heart; for
example, ventricular assist devices. Vascular grafts made of
hybrid tissues with metal scaffolds as the core may provide
better solutions for the difficulty in anastomoses that arises
from connection of a nonbiologic device to a biologic struc-
ture (e.g., vasculature, heart chambers, or loops of intestines).
The scaffolds can either be sutured at the edges of the
membranes that do not have a metal mesh core (Fig. 3) or by
considering larger holes at the edge of the mesh just for
suturing purposes.

Challenges in development of hybrid tissues

One of the main issues regarding the use of a metal scaf-
fold is cell-metal interaction.’>>® Surface properties such as
roughness, hydrophilicity, chemical composition, texture,
charge, morphology, surface energy, and surface chemistry
considerably influence the cellular responses to the metallic
substrates. Studies have shown that cell attachment increases
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when the oxygen content at the surface of Stainless Steel is
low. However, there has been little discussion regarding the
effects of surface roughness.”’** The cell attachment was
found to increase due to surface energy enhancement, and
change in surface roughness (decrease or increase depending
on the cell type).*’?**" In the current study, we used high-
grade SiC polishing papers to make the surface smoother,
which considers more favorable for attachment of smooth
muscle cells (unlike the bone implantations). Surface energy
has been identified as the main factor in the modification of
the wettability characteristics of the metal and, therefore, a
predominant mechanism governing the cell proliferation.*'*?
We also found that glow discharging, which increases the
surface energy, can enhance cell binding and proliferation.

Another strategy to improve the biocompatibility of
Stainless Steel meshes is ion beam surface modification. It
has been previously reported that ion beam surface modifi-
cation of polymeric and metallic substrates can enhance cell
attachment and growth,43’44 increase biocompa’cibility,45’46
prevent calcification,*” enhance adhesive strength between
polymers and metals,*® create active binding sites for pro-
tein,** control surface we‘c‘cability,%’50 and even inhibit
platelet adhesion.”® To achieve the best surface modifica-
tion, we performed He" ion beam irradiation of Stainless
Steel meshes at an energy level of 150keV with fluences of
1x10' ions/cm?. This technique significantly improved cell
attachment compared with the meshes without ion beam
modification.

Limitations

In this work, we have used Stainless Steel meshes as test
materials. However, these meshes may not provide adequate
recoil required for dynamic tissue membranes such as heart
valve leaflets. Further studies with superelastic Nitinol and
Titanium are underway.

Using an improper mesh may result in aberrant remodeling
of the tissue. We are currently working with thinner meshes
(~25 micron thickness) with a larger open area percentage to
reduce the chance of abberant remodeling. Additionally, we
have not yet investigated the performance of these constructs
in dynamic environments that mimic blood -circulation.
However, we expect that all the layers stay together without
separation, and the thin metal mesh, due to its elasticity,
performs passively when there is a flow.

Conclusions

This study focused on the developement of a novel
hybrid tissue membrane comprising a metal mesh scaffold.
The metal mesh scaffold overcomes the disadvantages
associated with current polymeric, decellularized, and
biological scaffolds by reinforcing the cultured tissue en-
gineered membrane in vitro and in vivo after implantation.
This developed hybrid tissue structure posseses a biological
surface similar to a natural membrane while enclosing a
thin metal mesh core that replicates the strong natural ECM
backbone of the natual membranes inside the body. This
technology is supposed to have applications for the devel-
opment of membrane-like tissue constructs such as heart
valves and vascular grafts, which are exposed to a variety
of dynamic loads.
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