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Abstract

The first two reviews in this series have described defining properties of stem cells, possible sources
for them, and some initial attempts at their clinical use for tissue regeneration and repair. This third
and final paper in the series describes bioengineering methods for building physical structures to
contain and organize implanted cells. The relevant theory is that appropriate physical supporting
structures will help implanted cardiac stem cell populations organize themselves into functioning
cardiac tissue that integrates physically and functionally with the receiving heart. The purpose of
cardiac tissue engineering is to replace or repair injured heart muscle effectively. Supporting
materials to create habitable spaces can provide the basic requirements of cardiac muscle cells. The
design of such supporting materials influences the behavior of cells; the shape, dimensions, and
chemistry of substrates affects such processes as attachment, cell signaling, and differentiation. As
cardiac muscle cells flourish in artificial environments they may become functional tissue with
clinical value. This review summarizes the major bioengineering approaches for containing and
organizing cardiac muscle cells — and their potential to ameliorate total heart failure.

Introduction to Cardiac Tissue Engineering

Damage to heart muscle, acute or chronic, has long been considered a tipping point for
individual health outlook and progression to heart failure. National statistics are grim, with
over 5 million affected by heart failure each year and nearly 300,000 deaths?. The problem is
that adult heart muscle cells, cardiac myocytes, cannot divide to replace injured cells. Thus,
despite a limited population of resident cardiac stem cells (described more thoroughly in the
previous reviews of this series), the heart cannot repair itself by any native processes. Instead,
scar tissue develops over regions of damaged myocardium. Such scar tissue keeps the organ
intact but cannot contract. The ideal clinical intervention would either avoid such scar
formation, or simply replace formed scar tissue with functioning cardiac muscle tissue. In a
first approach to such therapy, investigators have used injections of new cells into damaged
areas of cardiac tissue. These studies have met with limited success due to cell death, exit of
cells from the heart, and poor cellular integration with the receiving heart tissue2—4.

It is known that cells have certain requirements for their survival in any surroundings. Many
of those relate to the diffusion of available substances, with nutrients and oxygen flowing into
cells while waste and signaling molecules are moved out. However, another less well known
but essential requirement for nearly all cells is the need for a specific physical substrate. Most
cell types, including cardiac myocytes, thrive only when attached to a suitable supporting

surface. The purpose of tissue engineering is, then, to create a viable cellular environment

through the use of biologically acceptable materials®. The idea is that transplantable cells can
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be contained and organized in so-called engineered scaffolds. Such scaffolds with contained
cells can then be used to treat or replace a part of the body6. Empty fabricated structures can
also be implanted in vivo, providing a structure to condition stem cells already present.

For those helped by analogy, the efforts of tissue engineering can be compared to the building
of a house. Home construction demands walls for stability, doors for transporting materials,
plumbing and circuitry for moving water and electricity, and windows for circulation of
oxygen. Analogous matters — anchorage, diffusion, integration, and vascularization,
respectively — must be considered when engineering tissue. The purpose of such design is to
make a livable structure. In the case of cardiac tissue, healthy, functional cardiac myocytes are
the ideal inhabitants.

Identifying Basic Cell Responses

Flat, two-dimensional (2D) culture dishes have dominated studies of cell biology in the past.
However, planar surfaces are hardly fitting for most cell types. To that end, there has been
some understanding as to what physical features are important for the design of a three
dimensional (3D) structure to support cardiac cells. It is possible, with that understanding, to
begin modeling effective local microenvironments for cells (Figure 1).

Slight changes beyond a uniformly flat state can affect cardiac myocytes. Collagen, the most
abundant constituent of the extracellular matrix, has a bundle diameter measured in the
nanometer range — 100 to 1000 times smaller than the micrometer average cardiac myocyte
diameter. Just as cells are influenced by extracellular proteins like collagen, so also are they
capable of responding to artificial structures in the same size range. Indeed, cells have been
shown to detect surface-deposited fibers manufactured in the nanometer scale. Meshes of
electrospun nanofibers support cardiac myocyte adhesion and spontaneous contraction”.
Projections in the micrometer scale can also directly affect cell behavior. Artificial projections
with heights of five micrometers have been shown to cause both changes in cardiac myocyte
shape and remodeling of cellular proteins responsible for substrate attachmentS.

Stimuli other that surface topography can also have robust cellular consequences. Mechanical
forces, either generated from cell contraction or sensed from external sources, have pronounced
effects on differentiation, growth, and survival of myocardial cells®. For instance,
experimentally exposing cardiac myocytes to repeated stretching in specific directions alters
amounts of contractile proteinslo. In addition, the stiffness of materials alone can modify some
characteristics of cells. Softer, more elastic culture surfaces result in rounded cell shapes,
irregular attachments, and higher motilityll. Furthermore, when material or matrix stiffness
is tuned to the range of native muscle rigidity (bearing a Young’s modulus — a measure of
resistance to deformation — between 8-17 kPa), mesenchymal stem cells are induced to
differentiate into a myogenic Iineagelz. The clinical implications of controlling stiffness can
be appreciated when it is recognized that collagen, a primary component of scar tissue that is
overproduced in heart failure, has a relatively high stiffness?S. Though designing around forces
and stiffnesses may seem rudimentary, the interplay of these two physical elements has great
significance for cardiac tissue engineering. Consider, for example, that each effective beat of
the heart constitutes a precise balance between tension of contracting muscle and resistance
held by the extracellular matrix. Once such relationships are fully understood, they can be used
for therapeutic gain.

Engineering Tissue in Three Dimensions

The complexity of engineered systems increases considerably with the passage from two to
three dimensions (Figure 2 and Table 1). As 2D becomes 3D, a host of new issues becomes
significant. Here, levels of diffusion determine the degree of nutrient delivery and metabolic
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waste removal available to cells in the construct interior. The thickness of normal, diastolic,
left ventricular myocardium is a little over one centimeter in the human heart, but there is a
200-micrometer tissue depth limit for the diffusion of oxygen14. Therefore, cell survival in
3D cardiac tissue constructs depends on angiogenesis and functional vascular integration to
serve the remaining 95% of the heart wall.

Much of cardiac tissue engineering involves the struggle to perfect cellular organization
without sacrificing tissue vascularization. The in vivo myocardium has a very dense layout,
with overlapping arrays of muscle cells arranged in different circumferential orientations.
Individual branched cardiac myocytes in the heart are linked to others at both ends through
intercalated discs (containing gap junctions and other adherent sites) that help to transfer both
molecular signals (e.g., electrical coupling) and forces of contraction. Studies have verified
that a compact, end-to-end cardiac myocyte arrangement enhances electrophysiological
connection and function1®. Replicating this cellular organization of the myocardium has
proved difficult.

The simplest 3D constructs that have been investigated to date are tiered 2D structures, in which
individual flat levels are overlaid to form a cell-supporting lattice. One such study showed that
overlapping electrospun meshes allows attached cardiac myocytes to have strong cellular
contacts and synchronous beating after two weeks in culturel6. In that study, five equal levels
were formed with adequate diffusion, each showing in vivo-like cell morphology. It is also
possible to pattern cells on a single substrate level and build up into 3D solely by attaching
more cells. One group has demonstrated that lanes of cardiac myocytes on degradable polymer
films can grow up to three cell layers thick and form organized, functional tissuel’. Such
geometric configurations constitute the very definition of tissue — an organized collection of
cells working as a unit.

Some investigators have ignored scaffold patterning and studied tissue integrity in irregular
environments. Preparations of cardiac myocytes bound to sponge-like alginate, a natural
polymer derived from seaweed, have yielded vascularized cylindrical tissue nine weeks after
implantation in rats18. In another example, porous nonwoven polyglycolic patches were seeded
with embryonic stem cells and implanted on the ventricular surface of infarcted hearts in
micel9. Within eightweeks, the polyglycol had degraded to natural byproducts, leaving a small
area of active cells that contributed to an increased survival rate. Indeed, the
microenvironmental organization of cell-supporting materials can vary wildly but equally lead
to positive experimental effects.

More 3D Approaches and Considerations

Extracellular matrix components such as collagen and fibrin can be used to make elastic gels
with compositions similar to the body’s extracellular matrix. Gels in unpolymerized form can
be mixed with cells, and the result polymerized to create specific geometric shapes. In one
study, collagen and cardiac myocytes were combined into circular molds, which displayed
interconnected, beating cells when implanted around working rat hearts20. Gels and
transplantable cells can also polymerize in vivo after injection, permitting the cell-matrix
composite to assemble and conform to specific areas of the myocardium — though this
relinquishes all control over final tissue shape. Two separate studies in rats have used,
respectively, skeletal myoblasts in injectable fibrin matrices and embryonic stem cells in
collagen matrices. Both studies reported small decreases in heart failure progression21'22. In
yet another variation, unpolymerized gel-cell mixtures can be used to fill in the voids of other
implantable scaffolds, thereby combining methods and materials into a complex structure for
cells. Work of this sort has yielded healthy engraftment in rats23. With all these different gel
setups, some problems remain. The use of natural proteins can trigger inflammatory responses
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in the body; the relatively low concentration of cardiac myocytes limits force of contraction;
and once again, adequate vascularization can be a challenge — though the addition of endothelial
cells (the cell type comprising all vessels) to gel mixtures can hasten new vessel
formation<™.

In what may seem like a total surrender of engineering, another strategy for cardiac regeneration
is to simply use the heart’s own extracellular architecture. One study described the reseeding
of whole decellularized donor rat hearts with major myocardial cell types including cardiac
myocytes, fibroblasts, endothelial cells, and smooth muscle cells2S. According to the report,
original cells were removed with a detergent rinse, leaving the entire underlying extracellular
matrix intact. In this way valves, chambers, and vascular channels are all preserved, allowing
transplanted cells to move in and occupy familiar surroundings. Results were modest —
synchronous contractions were observed within several days, generating weak total pump
function. Though human use would be feasible with cadaveric hearts (given that the
extracellular matrix survives much longer than the cells it supports), the matter of repopulating
the structure with appropriate stem cell sources would need to be addressed.

To increase the chance of successful implantation, bioengineers often treat cells in bioreactors
before their use in vivo. A bioreactor is essentially a container filled with culture media that
can be fine-tuned to stimulate cells in a number of ways. Continuous mixing of fluid within
bioreactors helps to maintain an even concentration of nutrients. External forces such as
pressure, strain, and shear stress can simulate the kinetic features of the heart. In one case, it
was shown that a week of incubation in a bioreactor caused cardiac myocytes seeded in
polyglycolic acid scaffolds to assemble into uniform, electrophysiological 3D tissue2S.
Another study with cardiac myocyte polyglycolic acid constructs confirmed that tissue
thickness could be increased to a few millimeters by perfusing the media over cells2”, Beyond
this, other physical and chemical tweaks to bioreactor environments can enrich the conditioning
process but cannot recapitulate the thickness of the ventricular wall in the human heart.

Limiting Cells or Materials

Though they can aid cell attachment and vascularization, the configurations of scaffolds,
constructs, and gels are not easily optimized for transferring the contractile forces of the heart.
Doing away with implanted materials altogether might have advantages. One group has shown
progress in producing intact sheets of cardiac myocytes on a removable substrate, which can
then be applied to regions of the myocardium as tissue patche528. In the study, three identical
layers were carefully stacked and implanted in rat hearts. Since each triple layer had an 80-
micrometer thickness, one stack was implanted only to permit blood vessel penetration and
cell integration. However, after a short time window, it was possible to repeat the surgery and
add a new stack of cardiac myocytes directly over the previous set. By this method, a one-
millimeter thick segment of tissue was created after 3 days. Though the stacks of cardiac
myocytes were active and synchronized, the repetitive surgery technique has obvious
difficulties for human treatment. Another group tested this same idea in rats with sheets of
mesenchymal stem cells, which caused moderate recovery of cardiac function through vessel
formation and cardiac myocyte differentiation?9. These cell sheets may owe their effectiveness
to the fact that cardiac myocytes are able to drive their own organization into rhythmically-
beating aggregates — without cues from a matrix or substrate30,

If all the technical problems of bioengineering functional heart tissue in animal models were
solved, there would still be a major problem: there is at present no practical source of donor

cells for replacement of human myocardium. Studies involving committed cardiac myocytes
in scaffolds or constructs are almost universally taken from neonatal or adult rat hearts. Though
such animal models have a physiological likeness that is well-suited for research, they represent
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a supply that is unacceptable for clinical use. Adult stem cells present the only feasible source
for human treatment, but isolation, expansion, and differentiation into contractile cells remains
difficult. Cell populations such as embryonic stem cells, mesenchymal stem cells from bone
marrow, and umbilical cord stem cells have shown some therapeutic promise, though non-
autologous cells bear an added risk of immune rejection (as detailed in both preceding articles
in this series)31732. Very large quantities of differentiated cardiac myocytes are the necessary
endpoint; a human myocardial infarction can injure 50 grams of cardiac muscle tissue, which
would call for substitution of over one billion cells33. Any success in building the supply of
cardiac myocytes from stem cells could eventually be coupled to the discussed housing
concepts of tissue engineering.

Tissue engineering approaches need not all be cell-based. Pharmacologic agents can be linked
to implanted scaffolds for controlled release. One of the more advanced cardiac-related
examples of this makes use of injectable peptides that self-assemble into randomly branched
networks; the resulting nanofiber microenvironments can be used to deliver drugs or growth
factors34, Remarkably, an implanted structure alone can aid survival of myocardial cells
following injury. For instance, fibrin matrices have been shown to increase vascularization,
reduce scar formation, and preserve cardiac function when injected to damaged regions in rat
hearts3. This concept can be expanded further, as demonstrated by the availability of external
restraints. These bare polymeric supports are intended to wrap around the outer surface of one
or both ventricles, thereby preventing wall stresses and maladaptive shape changes that may
precede heart failure36. Indeed, in a conceptually simple application, clinical trials of
degradable, passive restraints placed around the heart showed enhanced total cardiac function
in hundreds of patients37. Though such improvements may be modest, this method of design
represents a way of thinking that may produce new breakthroughs. Circumstances that would
actually benefit from minimized engineering should not be overlooked.

Thoughts and Conclusions

The range of cellular and structural issues mentioned, it is evident that restoring or replacing
cardiac muscle is no easy task. Based on findings from implanted cell constructs, clinically
significant contractile improvements are quite rare. Poor electrochemical and vascular
integration of cell constructs remain common reasons for low functional gains. In the bleakest
of terms, it is quite possible that a cell-based approach to reversing myocardial damage is
flawed entirely, posing great surgical risks for a minimal increase of cardiac output. However,
given the high mortality rate and few end-stage alternatives, these research efforts comprise a
worthy search. Many tissue engineering interventions certainly have potential, and new stem
cell techniques are poised to help advance these treatments into the scope of cardiovascular
nursing. As methods and disciplines merge, the ability to regenerate cardiac tissue is a goal
with incalculable benefits — from benchtop to bedside.
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MATERIALS AND DEGRADATION

Besides a noninflammatory composition, implantable
materials must degrade steadily over time as native
supports are built around cells.

ATTACHMENT

Cardiac myocytes are anchorage-dependent, meaning
that in order to function they must adhere to surfaces.

STIFFNESS

The rigidity of a cell substrate affects cardiac myocyte
morphology and commitment of stem cells to lineages.

DIFFUSION AND POROSITY

Cells contained in 3D constructs risk poor diffusion of
vital nutrients and gases, while porosity can shape
the capacity for vascularization.

FORCES

Just as in regular beating of the heart, cardiac
myocytes are sensitive to mechanical forces, both
in strain magnitude and frequency.

=

Figure 1.

Cell Responses to the Microenvironment. Depicted are several basic features of cell
surroundings that must be taken into account when engineering 3D cardiac tissue.
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Figure 2.

Strategies of Cardiac Tissue Engineering. Shown are some of the different structural
approaches for replacing cells of the myocardium.
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Summary of Strategies. Corresponding to the various strategies mapped out in Figure 2, the advantages and
disadvantages of notable cardiac tissue engineering approaches are listed.

METHOD CLINICAL CLINICAL REFS
ADVANTAGES DISADVANTAGES
Cells Only
Injection of cells No structure to design, less High amount of cell exit or loss, [2—4]
invasive delivery poor cell integration
Cells + Materials
Ordered scaffolds and Uniform support for cells, degrade Greater surgical risks for [16. 18,19
meshes safely as cells incorporate implantation, limited vascularization 25—27]
ECM-like gels Similar composition to body, cells Natural components can be [20—24]
readily attach inflammatory, slow vascularization
Cell sheets and High cell density and organization, Surgery and placement difficult, [17: 28,29
tissue patches less obstructive materials limited vascularization
Materials Only
Injectable networks No immunogenic cells involved, May require chemical factors, [34, 35]
support placed where needed inadequate repair without cells
External restraints No immunogenic cells involved, Passive device, only prevents [36, 37]
simple design and function spread of damage and stress
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