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Abstract: The limited ability of cardiac muscle to regenerate after injury and the small number of organs
available for transplantation motivate studies aimed at curative treatment options. Tissue engineering
based on the integrated use of cells on biomaterial scaffolds in bioreactors may offer cardiac grafts suitable
for surgical attachment to the myocardium or for basic research. In one of the current approaches,
neonatal rat cardiomyocytes are combined with collagen sponges, gels or polyglycolic acid scaffolds
(PGA). Cultivations performed in dishes, static or mixed flasks or rotating bioreactors yield constructs
with a thin (100-200um) peripheral layer of tissue expressing markers of cardiac differentiation and
able to propagate electrical signals. The non-uniform cell distribution is a result of oxygen diffusional
limitations within the constructs. Cultivations with perfusion of culture medium through the construct
enhance the convective-diffusive oxygen supply and yield 1-2 mm thick constructs with physiologically
high and spatially uniform distribution of viable cells expressing cardiac markers. We review here a
series of studies we conducted using cells seeded on three-dimensional scaffolds and cultured in several
different bioreactors, to demonstrate that the bioreactor flow environment can have substantial effects on

structural and functional properties of cardiac constructs.
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INTRODUCTION

Cardiovascular disease is responsible for a preponder-
ance of health problems in the developed countries,
as well as in many developing countries. Heart disease
and stroke, the principal components of cardiovascu-
lar disease, are the first and the third leading cause
of death in the US, accounting for nearly 40% of
all deaths. Congenital heart defects, which occur in
nearly 14 of every 1000 newborn children,!' are the
leading cause of death among newborns. Cardiovas-
cular diseases result in substantial disability and loss
of productivity, and largely contribute to the escalat-
ing costs of health care. About 61 million Americans
(almost one-fourth of the population) live with car-
diovascular diseases, such as coronary heart disease,
congenital cardiovascular defects, and congestive heart
failure, and 298.2 billion dollars were spent in 2001
to treat these diseases.? The economic impact of
cardiovascular disease on the US health care sys-
tem is expected to grow further as the population
ages.

Once damaged, the heart is unable to regenerate.
Currently, the only definitive treatment for end-stage
heart failure is cardiac transplantation. However, the
limited availability of organs for transplantation has
led to the prolonged waiting periods that are often not
survivable.> Newly investigated approaches to treat
impaired myocardium include injection of myogenic
cells* and tissue engineering of grafts suitable for
surgical implantation.’

Tissue engineering combines the principles of
biology, engineering and medicine to create functional,
biologically based grafts capable of repairing native
tissues following a congenital deformity, disease or
trauma. In vivo, cell differentiation and tissue assembly
are directed by multiple factors acting in concert and
according to specific spatial and temporal sequences.
In vitro, cell function can be modulated by the
same factors known to play a role during normal
embryogenesis. In light of this paradigm, biophysical
regulation of cultured cells can be achieved by an
integrated use of biomaterial scaffolds and bioreactors,
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Directed biophysical regulation of cultured cells

Bioreactor

Figure 1. Tissue engineering paradigm. The regulatory factors of cell differentiation and tissue assembly in vivo can be utilized in vitro to engineer
functional tissues by an integrated use of isolated cells, biomaterial scaffolds and bioreactors. The cells themselves (either differentiated or
progenitor/stem cells seeded onto a scaffold and cultured in a bioreactor) carry out the process of tissue formation, in response to regulatory
signals. The scaffold provides a structural, mechanical and logistic template for cell attachment and tissue formation. The bioreactor provides the
environmental conditions and regulatory signals (biochemical and physical) that induce, enhance or at least support the development of functional
tissue constructs. Adapted from Radisic et al. Functional tissue engineering of cartilage and myocardium: bioreactor aspects. In Scaffolding in

Tissue Engineering, Marcel Dekker, New York, pp.491-520 (2005).

as shown in Fig. 1. A ‘biomimetic’ approach to tissue
engineering involves the i vitro creation of functional
tissues by an integrated use of: (i) cells that can
be selected, expanded, and transfected to express
the genes of interest, (ii) biomaterial scaffolds that
serve as a structural and logistic template for tissue
development and biodegrade at a controlled rate, and
(iii) bioreactors that provide environmental conditions
necessary for tissue development.

Tissue engineering of 1-5mm thick, functional
cardiac constructs critically depends on our ability
to seed the cells at a high and spatially uniform
initial density, and to enhance the supply of oxygen to
maintain their viability and function. Native cardiac
tissue is vascularized, with capillaries spaced at
20um distances, an indicator of the high oxygen
demand.®” Engineered tissues that would resemble
some properties of native myocardium could also
serve as models for basic studies of cell function,
tissue development, and responses to gene alterations,
drugs, hypoxia, and physical stimuli.

ENGINEERED TISSUE COMPONENTS

Cells

Three-dimensional cardiac tissue constructs were
successfully cultivated in dishes using a variety of
scaffolds and cell sources. Fetal rat ventricular cardiac
myocytes were expanded after isolation, inoculated
into collagen sponges and cultivated in static dishes
for up to 4weeks.® The cells proliferated with time
in culture and expressed multiple sarcomeres. Adult
human ventricular cells were used in a similar system,
although they exhibited no proliferation.® Fetal cardiac
cells were also cultivated on alginate scaffolds in
static 96-well plates. After 4days in culture the
cells formed spontaneously beating aggregates in the
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scaffold pores.!? Cell seeding densities of the order of
108 cellscm ™ were achieved in the alginate scaffolds
using centrifugal forces during seeding.!! Neonatal rat
cardiac myocytes formed spontaneously contracting
constructs when inoculated in collagen sponges within
36 h'? and maintained their activity for up to 12 weeks.
The contractile force increased upon addition of Ca?*
and epinephrine.

Two-week constructs based on neonatal rat car-
diomyocytes exhibited spontaneously beating areas,
whereas constructs based on embryonic chick
myocytes exhibited no contractions and reduced in
size by 60%. Immunohistochemistry revealed the pres-
ence of a large number of nonmyocytes in constructs
based on embryonic chick heart cells, while con-
structs based on neonatal rat cells consisted mostly
of elongated cardiomyocytes.'?> Constructs based on
cardiomyocytes enriched by preplating exhibited lower
excitation threshold (ET), higher conduction velocity,
higher maximum capture rate (MCR), and higher
maximum and average amplitude.!*

Scaffolds

The scaffolds utilized for cardiac tissue engineering
include collagen fibers,!> collagen sponges®?!? and
polyglycolic acid meshes.!>141® The main advantage
of a synthetic scaffold such as PGA is that it
provides mechanical stability, while scaffolds based
on natural cell polymers such as collagen enable
rapid cell attachment. The scaffold-free approaches
include casting the cells in collagen gels followed
by mechanical stimulation!’"!° and stacking of
confluent cardiac cell monolayers.?’ The main
advantage of scaffold-free approaches is the higher
active force generated by such tissues. However, the
main disadvantage remains tailoring the shape and
dimensions of the scaffold-free engineered tissues.
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Most recently, gels (Matrigel) were combined with
scaffolds (collagen sponge) to achieve rapid cell
inoculation and attachment along with the possibility
of tailoring tissue shape and dimensions through the
use of scaffolds.?!

Bioreactors

Bioreactor cultivation of cardiac tissue constructs has
been done routinely in static flasks, mixed flasks,
rotating vessels and perfused cartridges'1+1¢ (Fig. 2).
The hydrodynamic environment of a bioreactor is
important as it can affect cell function in at least two
ways: via associated effects on mass transport between
the tissue and culture medium, and by direct physical
stimulation of the cells.

In static flasks (Fig. 2(A)), the cultured tissues are
fixed in place and exposed to static medium, such
that the mass transport between the tissue and culture
medium is governed by molecular diffusion, and there
is no hydrodynamic shear acting at the cells.

In mixed flasks (Fig. 2(A)) tissues are fixed in
place and exposed to well mixed medium. The flow
conditions in spinner flasks are turbulent, with the
associated hydrodynamic shear that was below the
level causing cell death or damage, but sufficient to
affect the function of cells at construct surfaces.!> Mass

Cardiac tissue engineering

transport between the tissue and culture medium is
enhanced by convection, whereas the transport within
the tissue remains governed by molecular diffusion, as
in static flasks.

In rotating vessels, cultured tissues are dynamically
suspended in the rotating flow without external
fixation. The flow conditions were characterized as
dynamic and laminar, with tissue constructs settling
in a tumble-slide regime associated with fluctuations
in fluid pressure, velocity and shear.!®> Mass transport
between the tissue and culture medium is enhanced
by dynamic laminar convection, a flow regime that is
stimulatory to the cells, whereas the transport within
the tissue remains governed by molecular diffusion.
Two types of rotating bioreactors: a high aspect
ratio vessel (HARYV) and a slow turning lateral vessel
(STLV, shown in Fig. 2B) were utilized for cardiac
tissue engineering.!>!® The main difference is that
the HARYV has a larger gas exchange membrane and
therefore better oxygen supply to the constructs.!316-22

In perfused cartridges, constructs are cultivated
with direct perfusion of culture medium through the
cultured tissue, in order to achieve convective-diffusive
oxygen transport throughout the construct volume.
Constructs were perfused at interstitial velocities
comparable to those of blood flow in native tissues.

Figure 2. Schematics of the representative bioreactors for cardiac tissue engineering A: Static or mixed flasks with constructs suspended on
needles. B: Rotating bioreactor with the tissue constructs suspended in the rotation flow. C: Perfusion loop consisting of a (1) peristaltic pump

(2) gas exchanger (3) medium reservoir (4) perfusion cartridge (5,6) de-bubbling syringes. D: Perfusion cartridge (1.5 mL volume, 10 mm in diameter)
with a tissue construct placed between two stainless steel screens and two silicone gaskets, with interstitial flow of culture medium .
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Figure 3. Effects of perfusion on cardiac cell distribution. Cross-sections of constructs inoculated with 12 million cells and transferred either into

dishes (25 rpm, left) or into perfused cartridges (1.5 mL min~"

, right). The top, center and bottom areas of a 650 um wide strip extending from one

construct surface to the other are shown. Scale bar: 100 um. Reproduced from Radisic et al.?%, with permission.

Medium flow is generally laminar, and can be either
steady or pulsatile. Mass transport is enhanced by
interstitial flow of medium in conjunction with external
gas and medium exchange.?>~%°

EFFECTS OF BIOREACTOR CONDITIONS ON
ENGINEERED TISSUE PROPERTIES

Mixed flasks

Mixing had significant effects on the metabolism
and cellularity of neonatal rat cardiomyocyte/PGA
constructs.!®> Constructs cultivated in mixed flasks
(90 or 50rpm) had significantly higher -cellu-
larity index (~20pg DNA per construct) and
metabolic activity using a 3-(4,5-dimethylthiazol-
2-yD)-2,5-diphenyltetrazolium bromide(MTT) assay
(~150 MTT units mg~! DNA) compared with the
constructs cultivated in static flasks (~5 ug DNA per
construct and ~50 MTT units mg~! DNA, respec-
tively). The aerobicity of the cell culture was evaluated
by the molar ratio of lactate produced and glucose
consumed (L/G; mol mol™!), a parameter that has
the value of approximately 1 for completely aerobic
cell metabolism and the value of approximately 2
for completely anaerobic metabolism. Mixing main-
tained the medium’s gas and pH levels within the
physiological range, yielding a more aerobic glucose
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metabolism (/G ~ 1.5) in mixed flasks than in static
flasks (/G > 2).12

After 1 week of culture, constructs seeded in mixed
flasks with 8 - 10 neonatal rat cardiac myocytes con-
tained a peripheral tissue-like region (50—70 um thick)
in which cells stained positive for tropomyosin and
organized in multiple layers in a 3-D configuration.!?
Electrophysiological studies conducted using a lin-
ear array of extracellular electrodes showed that the
peripheral layer of the constructs exhibited rela-
tively homogeneous electrical properties and sustained
macroscopically continuous impulse propagation on a
centimeter-size scale.!* However, the interior of the
construct remained largely acellular and a fibrous cap-
sule on the outer surface formed as a result of turbulent
flow conditions.

Rotating vessels

Cultivation of cardiac myocytes in HARVs on laminin-
coated PGA in low serum medium yielded formation
of a layer up to 160 um thick of peripheral cardiac
tissue with electrophysiological properties that were
better than for constructs cultivated in spinner
flasks and comparable to native ventricles.!® The
expression levels of cardiac proteins connexin-43,
creatin kinase-MM and sarcomeric myosin heavy
chain were lower in HARV-cultivated constructs than
in neonatal rat ventricles but higher than in the
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spinner-flask cultivated constructs.!® Even with the
laminar flow conditions present in rotating vessels the
cell distribution remained non-uniform due to the
oxygen diffusional limitations.

Perfused cartridges

Physiologic densities of viable cardiac myocytes were
achieved by rapid cell inoculation into a porous
scaffold using Matrigel® followed by the establishment
of the perfusion of culture medium through the
construct immediately after gel hardening (15 min).?!
Non-perfused constructs had most cells located in the
100-200 um thick layer at the top surface, and only a
small number of cells penetrated the entire construct
depth (Fig. 3, left). Constructs seeded in perfusion
exhibited high and spatially uniform cell density
throughout the construct volume (Fig. 3, right).

To provide convective-diffusive oxygen supply to
the cells, interstitial medium flow was maintained
for 7 days during cultivation; constructs seeded and
cultivated in dishes served as a control. Throughout
the cultivation, the number of live cells in perfused
constructs was significantly higher than in dish-grown
constructs.?’> Notably, the number of live cells in dish-
grown constructs decreased rapidly during the first
day of culture and continued to decrease between
days 1 and 7. In contrast, live cell numbers in perfused
constructs were constant during day 1, and decreased
only slowly with time in culture.

Cell viability was significantly higher in perfused
than in dish-grown constructs at all time points.
Importantly, the final cell viability in perfused con-
structs (81.6 = 3.7%) was not significantly differ-
ent from the viability of the freshly isolated cells
(83.8 & 2.0), and it was markedly higher than the cell
viability in dish-grown constructs (47.4 £+ 7.8%). The
molar ratio of lactate produced to glucose consumed
(L/G) was ~1 for perfused constructs throughout the
duration of culture, indicating aerobic cell metabolism.
In dishes, I/G increased progressively from 1 to 2,
indicating a transient to anaerobic cell metabolism.
Cell damage was assessed from measured levels of
lactate dehydrogenase (LDH) in culture medium. At
all time points, the levels of LDH were significantly
lower in perfusion than in dish cultures, indicating
that medium perfusion reduced cell damage.

Spontaneous contractions were observed in some
constructs early in culture (dish-grown constructs
2-3days after seeding), and ceased after approxi-
mately 5 days of cultivation, indicating the maturation
of engineered tissue. In response to electrical stim-
ulation (e.g. at 5V and 60 beats per minute [bpm]),
all constructs were reproducibly induced to contract
synchronously. However, in perfused constructs the
contraction frequency was constant, whereas in dish-
grown constructs the contraction frequency sponta-
neously increased every 1-2min and the contraction
pattern appeared arrhythmic. Overall, medium per-
fusion during cell seeding and construct cultivation
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markedly improved the contractile behavior of engi-
neered cardiac constructs.

After 7 days of culture, the overall tissue architecture
appeared markedly better for perfused than dish-
grown constructs. The 100—200um thick peripheral
layers of constructs from both groups consisted of
tightly packed cells expressing cardiac differentiation
markers, in contrast to construct interiors which were
markedly different. Medium perfusion maintained
high and spatially uniform cell density throughout the
construct volume (except in the outer-edge regions
shielded from fluid flow), whereas molecular diffusion
in the interiors of dish-grown constructs supported
only a low density of scattered cells. Sarcomeric a-
actin, cardiac troponin I and sarcomeric tropomyosin
were present throughout the perfused construct
volume, and only on the periphery of dish-grown
constructs.?

SUMMARY

The restoration of normal cardiac function can poten-
tially be achieved by functional tissue constructs grown
in vitro by using differentiated or progenitor cells, bio-
material scaffolds and bioreactors. Engineered tissues
can also serve as high-fidelity models for basic studies
of cells and tissues, in response to gene alterations,
drugs, hypoxia, or physical stimuli. In spite of sig-
nificant achievements in cardiac tissue engineering,
major challenges with respect to cell sourcing remain.
Future efforts will most likely focus on (1) exploring an
appropriate human cell source (e.g. differentiation of
bone marrow stem cells), (2) co-culture of major cell
types found in the native myocardium (e.g. fibroblasts,
myocytes and endothelial cells), and (3) development
of second generation bioreactors that can provide an
array of physical and biochemical stimuli found in
the native heart (e.g. combination of perfusion with
electrical and mechanical stimulation).
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