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To create cardiac tissue for assisting circulation, it is essential to improve the contractile and relaxation
functions of myocardial tissue. In this study, we investigated the contraction/relaxation function and
mechanism of alignment-controlled cardiac tissue with the aim of applying it to tubular myocardial tissue
fabrication. By seeding human iPS cell-derived cardiomyocytes on inverted V-shaped micro-processed

fibrin gel, we succeeded in fabricating aligned cardiac tissue. The aligned cardiac tissue showed improved

contractile and relaxation functions through unidirectional and synchronous contraction.
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Bioengineered  human  pluripotent  stem
cell-derived cardiac muscle tissue is being applied
worldwide for regenerative medicine and disease
and drug discovery research. This study aims to
develop transplantable pulsatile cardiac tissue that
can assist pulmonary circulation. In the heart, it is
believed that layered tissues with aligned cardiac
cells, which are responsible  for  the
contraction-relaxation function, gradually change
their orientation and overlap in layers, thereby
contributing to the generation of efficient beating.
Therefore, we investigated the effect on the
contractile and relaxation function and its
mechanism by controlling the alignment of
cardiomyocytes in the cardiac tissue for
transplantation.

We induced cardiomyocyte differentiation from

human iPS cells into cardiomyocytes by our

original 3D suspension culture system and
purified the cardiomyocytes. The purity of
cardiomyocytes analyzed by flow cytometry

showed that the percentage of cardiac troponin
T-positive  cells after differentiation  and
purification was approximately 89%. Our previous
studies have also shown that non-cardiac myocytes
after that purification are fibroblast-like cells
whose characteristics are similar to heart-derived

fibroblasts 166(2018)109-121).

Cardiac fibroblasts have also been reported to

(Biomaterials.

contribute to the functional enhancement of
cardiac tissue, such as promoting cardiomyocyte
proliferation (Biomaterials. 32(2011)7355-7362),
Regen Ther. 4(2016)92-102), and the use of
cardiomyocytes and fibroblast-like cells may
enable the construction of more functional cardiac
tissue.

Next, we developed a culture substrate surface

that enables the alignment of cardiomyocytes.
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Cardiomyocytes cannot be aligned simply by
culturing them on a culture dish, and it is difficult
to evaluate their contractile and relaxing functions
as cardiac tissue when they are adhered to and
cultured on a plastic culture dish. Recently we
have developed the cardiac tissue contractile
measurement system that enables to directly
evaluate the contractile and relaxation function of
cardiomyocytes cultured on fibrin gel. In this study,
we evaluated the relationship between the alignment
of cardiomyocytes and their contractile/relaxation
functions by preparing fibrin gels that enable the
alignment control of cardiomyocytes. We prepared
polydimethylsiloxane with V-shaped grooves on
the stripes using a thermos-printed cyclo-oleiphene
polymer as a template on a micro-processed silicon
wafer, and applied fibrin on it to create a
micro-processed fibrin gel with inverted V-shaped
ridges (Figure 1). Since the diameter of human
iPS cell-derived cardiomyocytes is approximately
26 micrometers, the height of the inverted
V-shaped ridges on the micro-processed fibrin gel
was designed to be 10 micrometers and the
distance between the ridges was 30 micrometers.
Seeding of human iPS cell-derived cardiomyocytes
on micro-processed fibrin gel significantly improved
the alignment of the cardiomyocytes compared to
those seeded on non-micro-processed fibrin gel
(Figure 2). The orientation index, an index of
orientation calculated by Fourier analysis, was 1.15
for cardiomyocytes cultured on non-micro-processed
fibrin gel and 1.5 for cardiomyocytes cultured on
micro-processed fibrin gel. Since the orientation
index of the adult rat heart was 1.6, it is now
possible to create cardiac tissue with a degree of
alignment similar to that of living tissue. When the
contractile and relaxing functions of the aligned

cardiac tissue were evaluated, significant increases
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in contractile force, maximal contraction velocity,
and maximal relaxation velocity were observed
compared to the non-aligned cardiac tissue, both
under spontaneous beating rate and at 75ppm and
120ppm on the electrical pacing (Figure 3).
Furthermore, the treatment with isoproterenol, a
B -receptor stimulator, significantly increased the
spontaneous beating rate, contractile function,
and relaxation function in both non-aligned and
aligned cardiac tissue, while the rate of change in
relaxation velocity was significantly greater in
aligned cardiac tissue.

Next, we examined the mechanism of the
improvement of contractile and relaxation
functions in aligned cardiac tissues. mRNA
expression levels of contractile proteins such as
MYL2 and MYHG6, intracellular calcium-regulated
proteins such as RYR2, and gap junction proteins
such as GJAl were significantly increased in

non-aligned and aligned cardiac tissues compared

to cells immediately after differentiation induction.

However, no significant differences were observed
between non-aligned and aligned cardiac tissues,
suggesting that the maturation of individual
cardiomyocytes might be less involved. On the
other hand, when the direction and timing of
contraction of cardiomyocytes in the cardiac tissue
were evaluated by the motion capture analysis, it
was found that cardiomyocytes in aligned cardiac
tissue exhibit unidirectional contraction in a
controlled orientation relative to non- aligned
cardiac tissue. The timing of contraction at five
designated points varied in non-aligned cardiac
tissue, but cells in aligned cardiac tissues showed
synchronous contraction (Figure 4). Furthermore,
the standard deviation of the time from the
to first

beginning of measurement peak

contraction at these 5 points was significantly
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smaller in aligned cardiac tissues than that in the
nonaligned cardiac tissue, suggesting that the
improvement of contractile force in aligned
cardiac tissue might be in part mediated by
synchronous cardiomyocyte contraction.

Finally, we evaluated the changes in glucose and
lactate concentrations in the supernatant after
incubation for 48 h. No significant differences
were observed in glucose consumption and lactate
production between the two groups. However, the
aligned cardiac tissues had more than twice the
impulse per glucose consumption that of the
nonaligned cardiac tissue. This suggests that aligned
cardiac tissues generated greater contractile force
with similar glucose consumption.

Based on the above, it is considered possible to
construct more functional myocardial tissue by
controlling the orientation of cardiomyocytes.
Based on these findings, we are currently
evaluating the mechanical properties of layered
aligned cardiac cell sheets, which will accelerate

the development of myocardial tissue that can be

used to assist circulation to the pulmonary vein.
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