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A fiber-shaped cellular constructs of human iPS-derived cardiomyocyte to quantify the
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We propose a method for the production of a fiber-shaped three-dimensional (3D) cellular construct of human induced

pluripotent stem cell-derived cardiomyocytes (hiPS-CMs) for the quantification of the contractile force. By culturing the
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cardiomyocytes in a patterned hydrogel structure with fixed edges, we succeeded in the fabrication of hiPS-CM fibers with

aligned cardiomyocytes. The fiber generated contractile force along the fiber direction due to the hiPS-CM alignment, and

we were able to measure its contractile force accurately. Furthermore, to demonstrate the drug reactivity of hiPS-CM

fibers, the changes in the contractile frequency and force following treatment with isoproterenol and propranolol were

observed. We believe that hiPS-CM fibers will be a useful tool for pharmacokinetic analyses during drug development.

Introduction

Due to the recent advancements in the development of human
pluripotent stem cells, such as human embryonic stem cells
(hESCs) and human induced pluripotent stem cells (hiPSCs),
human cardiomyocytes (CMs) have been available for analyses
of human cardiac physiology in vitro [1]. For the investigations
of cardiac morphology, functions, and drug responses,
construction of human CM model systems is necessary [2].

Conventional methods used for the evaluation of cardiac
properties include two-dimensional (2D) monolayer cardiac
culture in culture dishes [3-7], multi-electrode arrays [6-8], and
microsized post arrays [9-13]. These techniques are used for
image analyses, the characterization of electrophysiological
effects, and contractile force measurements at the single-cell
level, respectively. Since 2D monolayer cardiac cultures lack
the rich cell-cell and cell-extracellular matrix (ECM)
interactions and the proper
cardiac morphology and functions cannot be established.
Therefore, CMs may weaken myofibrillogenesis and
sarcomeric banding, causing the loss of sensitivity to certain
physiologic stimulations such as hormone [14, 15].

Many researchers have proposed the development of
three-dimensional (3D) cardiac cellular constructs fabricated
by culturing CMs with synthetic substrate [16-18] and
biodegradable hydrogels such as ECMs [19-23] in order to
solve this problem. CM cultures in hydrogel structures have

limited contractile motions,
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potentials to achieve the improved in vitro model systems for
the analyses of cardiac tissues because they allow cell-cell and
cell-ECM interactions and application of mechanical stress by
the fixation of their edges with anchors. Additionally, this
method enables the evaluation of contractile force of 3D
human iPS-derived CM (hiPS-CM) constructs by cantilever
integration [22, 23]. However, it is difficult to control the
shapes of 3D cardiac cellular constructs when culturing CMs in
large hydrogel structure because of the non-uniform shrinkage
of the constructs due to the traction force of sparsely
dispersed CMs in the hydrogel structures. The control of CM
orientation in the cardiac cellular constructs is also difficult to
achieve without any additional stimulations such as cyclic
stretch and chronic electrical stimulations [14, 23] because the
orientation of cells in these structures depends on the shapes
of 3D cellular constructs [24].

Here, we propose a method for the generation of a fiber-
shaped cellular construct of hiPS-CMs by patterning of the
hydrogel structures with hiPS-CMs (Fig. 1(i)). This method
enables us to control the shapes of hiPS-CM fibers by an initial
shaping of the hydrogel structures containing highly dense
hiPS-CMs in a fiber-like shape. This high cellular density
prevents an extensive shrinkage of the construct. Additionally,
the formation of a narrow-shaped hydrogel structure allows
the alignment of hiPS-CMs along the direction of the fiber. Due
to this alignment, the fibers are able to contract along this
direction. Upon the transfer of the fibers to the substrates
with cantilevers, we can estimate their contractile force from
cantilever deformation; the estimation of contractile force
after the application of various drugs for human bodies allows
us to detect drug reactivity of the hiPS-CM fibers. The
detection of drug reactivity based on contractile force of the
hiPS-CM fiber will be useful for the development of drugs
targeting human cardiac diseases and for the analyses of
adverse effects of these drugs.
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Fig. 1 (i) Schematic illustration of the contractile force measurements of
the hiPS-CM fiber. The contractile force was estimated from the cantilever
deformation. (ii) Schematic illustration of hiPS-CM fiber fabrication process.
(a) Arrangement of the anchors with pillars on a PDMS substrate. (b)
Placement of a pre-gel solution containing hiPS-CMs on the anchors and the
substrate. (c) Sandwiching the pre-gel solution using a PDMS stamp. (d)
Releasing the PDMS stamp after gelation of pre-gel solution. (e) Formation
of the hiPS-CM fibers by culturing hiPS-CMs. (f) Transfer of the hiPS-CM
fibers to a substrate with cantilevers.

Materials and methods
Cell preparation

(iCell
Inc.,

HiPS-CMs
International,
according to the manufacturer’s

Cardiomyocytes,  Cellular  Dynamics
(CDI)) were seeded and maintained
instructions, using iCell
Cardiomyocytes Plating Medium and iCell Cardiomyocytes
Maintenance Medium (CDI) at 37°C in a 5% CO2 atmosphere.
These cells were collected from the culture dishes following a
treatment with TrypLE (Gibco TrypLE Select, Thermo Fisher

Scientific, Inc.).

Fabrication of iPS-derived cardiomyocyte fibers

In order to generate hiPS-CM fibers, we prepared anchors with
pillars, a polydimethylsiloxane (PDMS) stamp, and a PDMS
substrate. For the preparation of anchors, we used a
stereolithography machine (Perfactory;
EnvisionTEC) with photoreactive acrylate resin (R11, 25-50 um
layers; EnvisionTEC). Following the formation of the anchors,

commercial

we exposed them to ultraviolet (UV) light for over 60 s using a
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laser machine (UV-LED; Keyence Corp.) for complete curing.
Afterward, we coated them with 2 um parylene using a
chemical vapor deposition machine (Parylene Deposition
System 2010; Specialty Coating Systems, Inc.). After the
anchors have been exposed to UV light for over 10 h in order
to sterilize them, we coated them with fibronectin (Stabilized
bovine fibronectin; Thermo Fisher Scientific Inc.) to enable cell
adhesion.

For the preparation of PDMS stamp and substrate, we used
resin molds in order to shape them. The resin molds were
fabricated by the same method as the anchors using the
stereolithography machine. After the exposure to UV light and
parylene coating, we poured PDMS elastomer (Sylgard 184
Silicone Elastomer; Dow Corning Toray Co., Ltd.) mixed in the
ratio of 10:1 (base/cross-linker) into the resin molds. We
heated them for 90 min at 75°C to solidify PDMS, and then
released the PDMS stamp and substrate from the molds. To
sterilize the PDMS stamp and substrate, we exposed them to
the UV light for more than 10 h. Afterward, the surface of the
PDMS devices was treated with ethanol with 0.5 wt%
phosphorylcholine-based (MPC) polymers (NOF Corporation)
and incubated at 65°C for 1.5 h in order to block cell adhesion.
Finally, we deaerated the PDMS devices in PBS until generation
of bubbles had stopped to prevent bubble formation in the
fabrication process of the hiPS-CM fibers.

Hydrogel structures with hiPS-CMs were formed using a
modified method proposed in a previous report [24]. We
placed the anchors on the PDMS substrate, and suspended
hiPS-CMs (5 x 10’ cells/mL) in a pre-gel solution mixed with
the equal amounts of Matrigel (Becton Dickinson) and type-I
collagen (Cellmatrix type I-A; Nitta Gelatin, Inc.) (Fig. 1(ii-a, b)).
The pre-gel solution was sandwiched using the PDMS stamp
and the substrate to pattern the solution in the PDMS stamp
and to simultaneously move non-patterned solution to both
anchors. After gelation of the solution at 37°C for 10 min, we
obtained the striped hydrogel structures containing hiPS-CMs
by releasing the PDMS stamp (Fig. 1(ii-c, d)). Finally, we
cultured the hiPS-CMs in the striped hydrogel structures using
iCell Cardiomyocyte Maintenance Medium. As a result, hiPS-
CM fibers were formed between the anchors (Fig. 1(ii-e)).
While bodies of the fibers did not adhere to the substrate due
to the MPC polymer coating, their edges were fixed to anchors
because hiPS-CMs were tangled with the pillars of the anchors.
For the formation of narrow and wide hiPS-CM fibers, we used
striped hydrogel structures by patterning 7.5 uL and 11 pL of
pre-gel solution with 0.5 x 0.5 x 5 mm PDMS stamps and 1.0 x
1.0 x 5 mm PDMS stamps, respectively. Additionally, we
prepared hiPS-CM clumps by culturing hiPS-CMs in 1.25 L
hydrogel structures (same volume as 0.5 x 0.5 x 5 mm
patterned hydrogel structures without hydrogel on anchors)
on the non-adhesive culture dishes for the comparison of gene
expression and contractile properties.

Immunostaining and microscopy

For the characterization of hiPS-CMs by immunostaining,
samples were washed with PBS, fixed with 4%
paraformaldehyde (PFA) (Muto Pure Chemicals Co., Ltd.),

This journal is © The Royal Society of Chemistry 20xx
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permeabilized with 0.1% Triton X-100 for 20 min, and blocked
with 2.5% bovine serum albumin (BSA) (Sigma-Aldrich)
overnight. Afterward, we incubated the samples with primary
antibodies at 4°C overnight and then with secondary
antibodies at room temperature for 2 h. For actin staining, we
used 0.1% Alexa Fluor 647-conjugated phalloidin (Thermo
Fisher Scientific, Inc.) as the primary antibody, and did not use
secondary antibodies. For a-actinin staining, we used 0.1%
monoclonal anti-a-actinin antibody (Sigma-Aldrich) as the
primary antibody, and 0.1% goat anti-mouse IgG antibody
(Thermo Fisher Scientific, Inc.) as secondary antibody.
Following this, we rinsed them with PBS and stained cell nuclei
with 0.1% Hoechst33342 (Invitrogen).

In order to observe the samples, we used a digital camera
with macro lens (EOS Kiss X6i; Canon) for bright-field images, a
microscope (IX71N; Olympus) for bright-field and fluorescent
microscopy, and laser microscope (LSM780; Zeiss) for confocal
microscopy.

Evaluation of iPS-CM orientation

For the quantification of hiPS-CM orientation in the cellular
constructs, we applied fast Fourier Transform (FFT) to the
images of immunostained actin fibers, and characterized their
square regions. Gray scale pixels in the FFT images distributed
in circular patterns reflect the actin fiber orientation, and
therefore, the radial summed pixel intensities showed the
directional distribution of the actin fibers. Based on this
distribution, we calculated the orientation values as previous
reports [24, 25] to quantify actin fiber orientations (Sup. 1).

Sectional images of the hiPS-CM fiber

For conventional hematoxylin and eosin (H&E) staining, we
fixed hiPS-CM fibers with 4% PFA, and dipped them in 30%
sucrose solution at 4°C. After we imbedded and frozen the
fibers in O.C.T. Compound (Sakura Finetek Japan Co., Ltd.), we
cut them in cryostat chamber (Hyrax C25; Carl Zeiss). Frozen
sections, 8 um thick, were mounted on glass slides and further
observed. Using the frozen sections, we stained them by
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) with a kit (Apoptosis in situ Detection kit; Wako Pure
Chemical Industries, Ltd.) for detection of apoptosis.

RT-PCR analysis

We performed RT-PCR analyses in order to confirm the gene
expression of cardiac troponin T (cTnT, TNNT2) [26], myosin
heavy chain (MHC, MYH6/7) [26], a-actinin (ACTN1) [26], brain
natriuretic peptide (BNP, NPPB) [27], and glyceraldehyde-3-
phosphate-dehydrogenase (GAPDH, GAPDH) [28]. GAPDH was
used as a control for the normalization of gene expression
levels. Total mRNA was isolated from the hiPS-CM cellular
constructs according to the manufacturer’s protocol (TRIzol;
Thermo Fisher Scientific, Inc.). We prepared the purified
mMRNAs to synthesize cDNAs using SuperScript Il (Invitrogen).

This journal is © The Royal Society of Chemistry 20xx

Using the cDNAs and primers listed in Sup. Table 1, we
amplified products. The amplified products were labeled using
SYBR Green | (TaKaRa Bio Inc.).

Evaluation of contractile properties

To measure contractile frequency and distance of hiPS-CM
fibers, we tracked points around center of the fibers with a
motion capture software (VW-9000 motion analyser; Keyence
Corp.). In the case of the hiPS-CM clumps, we tracked arbitrary
points of the clumps using the same software.

We estimated the contractile forces of the hiPS-CM fibers
using PDMS substrates with cantilevers. After transferring the
hiPS-CM fiber to the PDMS substrate with cantilevers, we
observed deformation of the cantilevers caused by hiPS-CM
fiber contractions (Fig. 1(ii-f)). Because the contractile forces of
the hiPS-CM fibers approximate reaction force measured from
the cantilevers, we estimated the contractile forces from the
deformation of cantilever according to beam deflection
formulas [24]. In this state, friction force between the PDMS
substrate and the anchor was negligible because estimated
friction force was about 0.2 uN (Sup. 2). To estimate
contractile stresses of the hiPS-CM fibers, we assumed that the
cross-sectional shapes of the fibers were circle so that the
cross-sectional area can be calculated from the width of the
hiPS-CM fiber.

To evaluate contractile force of the hiPS-CM fibers under
electrical stimulation, we applied electrical pulses to them via
gold electrodes. The electrical pulses were generated using a
function generator (Agilent) and an amplifier (Mess-Tek Co.,
Ltd.).

Drug reactivity analysis

To evaluate the drug reactivity of the hiPS-CM cellular
constructs, we measured their contractile properties following
the treatment with isoproterenol (Sigma-Aldrich) and
propranolol (Sigma-Aldrich). Isoproterenol or propranolol were
added to iCell Cardiomyocytes Maintenance Medium, which
was used for cell culture. The cellular constructs were
incubated for 30 min in the medium supplemented with the
investigated drugs, and afterward, culture medium was
replaced with the fresh medium without drugs.

Statistical analysis

All error bars represent standard deviations. Actin orientation
and contractile stress data were compared using one-way
analysis of variance (ANOVA) with multiple comparison
analysis using a two-sample t-test for each comparison.

Results and discussion
Characteristics of hiPS-CM fibers
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Fig. 2 (a) Formation of narrow and wide hiPS-CM fibers from hydrogel
structures with hiPS-CMs, patterned by 0.5 x 0.5 x 5 mm and 1.0 x 1.0 x 5
mm PDMS stamps, respectively. (b) Plot of widths of the hiPS-CM fibers at
their central parts in time. (c) Axial sectional images of hiPS-CM fibers
stained with H&E. (d) Expression of a-actinin, cTnT, MHC, BNP, and GAPDH
in the hiPS-CM fibers and clump. Scale bars show (a) 1 mm and (c) 100 um.

For the fabrication of hiPS-CM fibers, we first prepared stripe-
patterned hydrogel structures with hiPS-CMs by PDMS stamps.

4| J. Name., 2012, 00, 1-3
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Fig. 3 (a, b) Confocal fluorescent images of the narrow hiPS-CM fiber. (a)
Actin (green) and cell nucleus (blue) staining. (b) a-actinin (red) and cell
nucleus (blue) staining. (c) Orientation of actin in the wide and narrow hiPS-
CM fibers and the hiPS-CM clumps. Lower orientation values indicate higher
alignment of the actin (**P<0.01). Scale bars show (a) 100 pm and 20 um,
and (b) 50 um.

Because the edges of the hydrogel structures were fixed to
anchors with pillars, we were able to maintain the length of
the structures during culture. Finally, hiPS-CMs adhered each
other in the culture, and we succeeded in obtaining hiPS-CM
fibers with the edges fixed to the anchors (Fig. 2(a)).
Comparing the before-and-after images of these cultures, we
confirmed that the width of hiPS-CM fibers gradually
decreased with time until it reached approximately one third
of the initial hydrogel structure width (Fig. 2(b)). Even though
some shape changes were observed during this time, the
coefficients of variation of the narrow and wide fiber width
were 10% and 3%, respectively, at day 14. This result indicates
that our method of hiPS-CM fiber formation allows a high
reproducibility of their shapes. In the axial sectional images of
hiPS-CM fibers, we observed enucleated cells in the wide fiber
differently from the narrow fiber (Fig. 2(c)) and did not
observe apoptotic cells in the fibers (Sup. Fig. 1), indicating
that central necrosis occurred in the wide hiPS-CM fibers. The
result shows that hydrogel structure dimensions influence the
viability of the cells in these fibers.

This journal is © The Royal Society of Chemistry 20xx
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The expression levels of several genes were determined
using RT-PCR after 14 days culture of the hiPS-CM fibers and
clumps (Fig. 2(d)). The hiPS-CM fibers were shown to express
higher levels of cardiac markers such as a-actinin and cTnT
than hiPS-CM clump (cellular constructs cultured without
anchors), and the narrow hiPS-CM fiber expressed cTnT and
MHC higher than the wide hiPS-CM fiber. This result suggests
that the narrow-fiber culturing of hiPS-CMs provides
appropriate conditions for their maturation. Furthermore, BNP
expression, induced when the cardiomyocytes undergo
general stress [29, 30], did not differ significantly between the
narrow hiPS-CM fiber and hiPS-CM clump. This result indicates
that the fixation of hiPS-CM fiber edges does not present a
highly general stress for the hiPS-CMs.

In order to evaluate morphology of hiPS-CM fibers, we
observed  actin and  a-actinin  arrangement  using
immunostaining to narrow hiPS-CM fibers (Fig. 3(a, b)) and
wide hiPS-CM fibers (Sup. Fig. 2(a, b)). From these images, we
confirmed the formation of striped patterns of actin and a-
actinin, suggesting formation of sarcomeres. In contrast to this
result, the stripes generated in the hiPS-CM clumps were
dispersed (Sup. Fig. 2(c, d)). Therefore, the obtained results
demonstrate that hiPS-CM fibers have the fundamental
morphology required to achieve contractile properties.
Furthermore, the immunostaining images showed alignment
of hiPS-CMs in the fiber. For quantitative evaluation, we
calculated the orientation values of actin fibers from FFT
images, which were based on the immunostaining images of
the hiPS-CM fibers and the hiPS-CM clumps (Sup. Fig. 2(e)).
The orientation values of hiPS-CM fibers were lower than the
hiPS-CM clump orientation values, and in particular, the values
of narrow hiPS-CM fibers were the lowest, showing that actin
was aligned better in the narrow hiPS-CM fibers; low
orientation values show better alignment (Fig. 3(c)). We think
that the shapes of the hiPS-CM fibers is not only a single factor
for the better alignment because it could also cause changes of
the nutrient permeability and unidirectional stress of the hiPS-
CM fiber. These morphological analyses suggest that preparing
the narrow hiPS-CM fibers is an effective way of fabricating
highly aligned hiPS-CM cellular constructs that have contractile
elements enabling their one-directional contractions.

Contractile properties of hiPS-CM fibers

The hiPS-CM fibers with anchors were able to contract
spontaneously along the fiber direction (Sup. Movie 1). In
order to confirm the contractile properties of hiPS-CM fibers,
we visually evaluated their spontaneous contractions on the
PDMS substrate in the culture (Sup. Movie 2). We confirmed
that contractile frequencies of hiPS-CM fibers and clumps
decreased with time, and the changes of contractile
frequencies were the same in all three groups (Fig. 4(a)).
Because contractile frequencies of single hiPS-CMs were
ranged from 0.3 Hz to 1.8 Hz [6], we think that the hiPS-CM
fibers and clumps after 14 days culture show more stable
contractile frequencies (narrow hiPS-CM fiber: 0.74 + 0.14 Hz,
wide hiPS-CM fiber: 0.72 + 0.11 Hz, hiPS-CM clump: 0.59 + 0.13
Hz) than that of single hiPS-CMs. While, the contractile

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 (a) Changes of spontaneous contractile frequency of the narrow
hiPS-CM fibers, the wide hiPS-CM fibers, and the hiPS-CM clumps in culture.
(b) Change of spontaneous contractile distance of the narrow hiPS-CM
fibers and the hiPS-CM clumps. (c) Temporal variation of contractile force of
the narrow hiPS-CM fibers depending on the different contractile
conditions (electric field 1.2 V/mm, duration 20 ms). (d) p-p contractile
stress of spontaneous contractions and contractions induced by the
electrical stimulation of hiPS-CM fibers (electric field 1.2 V/mm, duration 20
ms) (**P<0.01, *P<0.02).

distance of the narrow hiPS-CM fibers increased more than the
distance of the clumps, although both of these constructs were
fabricated from the same volume of hydrogel structures with
hiPS-CMs (Fig. 4(b)). Wide hiPS-CM fibers had wider contractile
distance than the clumps as well (Sup. Fig. 3(a, b)), suggesting
that the fiber shape and fixation of edges using anchors could
enable wider contractions because of hiPS-CM alignment in
the fiber. These results indicate that the hiPS-CM fibers
achieved wide contractile distances without changing the
contractile frequencies of hiPS-CMs.

Additionally, because electrical stimulation triggers the
contractions of the heart muscle in vivo, we electrically
stimulated hiPS-CM fibers and investigated their reactivity. For
this experiment, we transferred the hiPS-CM fibers on the
PDMS substrate with cantilevers. The contractions of the hiPS-
CM fibers were induced spontaneously or using electrical
stimulations (Sup. Movie 3). The obtained results confirm that
the contractile frequencies of the hiPS-CM fibers were
synchronized with frequencies of electrical stimulations similar
to conventional reports using hES-CM and hiPS-CM constructs
[18, 23]. In this state, we additionally estimated the contractile
force of the hiPS-CM fibers from the deformations of the
cantilevers generated by the motions of the fibers. Because
these measurements were based on cantilever deformation
movies, the changes in contractile forces were measured using
the frame rate speed of the movies (Fig. 4(c)). The result shows
that electrical stimulations controlled contractile frequencies
of the hiPS-CM fibers as well. Using the system, we were able
to measure peak-to-peak (p-p) value of contractile forces

J. Name., 2013, 00, 1-3 | §

Page 6 of 8



Page 7 of 8

Lab on a Chip

n=4 (b) n=4
isoproterenol  culture propranolol culture
2 medium o medium

-

Normalized p-p contractile force
to that before drug addition [-]

to that before drug addition [-] ~ to that before drug addition [[] ~—

0510203010 102030 £=°0 10 20 30/ 0 10 20 30
Time [min] Time [min]
n=4 4 . 5uM 1 uM 5uM
35 _isoproterenol | isoproterenol propranolol propranolol
3h . : m narrow fiber
2.5F wide fiber
2 M clump
1.5 :
1
0.5
0 with after | with after | with after | with after
drug rinsing: drug rinsing : drug rinsing : drug rinsing
) N=4 1M 5uM my 5uM
isoproterenol ;. isoproterenol; propranolol propranolol
2r — i m narrow fiber

wide fiber

-

LIL u

Him

with after | with after | with after | with after
drug rinsing: drug rinsing | drug rinsing ! drug rinsing

17

LT
Ll

o

Normalized p-p contractile force ‘5 Normalized contracile frequency S Normalized p-p contractile force oy

to that before drug addition [-]

Fig. 5 (a, b) Temporal changes of p-p contractile force of the hiPS-CM
fibers upon the treatment with (a) 5 UM of isoproterenol and (b) 5 uM of
propranolol, and after the removal of these drugs. (c) Contractile frequency
of the hiPS-CM fibers and clumps 30 min after the addition or removal of
isoproterenol and propranolol. (d) p-p contractile force of the hiPS-CM fibers
30 min after the addition or removal of isoproterenol and propranolol.
(**P<0.02, *P<0.05, showing relations to data before addition of drug.)

during the spontaneous contractions and contractions induced
by electrical stimulation (Sup. Fig. 3(c, d)), and calculated p-p
contractile stress of the hiPS-CM fibers from the p-p
contractile force and estimated cross-sectional area. As a
result, p-p contractile stress of the narrow fiber was shown to
be higher than that of the wide fiber (Fig. 4(d)), suggesting that
high alignment and viability of hiPS-CMs in the narrow fibers
increase their contractile strength. Thus, we believe that the
of the narrow hiPS-CM fiber provides the
appropriate conditions for the improvement of contractile
properties of hiPS-CM cellular constructs.

formation

Drug reactivity of hiPS-CM fibers

In order to demonstrate drug reactivity of hiPS-CM fibers, we
used isoproterenol and propranolol. In the human body,
isoproterenol is known to increase contractile force and heart
rate upon binding to B-receptors of CMs. In contrast,
propranolol blocks B-receptors, and decreases contractile
force and heart rate. Using the hiPS-CM fiber system, we were
able to detect an increase in p-p contractile force that followed

6 | J. Name., 2012, 00, 1-3

the addition of isoproterenol, and a decrease in p-p contractile
force after the addition of propranolol (Fig. 5 (a, b)).
Additionally, 30 min after the removal of these drugs, their
contractile force returned to the initial values before addition
of the drugs. These results indicate that the hiPS-CM fibers
show reversible drug reactivity.

Furthermore, we quantitatively compared the contractile
properties of the narrow and wide hiPS-CM fibers with the
hiPS-CM clumps, following the drug treatments. The changes
in contractile frequencies showed the same tendency in all
investigated groups they increased following the
isoproterenol treatment and decreased after the treatment
with propranolol (Fig. 5(c)). Moreover, p-p contractile force of
the hiPS-CM fibers increased and decreased depending on the
type of the applied drug as well (Fig. 5(d)). The narrow and
wide hiPS-CM fibers showed the same drug reactivity,
indicating that the drug reactivity of the hiPS-CMs does not
depend on orientation and contractile strength of hiPS-CMs. In
contrast to this result, the contractile distances of the hiPS-CM
clumps did not change according to the type of the applied
drug (Sup. Fig. 4), indicating that the contractile distance
cannot be used as a substitute index of contractile force during
drug testing. These experiments indicate that hiPS-CM fibers
provide suitable conditions for the evaluation of hiPS-CM
contractile properties in the studies investigating their
pathology and drug reactivity.

Conclusion

In this study, we developed the method for the construction of
hiPS-CM fibers by culturing hiPS-CMs in hydrogel structures
shaped with PDMS stamps. Using this method, we have
achieved a highly reproducible morphology of hiPS-CM fibers.
Furthermore, the shapes of PDMS stamps allowed the control
of hiPS-CMs orientation in the fiber, and highly aligned hiPS-
CMs were formed in the fibers when PDMS stamp with narrow
channel was used. Due to improvement of alignment and
viability of hiPS-CMs in the narrow fibers, the narrow shape led
to an increase in contractile stress of the hiPS-CM fibers.
Moreover, the hiPS-CM fibers changed their contractile
frequency and p-p contractile force depending on the type of
the applied drugs. The changes of contractile properties
follows efficacy of the applied drugs in the human bodies.
Therefore, we believe that the measurements of changes in
the contractile properties of hiPS-CM fibers will be useful tool
for drug development studies, as the first-in-human test.
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