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Introduction: Understanding the critical factors for the maturation of human induced pluripotent stem
cell (hiPSC)-derived cardiac tissue is important for further development of culture techniques. Rotating
flow culture, where the tissues float in the culture medium by balancing its gravitational settling and the
medium flow generated in rotating disk-shaped culture vessels, is one of culture systems used for tissue
engineering. It has previously been demonstrated that rotating flow culture leads to the formation of
matured cardiac tissue with higher levels of function and structure than the other culture systems.
However, the detailed mechanisms underlying the maturation of cardiac tissue remain unclear. This
study investigated the maturation process of hiPSC-derived cardiac tissue in rotating flow culture with a
focus on morphological changes in the tissue, which is a trigger for maturation.
Methods: The cardiac tissue, which consisted of cardiomyocytes derived from hiPSCs, was cultured on
the 3D scaffold of poly (lactic-co-glycolic) acid (PLGA)-aligned nanofibers, in rotating flow culture for 5
days. During the culture, the time profile of projected area of tissue and formation of maturation marker
proteins (b-myosin heavy chain and Connexin-43), tissue structure, and formation of nuclear lamina
proteins (Lamin A/C) were compared with that in static suspension culture.
Results: The ratio of the projected area of tissue significantly decreased from Day 0 to Day 3 due to tissue
shrinkage. In contrast, Western blot analysis revealed that maturation protein markers of cardiomyocytes
significantly increased after Day 3. In addition, in rotating flow culture, flat-shaped nuclei and fiber-like
cytoskeletal structures were distributed in the surface region of tissue where medium flow was
continuously applied. Moreover, Lamin A/C, which are generally formed in differentiated cells owing to
mechanical force across the cytoskeleton and critically affect the maturation of cardiomyocytes, were
significantly formed in the tissue of rotating flow culture.
Conclusions: In this study, we found that spatial heterogeneity of tissue structure and tissue shrinkage
occurred in rotating flow culture, which was not observed in static suspension culture. Moreover, from
the quantitative analysis, it was also suggested that tissue shrinkage in rotating flow culture contributed
its following tissue maturation. These findings showed one of the important characteristics of rotating
flow culture which was not revealed in previous studies.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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1. Introduction

Human induced pluripotent stem cell (hiPSC)-derived car-
diomyocytes are promising sources for basic biological research
and for clinical applications, such as regenerative medicine and/or
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drug screening [1,2]. Various differentiation methods have been
developed to obtain a large number of cardiomyocytes [3e5]. In
addition, tissue engineering technologies for hiPSC-derived car-
diomyocytes have been improved, enabling the fabrication of
three-dimensional (3D) cardiac tissue using a multi-layer cell sheet
technique [6] and/or scaffold technique [7]. After constructing 3D
cardiac tissue, maturation culture of the tissue is generally per-
formed to obtain higher levels of structure and function, such as
sarcomere structure (for generation of contractile force; cardiac
troponin T (cTnT), sarcomeric alpha-actinin (SAA),b-myosin heavy
chain (b-MHC)) [8e10], cell-cell gap junctions (for synchrony of
beating; Connexin-43) [11], higher cell alignment (for effective
transmission of contractile force) [12,13], metabolism (for sup-
porting the generation of contractile force) [14e16], etc. Several
culture methods for tissue maturation, have been developed for
supplying sufficient oxygen and nutrients by providing hydrogel
[17] and/or vascular networks [18], giving mechanical stress
[19e21], and improving cell alignment [22]. These culture methods
can be realized both in the static suspension and perfusion culture
systems [23e25]. It is also important to understand the critical
factors that affect tissue maturation in each culture system for
further development of cardiac tissue engineering.

Rotating flow culture is one of culture systems for tissue engi-
neering developed by the National Aeronautics and Space Admin-
istration (NASA) in the 1970s [26e28]. In this culture system, the
tissues float in the culture medium by balancing its gravitational
settling and upper medium flow generated in a rotating disk-
shaped culture vessel (Movie S1) [26e28]. This unique character-
istic has been used for various types of tissue cultures, such as
hepatic tissue [29,30], bone tissue [31], and cartilage tissue [32,33],
and it has also been reported that tissues with higher levels of
structure and function could be obtained in this culture system. For
3D cardiac tissue culture, Nakazato et al. [34] demonstrated the
utility of a rotating flow culture system for obtaining more mature
cardiac tissue with a thicker structure than the tissue cultured in
static suspension culture. Moreover, they also found that the
signaling pathways associated with cell-substrate adhesion and
survival (integrin and focal adhesion kinase (FAK)), and physio-
logical hypertrophy, which can indicate the maturation of cardiac
tissue (mTORC1 and S6K) [35,36], were significantly activated
compared with those in static suspension culture [34]. From these
results, Nakazato et al. [34] concluded that physiological hyper-
trophy is an important phenomenon for tissue maturation in
rotating flow culture, but the critical factors in this culture system
that trigger this phenomenon remain unclear.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.reth.2023.09.002

Generally, with the maturation of cardiomyocytes, sarcomere
structures consisting of actin filaments, myosin mortars, and other
cytoskeletal proteins are formed, resulting in the generation of
contractile force for beating and its synchrony [8e11]. In addition,
these cardiomyocytes were observed to be elongated in shape to
transmit contractile force more effectively between neighboring
cells [37,38]. This resulted in morphological and structural changes
in 3D cardiac tissue. Therefore, it is essential to understand the
factors that trigger the formation and functional improvement of
sarcomere structure. Mechanical force is a major factor that affects
the sarcomere structure formation [19e21]. It is also known that, as
one of mechanisms, the mechanical force regulates several factors
promoting sarcomere structure via the nuclear lamina formation
[39]. In the case of rotating flow culture, where medium flow
balanced with gravitational settling continuously apply to the tis-
sue, there should be critical factors associated with nuclear lamina,
but the detail mechanism is still unclear. In this study, we investig-
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ated the maturation process of hiPSC-derived cardiac tissue in
rotating flow culture with a focus on its morphological changes,
which might be a key factor for transmitting mechanical force to
the tissue resulting in maturation.

2. Materials and methods

2.1. Aligned nanofibers fabrication

The aligned nanofibers were prepared as described previously
(Fig. S1) [21,34]. For 3D fibers scaffold fabrication, Co-polymer
material, PLGA (75/25; Sigma-Aldrich, St. Louis, MO, USA), was
dissolute in hexafluoro-2-propanol (HFIP, Wako Pure Chemical In-
dustries, Tokyo, Japan) (1.2 g:3 mL, w/v). And then, the fibers were
fabricated by using an electrospinning machine (NF-103, MECC,
Fukuoka, Japan). The solutionwas loaded into a 3-mL syringewith a
needle of 0.6-mm inner diameter. The positive electrode of the
high-voltage power supply (10 kV), and the distance between the
needle and the collector was kept at 15 cm. A layer of aluminum foil
was attached to the grounded drum. The drum was rotated at a
speed of 1000 rpm for collecting the fiber. Finally, the fiber sheet
was transferred to a PDMS frame (6 mm � 6 mm) for cell culture.

2.2. Cells and culture conditions

Human induced pluripotent stem cells (hiPSCs) (253G1 line,
RIKEN Bio-resource Center, Tsukuba, Japan) were routinely main-
tained on polystyrene culture dishes coated with Repro Coat (Repro
CELL Inc., Tokyo, Japan) by coculturing with mitomycin C-treated
mouse embryonic fibroblasts (MEFs) (Repro CELL Inc.) in
commercially available media (Primate ES Cell Medium) (Repro
CELL Inc.) containing 5 ng mL�1 basic fibroblast growth factor
(bFGF) (Repro CELL Inc.). Cells were passaged every 5 days, and the
media were changed daily. For preparation of feeder layers, mito-
mycin C-treated MEFs were seeded at a density of 1.4 � 104 cells
cm�2 on culture surface coatedwith Repro Coat and cultivated for 1
day in Dulbecco's modified Eagle's medium (DMEM) (Nacalai Tes-
que Co. Ltd., Kyoto, Japan) supplemented with 10% fetal bovine
serum (FBS) (Thermo Fisher Scientific, Waltham, MA, USA) and 1%
penicillinestreptomycin (Thermo Fisher Scientific). For passages of
hiPSCs, feeder cells were removed after incubation with dissocia-
tion solution (Repro CELL Inc.) for 5 min. The hiPSC colonies in the
undifferentiated state were carefully collected, and the suspension
of collected undifferentiated colonies was pipetted gently for
dispersal into small aggregates and then dispensed into a fresh
culture vessel containing feeder cells. The medium was replaced
daily with fresh medium.

2.3. Cardiac differentiation culture of hiPSCs

Cardiac differentiation culture of hiPSCs was conducted as
described previously [40]. For the differentiation culture, Stempro-
34 (Thermo Fisher Scientific) supplemented with 2 mM L-gluta-
mine (Thermo Fisher Scientific), 50 mgmL�1 ascorbic acid (FUJIFILM
Wako Pure Chemical Industries, Osaka, Japan), and 400 mM 1-
thioglycerol (Sigma) was used as the culture medium. On Day 0,
the hiPSCs and MEFs were treated with Accumax (Innovative Cell
Technologies Inc., San Diego, CA, USA) containing 10 mM Culture
Sure Y-27632 (FUJIFILMWako Pure Chemical Industries) for 10 min
at 37 �C, 5% CO2, and dissociated into single cells. After centrifu-
gation (1000 rpm, 3 min, room temperature), the cells were
resuspended into single cells with culturemedium containing 5 mM
Culture Sure Y-27632 and 5 ng mL�1 bone morphogenetic protein
4(BMP-4) (R&D Systems, USA) and seeded into a 30 mL bioreactor
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(ABLE Co. Ltd., Tokyo, Japan) at a seeding density of 1.5 � 105 cells
mL�1. The following growth factors and small molecules were used
on the corresponding days: Day 1e4, 10 ng mL�1 BMP-4, 5 ng mL�1

bFGF, 14 ng mL�1 activin A (R&D Systems, USA); Day 4e6, 6 mM
IWR-1(Sigma), 8 mM IWP-2 (Sigma, St Louis, MO, USA); after Day 6,
5 ng mL�1 VEGF (FUJIFILM Wako) and 10 ng mL�1 bFGF. On days 4,
6, 8,10,12, and 14, the culture mediumwas replaced. On Day 15, the
cell aggregates were collected and treated with 0.05% trypsin/EDTA
(Thermo Fisher Scientific) and HBSS (Sigma) for 10 min at 37 �C.
After enzymatic treatment, the cell aggregates were dissociated
into single cells by pipetting and these cells were used for flow
cytometry analysis and cardiac tissue culture.
2.4. Flow cytometry

The dissociated cells were fixed and permeabilized using Cyto-
fix/Cytoperm (BD) for 30min at 4 �C. After fixation and permeation,
the cells were incubated in 0.5% Bovine Serum albumin under 4 �C
overnight for blocking. On the next day, the cells were resuspended
in a buffer containing 2 mg mL�1 anti-cardiac troponin T antibody
conjugated with Alexa Fluor 488 (Santa Cruz Biotechnologies) for
1 h at 4 �C. After the antibody reaction, the cells were washed and
analyzed using a flow cytometer (Cube 6; Sysmex, Hyogo, Japan) to
detect the ratio of cardiac troponin T-positive cells. The ratio of
troponin T positive cells for cardiac tissue culture was 81.3 ± 2.6%
(n ¼ 6) in this study.
2.5. Cardiac tissue culture

Cardiac tissue culture was conducted based on previously
described methods (Fig. 1) [34]. The dissociated cells were resus-
pended in DMEM containing 10% FBS, 1% penicillinestreptomycin,
10 mM Culture Sure Y-27632 and 10 mg mL�1 Laminin-511 E8 frag-
ments (iMatrix-511; Nippi, Tokyo, Japan) at cell density
3.3 � 107 cells mL�1. The cell suspension of 2.0 � 106 cells was
seeded on 6 mm � 6 mm aligned nanofibers [22] and incubated at
37 �C, 5% CO2 for 3 h. After incubation, 5 mL DMEM/10% FBS/1%
penicillinestreptomycin was added and pre-culture was initiated.
After 3 days of pre-culture, the cardiac tissue was cultured under
static and floating conditions using a rotating flow culture system
(Cell Float System, JTEC Corporation, Osaka, Japan) for 5 days. The
Fig. 1. The procedure for the culture of cardiac
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culture vessels were filled with 65 mL vessel�1 of DMEM/10% FBS/
1% penicillinestreptomycin, and their rotational speeds of culture
vessels were 0 and 10 rpm under static and floating conditions,
respectively.
2.6. Observation of cardiac tissue morphology

To observe tissue morphology, cardiac tissues were collected on
days 0, 1, 3, and 5, and bright-field images were captured using a
2 � objective lens in the image analyzer (IN Cell Analyzer 2000; GE
Healthcare, Chicago, IL, USA). The projected area of tissue, S (mm2),
was determined using image processing software (Image-Pro Plus
7.0; Media Cybernetics Inc., Rockville, MD, USA), as described pre-
viously [41].
2.7. Western blotting

Protein extraction and Western blot analysis were conducted as
previously described [42,43]. Whole-cell proteins were extracted
from cultured cells using RIPA lysis buffer (Sigma) supplemented
with a protease and phosphatase inhibitor cocktail (Thermo Fisher
Scientific). Proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and then transferred to poly-
vinylidene difluoride membranes (Bio-Rad). After blocking with 5%
ECL blocking agent (GE Healthcare) in TBS, the membranes were
probed with the following primary antibodies overnight at 4 �C:
anti-cardiac troponin T antibody, anti-sarcomeric alpha-actinin
antibody, anti-Lamin B1 antibody (Abcam, Cambridge, MA, USA),
anti-myosin heavy chain 7 (MYH7) (type I) (Proteintech, Man-
chester, UK), anti-Connexin-43 antibody (Sigma), anti-Lamin A/C
antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), and
anti-glyceraldehyde-3-phosphate (GAPDH) antibody (Cell
Signaling Technology Inc., Danvers, MA, USA), washed with TBS
containing 0.1% Tween-20 (TBST), and incubated with fluorescent
dye-conjugated secondary antibodies (Bio-Rad) for 1 h at room
temperature. After washing with TBST, the protein bands on the
immunoblots were detected using infrared fluorescence with a
ChemiDoc MP imaging system (Bio-Rad). The signal intensity of
each band was quantified using an image analysis software (Image
Lab; Bio-Rad). GAPDH and Lamin B1 were used as the internal
controls for sample loading.
tissue under static and floating conditions.
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2.8. Fluorescence staining

To observe tissue structure, fluorescence staining of frozen tis-
sue sections was conducted as previously described [42,43]. On Day
5, the tissues were rinsedwith phosphate-buffered saline (PBS) and
fixed with 4% paraformaldehyde (FUJIFILM Wako Pure Chemical
Industries) for 30 min at room temperature. After treatment with
15% sucrose/PBS overnight at 4 �C, the tissues were embedded in
optical cutting temperature (OCT) compound (Tissue-Tek, Sakura
Finetek Japan Co., Ltd.). Frozen sections (60 and 10 mm) were pre-
pared using a cryostat microtome (Leica CM1850). The sections
were rinsed with PBS and permeabilized with 0.5% Triton-X-100/
PBS for 10 min at room temperature.

For 3D structure observation, 60 mm tissue sections were stained
with 40,6-diamidino-2-phenylindole (DAPI; Life Technologies) and
Alexa 488 conjugated phalloidin (Thermo Fisher Scientific) for 2 h
at room temperature. After washing the sections with PBS, the
specimens were observed under a confocal laser scanning micro-
scope (FV1000; Olympus, Tokyo, Japan). For immunostaining,
10 mm sections were blocked in Block Ace (Dainippon Sumitomo
Pharma Co., Ltd.) for 90 min at RT. Subsequently, sections were
incubated with the following primary antibodies overnight at 4 �C
in PBS containing 10% Block Ace: anti-Lamin A/C antibody (Santa
Cruz Biotechnology, Inc.) and anti-Lamin B1 antibody (Abcam).
Sections were then washed twice with Tris-buffered saline (TBS;
Dako Japan Inc., Tokyo, Japan) and immersed in PBS containing 10%
Block Ace and Alexa Fluor 594-conjugated goat anti-mouse
Fig. 2. Morphological changes in cardiac tissue under static and floating conditions. (A) Tim
performing two-tailed Student's t-tests: *p < 0.05, **p < 0.01 (n ¼ 6). Error bars represent t
under static (BeD) and floating conditions (EeG). Scale bars show 500 mm.
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secondary antibody (A11005, Life Technologies), Alexa Fluor 488-
conjugated donkey anti-goat secondary antibody (A11055, Life
Technologies), and Alexa Fluor 488-conjugated goat anti-rabbit
secondary antibody (A11008, Life Technologies), respectively, for
60 min at room temperature. The cell nuclei were stained with
40,6-diamidino-2-phenylindole (DAPI; Life Technologies) for
20 min. The specimens were observed under a confocal laser
scanning microscope (FV1000; Olympus, Tokyo, Japan).

2.9. Statistical analysis

At least three independent experimentswere conducted for each
tested condition. The data are expressed as means ± standard de-
viations. Statistical comparisons were performed using Student's t-
test, and values of p < 0.01 and p < 0.05 were considered significant.

3. Results

3.1. Time-dependent change in tissue morphology

The change in tissue morphology was studied under static and
floating conditions for over a period of 5 days. We compared the
ratio of projected area of tissue on days 1, 3, and 5 against that on
Day 0 between static and floating conditions. Fig. 2A shows the
time profile of S/S0 (�), where S (mm2) is the projected area of the
tissue on days 1, 3, and 5, and S0 (mm2) is the projected area of the
tissue on Day 0. The value of S/S0 (�) under the floating condition
e profile of the projected area ratio (S/S0). Statistical significance was determined by
he standard deviation. (BeG) Bright-field images of cardiac tissue on days 0, 1, 3, and 5
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significantly decreased fromDay 0 to Day 3, whereas that under the
static condition remained constant. From the bright-field images of
the cardiac tissue (Fig. 2BeG), a significant difference was observed
between static and floating conditions, especially on Day 3 and Day
5 (Fig. 2C, D, F, and G). The cardiac tissue under static condition on
Day 3 and Day 5 showed similar morphology to that on Day 0,
whereas the tissue under the floating condition was observed to be
shrunk.

3.2. Formation of cardiac-specific proteins in the tissue

Maturation of the cardiac tissue can be identified by the pres-
ence of cardiac-specific protein markers. We investigated the
Fig. 3. Maturation properties of cardiac tissue under static and floating conditions. (A) The
heavy chain (b-MHC), Connexin-43, and glyceraldehyde-3-phosphate (GAPDH) (loading co
normalized to that of GAPDH. Open circle: static condition, closed circle: floating conditio
*p < 0.05, **p < 0.01 (n ¼ 3).
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formation of cardiac-specific proteins (cardiac troponin T (cTnT),
sarcomeric alpha-actinin (SAA), b-myosin heavy chain (b-MHC),
and Connexin-43) bywestern blotting, as per themethod described
previously [34]. Fig. 3 shows Western blot images and quantitative
analysis. For quantitative analysis, we first calculated the relative
intensity of each protein against GAPDH. The normalized intensity
in Fig. 3BeE is their relative values when those on Day 0 were 1. We
found that the formation of b-MHC and Connexin-43 under the
floating condition significantly increased after Day 3, whereas that
under the static condition remained constant (Fig. 3A, D, and E). In
contrast, the intensity levels of cTnT and SAA under static and
floating conditions remained constant with no significant differ-
ences (Fig. 3AeC).
Western blot images of cardiac troponin T, sarcomeric alpha-actinin (SAA), b-myosin
ntrol), and (BeE) their quantitative analysis. The intensity of each target proteins was
n. Statistical significance was determined by performing two-tailed Student's t-tests:
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3.3. Characteristics of tissue structure cultured in rotating flow
culture

Further, to understand the characteristics of nuclei shape in the
tissue cultured under floating conditions, we performed 3D
observation of the frozen sections of tissue using a confocal laser
scanning microscope and compared the structure with that of the
static condition. Fig. 4 shows fluorescence images of tissue sections
captured in the central and peripheral regions of the tissue.
Moreover, Fig. 4A1-D3 show magnified and 3D views of the boxed
area in Fig. 4AeD; the fiber sheet side, middle side, and surface side
of the tissue. We determined the position of aligned nanofibers in
the tissue based on the entire field images (data are not shown),
and defined the position as “fiber sheet side”. We also defined the
opposite side of the fiber sheet side as “surface side”, and the po-
sition between fiber sheet side and surface side as “middle side”.

We observed differences in the tissue structure between static
and floating conditions in the central and peripheral regions. The
tissues under the static condition were thinner and had flatter
structures in the central and peripheral regions, respectively, while
those under the floating condition were thicker and rounder
structures (Fig. 4AeD). In addition, we also found a significant
difference in nuclei shape, especially on the peripheral region of the
tissue, between static and floating conditions. The nuclei under the
static condition showed a round shape (Fig. 3A3 and B3), while
those under the floating condition showed a flat shape (white head
arrows) (Fig. 4C3 and D3). Moreover, we also found that F-actin on
the surface side of the floating condition showed a fiber-like
structure along the tissue surface (Fig. 4C3 and D3), while that
Fig. 4. Localization of nuclei and actin cytoskeleton in human induced pluripotent stem cell
on Day 5. Confocal fluorescence images of F-actin (green) and nuclei (red) show top-down
planes) (A1eA3, B1eB3, C1eC3, and D1eD3). The yellow lines in the top-down views indic
flat-shaped nuclei. Scale bars ¼ 50 mm.

484
under the static condition showed a non-fiber-like structure
(Fig. 4A3 and B3).

3.4. Formation of nuclear lamina in cardiac tissue

To identify the key factors of cardiac maturation in the tissue, we
also investigated the distribution and formation of nuclear lamina
in the tissue based on the methods described in the previous
studies [42,43]. Immunostaining images showed that nuclear
lamina (Lamin A/C) positive cells were more often identified in the
tissue cultured under the floating condition than under the static
condition (Fig. 5A). Moreover, based on Western blot analysis, the
formation of Lamin A/C under floating conditions was higher than
that under static conditions (Fig. 5B, C).

4. Discussion

We investigated the maturation process of cardiac tissue in
rotating flow culture, focusing on the morphological changes in the
tissue, which could trigger maturation.We identified the important
characteristics in the time-dependent change in tissue morphology
and cardiac-specific protein formation. We hypothesized that the
key factors for cardiac maturation could be attributed to the
morphological changes in the tissue. Based on our findings, the
possible process involved in cardiac tissue maturation mediated by
morphological and structural changes in the tissue cultured under
rotating flow culture is illustrated in Fig. 6.

First, we identified the important characteristics of morpho-
logical changes in tissues. As shown in Fig. 2, the value of S/S0 under
(hiPSC)-derived cardiac tissue cultured under static (A, B) and floating (C, D) conditions
views of 3D-reconstruction (XYZ planes) and 2D optical cross-sectioning (XZ and YZ

ate the location of the cross-sectional side view. White head arrows (C3 and D3) show



Fig. 5. Distribution and formation of nuclei lamina in cardiac tissue under static and floating conditions. (A) Immunostaining images of Lamin A/C (green) and nuclei (red) in the
central region of cardiac tissue. (b-d, f-h) Magnified views of the boxed area in (a) and (d), respectively. Scale bars show 50 mm. (B) The Western blot images of Lamin A/C, Lamin B1,
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and (C) their quantitative analysis. The intensity of each target proteins was normalized to that of GAPDH. Open bar: Day
0, hatched bar: static condition on Day 5, and closed bar: floating condition on dat 5. Statistical significance was determined by performing two-tailed Student's t-tests: *p < 0.05,
**p < 0.01 (n ¼ 3).
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floating condition significantly decreased from Day 0 to Day 3,
whereas that under the static condition remained constant.
Moreover, it was also confirmed that the tissue cultured in the
floating condition showed a thicker structure compared with that
in the static condition (Fig. 4AeD). Considering that the fiber sheet
structure wound, especially on Day 3 and Day 5 (Fig. 2F and G), it is
suggested that the tissue shrunk to become thicker structure from
Day 0 to Day 3, and that the tissue maintained its structure after
Day 3. In addition, the formation of cardiac-specific proteins b-MHC
and Connexin-43 significantly increased after Day 3 (Fig. 3D and E),
suggesting that tissue maturation was initiated after tissue
shrinkage (Fig. 6).

Generally, contractile force in cardiomyocytes is generated by a
sarcomere structure consisting of actin, myosin, and other cyto-
skeletal proteins [8e10]. The maturation of cardiomyocytes is
initiated by the formation and alignment of these cytoskeletal
proteins, and the morphological, metabolic, and other functional
changes in the cells follow this process to provide stronger and
more synchronized contractile force to cardiomyocytes [10].
Further, it is considered that this maturation process is induced by
two factors: the contractile force generated by themselves [44], and
the mechanical force provided by the external environment
[19e21]. The former process is realized by vinculinmolecules in the
cells, which assemble in the desmosome when contractile force
occurs and consequently recruit Slingshot protein phosphatase 1
(SSH1) to activate cofilin, leading to myofilament rearrangement of
cardiomyocytes [44]. Under both static and floating conditions, the
cardiomyocytes beat due to the contractile force generated by
themselves, and it can be speculated that there might be no sig-
nificant difference in this process among the two conditions.
Therefore, other external forces in rotating flow culture should
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induce tissue shrinkage and maturation. We analyzed the tissue
structure to determine the relationship between tissue structure
and culture environment.

The results of tissue structure observation under floating con-
dition showed different characteristics in nuclei shape and F-actin
structure from that of static condition (Fig. 4). Round-shaped nuclei
homogeneously distributed under static conditions (Fig. 4A and B),
whereas flat-shaped nuclei and fiber-like F-actin structure were
confirmed, especially in the surface side of the tissue under floating
conditions, where medium flowwas continuously applied (Fig. 4C3
and D3). It is considered that the cells in the surface side were
compressed from the outside to the inside of the tissue owing to the
medium flow. From the previous studies, it is known that the effect
of fluid shear stress on the alignment of the cytoskeleton in myo-
cytes, and it was suggested that the cytoskeletal proteins aligned
along the direction of shear stress [37,38]. Further, Nakano et al.
[45] reported that the compression of cardiomyocyte aggregates
enhances the contractile force generated in cardiomyocytes. Under
floating conditions, medium flow was vertically applied to the
surface of the tissue, and it is considered that the cells on the sur-
face region might be compressed owing to medium flow. In addi-
tion, the shear stress of the medium flow was also might have
applied to the tissue along the tissue surface, and it is speculated
that the alignment of cytoskeletal proteins improved and a stronger
contractile force along the tissue surface was generated compared
with that under static conditions, which resulted in tissue
shrinkage.

We also found that the formation and distribution of nuclear
protein, Lamin A/C were markedly different between static and
floating conditions. Generally, Lamin A/C is formed inside the nuclei
of differentiated cells when they receive mechanical stress from



Fig. 6. Schematic illustration showing the maturation process of hiPSC-derived cardiac tissue in rotating flow culture. Comparing the time profile of tissue morphology and
maturation marker proteins between these culture conditions, it was revealed that the tissue maturation in floating condition from Day 3 occurred after tissue shrinkage to become
thicker structure from Day 0 to Day 3, suggesting the shrinkage was one of critical factors for tissue maturation. Moreover, compared with static condition, the tissue cultured in
floating condition showed heterogeneous structure where flat-shaped nuclei distributed especially in the surface side of tissue. These findings show one of important characteristics
of rotating flow culture for cardiac tissue maturation.
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outside the cells via the cytoskeleton, and it regulates nuclei shape,
chromatin structure, and gene expressions [46e49]. In the case of
cardiomyocytes, Lamin A/C contributes to the formation of cardiac-
specific cytoskeletal proteins and construction of sarcomere
structures via activation of SUN1/2, nesprin, and desmin [39].
Moreover, the activation of these proteins is triggered by serum
response factor (SRF), which is activated by the formation of Lamin
A/C [39]. From these studies, it can be summarized that application
of mechanical stress to cardiomyocytes plays an important role in
cardiac maturation via the formation of the nuclear lamina Lamin
A/C. In this study, the trigger of tissue shrinkage is considered to be
the contractile force derived from actin-myosin movement in the
surface region of the tissue, resulting that the mechanical force
were given to the cells from the outside to the inside of the tissue.
Moreover, tissue shrinkage also night contributed to the formation
of Lamin A/C and cardiac maturation. These proposed mechanisms
were also considered to coincide with the findings of previous
study (Nakazato, et al.) [34], where the physiological hypertrophy
of cardiomyocytes caused by medium flow of rotating flow culture
was the critical phenomenon for tissue maturation.

These results also suggest that the important factor of rotating
flow culture contributes to the maturation of cardiac tissue, which
has remained unclear owing to the difficulty in defining this culture
system for a long time. Many studies using this culture system have
proposed possible mechanisms for tissue maturation, such as
microgravity, infinite sedimentation, medium flow, and effective
mass transport [26e33], but there is little evidence. Our study
suggests the impact of medium flow in this culture system on
morphological and structural changes in tissue, which critically
486
affected the maturation of cardiac tissue. The role of mechanical
stress on tissue maturation has been supported in many studies
[19e21] but further understanding of the detailed mechanism is
required in the future. This fundamental concept for understanding
cardiac tissue maturation in rotating flow culture, with a focus on
morphological and structural changes, might contribute not only to
further understanding of the mechanism in different types of tis-
sue, but also to the development of novel tissue culture techniques.

5. Conclusions

In this study, we demonstrated thematuration process of hiPSC-
derived cardiac tissue in rotating flow culture by comparing the
tissuemorphology, structure, andmaturation properties with those
of static suspension culture. We found that spatial heterogeneity of
tissue structure, which showed the distribution of flat-shaped
nuclei in the surface region of tissue, and tissue shrinkage to
become thicker structure occurred in rotating flow culture. More-
over, from the quantitative analysis for time profile of tissue
morphology and cardiac maturation marker proteins, it was also
suggested that tissue shrinkage contributed the following matu-
ration of the tissue in rotating flow culture. These findings showed
one of the important characteristics of rotating flow culture which
was not revealed in previous studies.
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