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Cardiac muscle, a subtype of striated muscle composing our heart, has garnered attention as a source of
autonomously driven actuators due to its inherent capability for spontaneous contraction. However, con-
ventional cardiac biohybrid robots have utilized planar (2D) cardiac tissue consisting of a thin monolayer of
cardiac myotubes with a thickness of 3-5 um, which can generate a limited contractile force per unit foot-
print. In this study, 3D cardiac muscle rings were proposed as robotic actuator units. These units not only
exhibit higher contractile force per unit footprint compared to their 2D counterparts due to their increased
height, but they can also be integrated into desired 3D configurations. We fabricated cardiac muscle rings
from human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CM:s), evaluated their driving
characteristics, and verified the actuation effects by integrating them with artificial components. After the
10th day from culture, the cardiac muscle rings exhibited rhythmic spontaneous contraction and increased
Received 29th March 2024, contractile force in response to stretching stimuli. Furthermore, after constructing a centimeter-sized bio-
Accepted 28th May 2024 hybrid self-beating actuator with an antagonistic pair structure of cardiac muscle rings, the periodic antag-
onistic beating motion at its tail portion was confirmed. We believe that 3D cardiac muscle rings,
possessing high contractile force and capable of being positioned within limited 3D space, can be used as
rsc.li/loc potent biohybrid robotic actuators.

DOI: 10.1039/d4lc00276h

Tribute to George Whitesides

It is with great respect and admiration that I contribute to this special collection celebrating the 85th birthday of George Whitesides. My journey in
microfluidics and lab-on-a-chip technology has been profoundly influenced by his pioneering work, inspiring generations of scientists and countless
advancements.

I had the privilege of being a Visiting Scholar in George's group from 2004 to 2005. Despite the short duration, the research environment was remarkable.
As a budding researcher, I bombarded him with questions, and each response was eye-opening. The interdisciplinary nature of his lab was highly
stimulating, and I remain in contact with many members who continue to inspire me. I vividly remember George drawing three overlapping circles
labelled Bio, Materials, and Physics, encompassed within a larger circle labelled Chemistry, emphasizing that everything is Chemistry. This holistic view
left a lasting impression on me, and I aspire to develop a similarly comprehensive approach in my own research.

I also recall my farewell party when George praised my research on biohybrid insect robots. His encouragement motivated me to continue this research,
forming the foundation of my current studies. George's contributions extend beyond his groundbreaking scientific achievements. His mentorship and
commitment to nurturing young scientists have created a legacy that will endure. I am deeply grateful for the opportunities and guidance I received under
his mentorship and am honoured to be part of this tribute.

Introduction
“ Department of Mechano-Informatics, Graduate School of Information Science and BiOhy brid robots are robotic systems that integrate biological
Technology, The University of Tokyo, 113-8656, Japan. actuators driven by living cells with artificial components, en-
E-mail: takeuchi@hybrid.t.u-tokyo.ac.jp abling the emulation of adaptive movements and response

b Institude of Industrial Science (IIS), The University of Tokyo, 153-8505, Japan

outputs of living organisms to environmental stimuli.!
¢ International Research Center for Neurointelligence (WPI-IRCN), the University of

Tolyo Institutes for Advanced Study (UTIAS), 113-0033, japan Amongst the biological actuators, muscles are popular for

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ their high output efficiency, with striated muscles such as
10.1039/d41c00276h skeletal and cardiac muscles.” Especially, immature
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cardiomyocytes with artificially modified expression profiles  sues (2D cardiac muscle tissues) formed on a planar sub-
and/or artificially engineered cardiac muscle tissues are  strate. The self-contraction of the cardiac muscle tissues di-

known to exhibit spontaneous contraction, having been gar-  rectly transmits the traction force to the substrates, allowing
nering attention as potential sources of actuation. the actuator to walk on a dish or swim in a culture medium
Conventional biohybrid actuators powered by cardiac by deforming the substrates.*® To achieve further deforma-
muscles have been composed of planar cardiac muscle tis-  tion of substrates with the same lengths and widths, it is
a
iPSC-derived

cardiomyocytes
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Fig. 1 Functional and morphological evaluation of the cardiac muscle ring. (a) Conceptual images of the cardiac muscle ring and its spontaneous contraction.
(b) A cardiac muscle ring removed from the PDMS substrate. (c) Immunostaining image of a cardiac muscle ring ((i) a part of a cardiac ring (stained by F-actin),
(ii) enlarged view (stained by F-actin and Nuclei), (iii) enlarged view (stained by o-actinin and nuclei)). Green; F-actin. Red; o-actinin. Blue; nuclei. (d) Temporal
distance of the tracking point P placed on a cardiac muscle ring with its spontaneous contraction. The inset shows the conceptual image of the tracking point
P and its moving direction. (e) Contractile displacement in the radial direction of the eight tracking points placed on a cardiac muscle ring. Inset shows the con-
ceptual image of eight evenly spaced reference points placed on a cardiac ring. (f) Temporal contractile distance of a cardiac muscle ring when the electric field
is intermittently applied. (g) Images for measuring contractile forces of the cardiac muscle rings. One of the ends of a cardiac muscle ring is connected to the
force sensor. The external stretching stimulus is applied to a cardiac muscle ring by varying the distance between the anchors. (h) Temporal changes of the con-
tractile force induced by spontaneous contraction of a cardiac muscle ring. (i) The relationship between the applied strain and the measured contractile force.
Bars represent the mean + SEM. **p < 0.005, ***p < 0.0005, ****p < 0.0001, Tukey-Kramer test (n = 4). Scale bars; a: 500 um. b: 100 pm. c: 20 pm.
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ideal to increase the contractile force per unit footprint of the
cardiac muscle tissues. However, the thickness of a mono-
layer of 2D cardiac muscle tissue is limited to 3-5 um, neces-
sitating the stacking of multiple layers of constructed 2D car-
diac muscle tissue to increase its thickness. Furthermore, for
2D cardiac muscle tissues, complex surface modifications on
the substrates are required to orient cardiac cells to exert
force in a desired direction.>>*™3

In this study, 3D cardiac muscle rings derived from hu-
man induced pluripotent stem cells (hiPSCs) were proposed
as robotic actuator units. 3D cardiac muscle tissues can be
constructed by injecting cell-suspended hydrogels within a
mold, and the tissue dimensions can be adjusted according
to the depths and widths of grooves formed in the mold.
Therefore, it is easier to increase the thickness of 3D cardiac
muscle tissues compared to their 2D counterparts, resulting
in greater contractile forces per unit footprint. Furthermore,
assembling the 3D cardiac muscle rings onto robots in a
pick-and-place style allows for integration into 3D spatial
configurations (Fig. 1a). Here, the properties of the cardiac
muscle rings are evaluated, including contractile force, re-
sponsiveness to external stretching stimulus and electric
stimulus. We then develop a centimeter-sized biohybrid self-
beating actuator shaped resembling a fishtail, comprising an
antagonistic pair of cardiac muscle rings. Finally, we demon-
strate the actuation of the centimeter-scale tail structure with
the power of the cardiac muscle rings and assess driving
characteristics by observing its tail beating motion.

Results

Functional and morphological evaluation of 3D cardiac
muscle tissues

The gelation and culture within the substrate made from
poly-dimethylsiloxane (PDMS) resulted in the formation of
cell-suspended hydrogels molded into a ring shape. On the
14th day of culture, a cardiac muscle ring was extracted from
a flexible substrate made from polydimethylsiloxane (PDMS)
(Fig. 1b). To facilitate easy extraction of the tissue, 0.5 wt%
phosphorylcholine (MPC) polymer was coated onto the PDMS
substrate prior to seeding cell suspensions and was found to
be effective in preventing the adhesion of the 3D tissue to
the surface of the PDMS substrate.

To evaluate the morphology of the cardiac muscle rings,
immunohistochemical analysis was performed, revealing that
human induced pluripotent stem cell-derived cardiomyocytes
(hiPS-CMs) were elongated and formed muscle fibers. Fur-
thermore, a-actinin, providing structural support for muscle
contraction, was confirmed in the cardiac muscle ring
(Fig. 1c). These results indicate that our cardiac muscle rings
possess physiological-relevant tissue morphology.

A spontaneous and rhythmic contractile activity of a car-
diac muscle ring was observed in a PDMS substrate on the
10th day from the start of culture. We then extracted a car-
diac muscle ring and observed its contractile motion. The
displacement on the reference point (point P) set on the cir-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

cumference of the cardiac muscle ring was approximately 150
pum at intervals of 2.0 s (Fig. 1d). After reaching the maximum
contraction, the cardiac muscle ring relaxed immediately and
returned to nearly its original state. Furthermore, the diame-
ter changes in the radial direction were observed at various
locations of the tissue (Fig. 1e and Movie S1t). These results
indicate that all cells within a cardiac muscle ring showed
synchronized contractile activity due to the rapid cell-to-cell
propagation of action potentials."* Additionally, for the evalu-
ation of the response to the external stimuli, we applied an
electric field to a cardiac muscle ring. When we applied an
electrical signal of a pulse train at 2 Hz and 2.4 V mm™", the
cardiac muscle ring exhibited stimuli-induced contraction
(four times within two seconds) and returned to its spontane-
ous contraction (once within 1.3 seconds) when we stopped
the stimuli (Fig. 1f). This result shows the motion controlla-
bility of the cardiac muscle ring in response to the electric
field.

To investigate the responsiveness to the applied stretching
stimulus, we attached the ends of the cardiac muscle ring to
the force sensor (micro force type; THK Precision) and a 3D
printed jig (Fig. S1}), respectively. In this experiment, we ap-
plied only stretching stimuli to the cardiac muscle ring and
measured the exerted muscular force by its spontaneous con-
traction. Also, by varying the distance between the anchors,
we applied external strain to the cardiac muscle ring
(Fig. 1g). For example, when applying a 20% strain, we ex-
tended the distance between these anchors by 20% from the
inner diameter of a cardiac muscle ring in its non-stretched
state. As a result, we confirmed a direct correlation between
the applied strain and the muscular contractile force, and the
maximum value of 850 uN was obtained when over 35% of
strain was applied (Fig. 1h and i). Furthermore, we compared
the muscle rings cultured without and with (20%) the appli-
cation of an initial strain. After 14 days of culture, we con-
firmed a 1.9-fold increase in contractile force of the cardiac
muscle rings within antagonistic paired structure (Fig. S2.17).
These results suggest that stretching stimuli increased sarco-
mere length,"® which enhanced the overlap between the actin
and myosin filaments responsible for muscle contraction,
leading to an increase in contractile force. Meanwhile, spon-
taneous contraction frequency did not change dramatically
with increased strain (Fig. S2.21). This result indicates that
the intrinsic contraction frequency of cardiac cells is con-
trolled by changes in the cell membrane potential and the dy-
namics of calcium ions,'® which are not strongly affected by
temporal external stretching stimuli.

Contractile forces of cardiac muscle rings with different
dimensions

By altering the dimensions of the circular groove of the
PDMS substrate, we captured fluorescent images of thick
(cross-sectional area: 0.649 mm?) and thin (cross-sectional
area: 0.0262 mm?) cardiac muscle rings (Fig. 2a). As depicted,
cavities form in the central part of the tissue cross-sections,
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and its size is larger as the cross-sectional area of the tissue
increases. This suggests that necrosis occurred in the central
part of the tissue due to inadequate oxygen permeation, lead-
ing to reduction of the contractile force per unit area. During
the cultivation process of thick and thin cardiac muscle rings
within the PDMS substrates, their widths decreased by ap-
proximately one-third within the initial 24 hours, attributed
to the inherent self-contraction of the hydrogel. Subse-
quently, over the course of an additional 10 days, their
widths decreased by approximately 4%, ultimately reaching
values of 420 um and 210 pm, respectively (Fig. 2b). After 11
days of culture, we removed the cardiac muscle rings from
the mold and measured their contractile forces exerted by
spontaneous contraction. The thick cardiac muscle rings ex-
hibited a contractile force four times larger than the thinner
ones but less than half the contractile stress (i.e. the contrac-
tile force per unit cross-sectional area) (Fig. 2c and d). These
results indicate that while the muscular contractile force in-
creases with the enlargement of the cross-sectional area, ex-
cessive enlargement induces necrosis, as shown in Fig. 2a.
Since the force-generating units are present in areas forming
muscle fibers, the decrease in contractile force per unit area
occurred with larger cross-sectional areas.

Fabrication of the biohybrid self-beating actuator

To utilize the cardiac muscle rings as self-driving power
sources, a biohybrid self-beating actuator was constructed by
assembling the cardiac muscle rings with artificial compo-
nents (Fig. 3a and Movie S27). This actuator has the shape of
a fish and features a structure in which two cardiac muscle
rings sandwich the PDMS body, forming an antagonistic pair
structure. We used the thick cardiac muscle rings exhibiting
higher contractile force than thinner ones. We set the dis-
tance between the anchors to be 40% larger than the inner
diameter of a cardiac muscle ring in its non-stretched state
to maximize its contractile force. When one side of the car-
diac muscle ring contracts, the substrate deformation dis-
places its tail to one side, followed by other cardiac muscle
ring, displacing the tail in the opposite direction. Conse-
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quently, the continuous beating motion of the tail can occur
across the body axis (Fig. 3b and Movie S37). As can be seen
from the overview images, the two ends of the cardiac muscle
rings were securely connected to the anchors (Fig. 3c). Fur-
thermore, to make the biohybrid self-beating actuator float
on the surface of the culture medium, we adjusted its overall
density to be lower than that of the culture medium and de-
signed it to prevent its tail fin from touching the bottom of
the culture dish.

Evaluation of the biohybrid self-beating actuator

Fig. 4a shows a conceptual diagram for observing the tail ac-
tuation of the biohybrid self-beating actuator. A reference
point was designated at its tail tip, and the beating motion
was observed by microscope (IX71N; Olympus), followed by
motion analysis using a motion capture software program
(VW-9000 motion analyzer; Keyence Corp.). The body axis
was defined as the position where both muscles were in a re-
laxed state (Fig. 4b). We tracked the reference point over time
to assess the beating motion of the tail fin. When the upper
cardiac muscle ring in the images contracted and the lower
one relaxed, we confirmed the upward movement of the tail.
Subsequently, when both muscles relaxed, the tail returned
to its original position, and it displaced downward when the
force relationship was reversed (Fig. 4c and Movie S4T). We
analyzed the displacement of the reference point and
assessed the transition of beating motion with culture days.
One day after construction, both upward and downward mo-
tion across the body axis was unstable. However, on day 4,
the motion appeared more stable compared to day 1, and an-
tagonistic movements occurred at the same time intervals.
Furthermore, on day 7, the beating motion became faster
and more stable compared to day 4 (Fig. 4d). Additionally, we
confirmed that the beating amplitude on day 7 increased
with culture, reaching approximately 1.3 times the initial
value (Fig. 4e). Comparing the upward and downward dis-
placements, the beating motion became more symmetrical
(Fig. 4f). Specifically, the relative error between upward and
downward displacement was 72.8% of the mean value on day
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Fig. 2 Comparison of contractile forces of cardiac muscle rings (two different sizes). (@) Immunostaining images of the cross-sections of the car-
diac muscle rings with different cross-sectional areas (thick: 0.23 mm?, thin: 0.026 mm?). (b) Width of the cardiac muscle rings with 11-days cul-
ture. Bars represent the mean * SEM. (c) Contractile force and (d) contractile stress of the thick and thin cardiac muscle rings. Bars represent the
mean t SEM. **p < 0.005, ***p < 0.0005, non-paired, Student's t-test (n = 5). Scale bars; a: 300 um.
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Fig. 3 Fabrication of a centimeter-sized biohybrid self-beating actuator with antagonistic pair of the cardiac muscle rings. (a) Schematic diagram
of fabricating the biohybrid self-beating actuator. (b) Schematic diagram of the biohybrid self-beating actuator powered by cardiac muscle rings.
The two cardiac muscle rings sandwich the PDMS body and formed an antagonistic pair structure. The beating motion at the tail portion is exe-
cuted through the mutual contraction of each cardiac muscle ring. (c) Overall and enlarged views of the biohybrid self-beating actuator con-

structed in this study. Scale bars; 1 mm.

1, while on day 7 it reduced to 15.9%. These results suggest
the following flow of events. With a mechanical coupling
structure, the muscular contraction of one of the paired mus-
cles triggers the stretching stimulus to the other paired mus-
cle. Based on the characteristics of cardiomyocytes men-
tioned above, the stretched muscle reactively contracts,
leading to further stretching stimuli applied to the paired
cardiac muscle, and this continuous phenomenon led to the
synchronized motion and the larger beating amplitude of the
tail.

We measured the amplitude over 31 days to examine how
the spontaneous beating motion changed during the culture
period. As a result, the beating amplitude peaked on day 8,
and gradually decreased to approximately by day 31 (Fig. 4g).
Additionally, we also constructed the biohybrid self-beating
actuator with a non-antagonistic structure and confirmed
that the distance between the anchors shortened due to the
lack of muscular tension balance (Fig. S3 and Movie S57).
This result demonstrates that the antagonistic pair structure
allows our biohybrid self-beating actuator to continue its ac-
tuation for a longer period.

Electrical stopping of the biohybrid self-beating actuators

Although spontaneous contractions of the conventional car-
diac actuators enable them to actuate without an electric

This journal is © The Royal Society of Chemistry 2024

power supply, it has been still a challenge to stop their mo-
tions. To stop the motions, we applied electric stimuli across
the entire biohybrid self-beating actuator, allowing an electric
field to penetrate both antagonistic cardiac muscle rings
(Fig. 5a). Consequently, the application of an electric field re-
sulted in a significant reduction in the tail's beating ampli-
tude. Once the electric stimuli turned off, the tail motion re-
turned to its original beating motion (Fig. 5b and Movie S67).
We varied the intensity of the electric field and assessed the
change in the tail motion, and confirmed that electric field
application resulted in an increase in beating frequency and
a decrease in beating amplitude (Fig. 5¢ and d). These results
demonstrate that the increase of the electric field can sup-
press the motion of the actuator.

Discussion

In this paper, we utilized 3D cardiac muscle tissues to build
robotic actuators. The cardiac muscle rings exhibited sponta-
neous contraction at regular intervals, and we found that pro-
viding electrical stimulation increased their contractile fre-
quency, while applying static strain enhanced their
contractile force. Subsequently, we constructed the biohybrid
self-beating actuator by the pick-and-place method, and we
confirmed the increase and transition in tail movement from
unstable to stable over time in culture. Furthermore, as with

Lab Chip, 2024, 24, 3377-3387 | 3381
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Fig. 4 Driving characteristics of the biohybrid self-beating actuator. (a) Conceptual image of observation. (b) Enlarged view of the tail fin. (c) Tem-
poral tracking of the reference point for evaluating the tail beating motion. (d) Temporal change in displacement of the reference point. The results
are illustrated on day 1, 4, and 7, respectively. (e) Beating amplitude of the tail with culture. Bars represent the mean * SEM. *p < 0.05, ***p <
0.0005, Tukey-Kramer test (n = 4). (f) Average upward and downward displacement across the body axis with culture. Bars represent the mean *
SEM (n = 4). (g) Lifetime of the biohybrid self-beating actuator with an antagonistic and a non-antagonistic pair of the cardiac muscle rings. The
temporal evolution of the tail's amplitude was recorded over a period of 31 days. Bars represent the mean * SD, n = 3. All scale bars: 5 mm.

the antagonistic pair structure of cardiac muscle rings, we
not only sustained its spontaneous tail movement for one
month but also temporarily suppressed it by applying an elec-
tric field to both antagonistic muscles.

When constructing biohybrid actuators or robots with
high actuation efficiency, we need to place the driving
sources within the limited 3D space. Therefore, the improve-
ment of the contractile force per unit footprint is a crucial
factor for driving sources. Our constructed cardiac muscle
rings have both a width and a thickness of approximately
200-500 pm, and the circumferential length of the ring
ranges from 6.2 to 12.5 mm, resulting in an estimated con-
tractile force per unit footprint of approximately 100 to 250
uN mm 2 In contrast, conventional 2D cardiac muscle tis-
sues had a wide range of widths, but their thicknesses were
limited to 4-6 pm per layer, reaching a maximum of 21-23
um when stacking layers."””® The order of estimated contrac-

3382 | Lab Chip, 2024, 24, 3377-3387

tile force per unit footprint of the conventional 2D cardiac
muscle tissues ranges from 0.1 to 10 uN mm 2717722
Therefore, we believe that cardiac muscle rings are strong
and useful as driving sources when considering placement in
3D spatial configurations. Although 3D cardiac muscle tis-
sues experience a decrease in contractile stress when their
cross-sectional area becomes excessively large due to necrosis
(cell death) as shown in Fig. 2c and d, these tissues are antic-
ipated to generate greater force in appropriately narrow
spaces compared to their 2D counterparts.

The targeted characteristics of cardiac muscle rings in this
study include (i) the generation of muscular force through
autonomously rhythmic contraction of muscle fibers, (ii) fre-
quency responsiveness when subjected to electrical pulses,
and (iii) the ability to generate sufficient contractile force to
drive artificial devices (the fishtail). First, the direct transmis-
sion of force to anchors through muscle fiber contraction can

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4lc00276h

Open Access Article. Published on 15 giugno 2024. Downloaded on 15/03/2026 13:33:19.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip
a +V b
Tracking
point
Gold v .
electrode Electric field
e Kok Kk d

20
*%

e
13

Beating frequency
of the tail [Hz]
5 &

0.0

S ) A 2
Spo“‘a“eo > ®

Electric field [V/mm]

View Article Online
Paper

«— Spontaneous contraction
<« - -» 2 Hz Stimulated contraction

e

'
'
'
'
|

Contractile distance [um]
S

Time [s]

*%

N
o

Beating amplitude
of the tail [um]
=)

0
S %) A 2
690“""“60 > °

Electric field [V/mm)]

Fig. 5 Evaluation of the controllability of the biohybrid self-beating actuator. (a) Schematic diagram of the electric field application to the bio-
hybrid self-beating actuator. (b) Temporal beating displacement of the tail when the electric field is intermittently applied. (c) Beating frequency
and (d) beating amplitude of the tail when the electric field is applied. Bars represent the mean + SEM. **p < 0.005, ****p < 0.0001, Tukey-Kramer

test (n = 3).

be verified by the changes in inner diameter during contrac-
tion and the contractile force data, which aligns with our ex-
pectations. Second, the cardiac muscle rings repeatedly con-
tract at a speed of 2 Hz when subjected to 2 Hz electrical
pulses. The result is consistent with the previous study®* and
showcases the controllability of such types of actuators.
While there is still room for improving the maturity of
human-induced pluripotent stem cell-derived cardiomyo-
cytes, the current tissue can generate a maximum contractile
force of up to 850 uN, which is sufficient to drive artificial de-
vices into beating motion. These results led us to believe that
our cardiac muscle rings possess adequate characteristics as
robotic actuators. According to previous work®! which uti-
lized cardiomyocytes with differentiation efficiencies exceed-
ing 90%, the resulting tissues - comparable to our cardiac
muscle rings in size and contractility - produced force out-
puts that match those observed in our study. This correspon-
dence suggests that our cardiomyocyte differentiation may
also be at a comparable purity level.

In this study, it is also noteworthy that hiPSC-derived car-
diac cells were used for the construction of a cardiac muscle
ring. Conventional biohybrid cardiac actuators have typically
utilized 2D cardiac muscle tissues from living animals such
as rats or mice. These choices have been made due to limita-
tions in cell numbers resulting from difficulties in cardio-
myocyte proliferation® and ethical concerns associated with
use as robotic actuators.”®*” In contrast, hiPS cells are prolif-
erative cells, and the differentiation protocols for cardiomyo-
cytes have been extensively studied. Therefore, we obtained
cardiomyocytes with 2.5 x 107 cells per sample through a dif-
ferentiation process from hiPS cells. Cardiomyocytes derived

This journal is © The Royal Society of Chemistry 2024

from hiPS cells generally exhibit inferior contractile force per
muscle fiber compared to native ones due to their biologi-
cally immature phenotype. However, when constructing 3D
tissues, they offer advantages such as the ability to increase
their height and facilitate easier cell numbers while minimiz-
ing ethical concerns.

As shown in Fig. 1h and i, we confirmed that the temporal
application of stretching stimuli resulted in improved muscu-
lar contractile force. This phenomenon has also been re-
ported in the organ-on-a-chip field, where it has been sug-
gested that the stretching tension enhanced muscle fiber
formation and orientation within 3D architecture, promoting
tissue maturation.***° Additionally, cardiomyocytes in vitro
exhibit significant contractility with increase of the stretching
stimuli, as is known from Starling's law of the heart.">?"?
Therefore, our experimental results, where muscular contrac-
tile force increased with applied external strain, can be attrib-
uted to this unique characteristic of cardiomyocytes.

The difficulty of prolonged use for measuring the contrac-
tile force of 3D cardiac muscle tissues in the organ-on-a-chip
field has been raised due to the self-shortening of the muscle
tissues.>*****3> In contrast, by adopting an antagonistic
muscle structure, the balanced muscular tension of the an-
tagonistic muscles suppressed asymmetrical contraction on
one side, enabling beating motion for up to 31 days. Further-
more, we observed that even in immature cardiomyocytes de-
rived from hiPS cells, the oriented muscle fibers and increase
in contractility are recognized due to the continuous applica-
tion of physical stretching stimuli. According to the previous
work,® the planar configuration of cardiac tissues with an an-
tagonistic muscle structure suggests that the repetition of
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rhythmic stretching and contraction prevents heterogeneity
in myocardial repolarization and contraction, which is ex-
pected to enhance the understanding of structure-function
relationships in cardiovascular physiology. Our approach, ap-
plying the antagonistic muscle structure to three-dimensional
cardiac tissues, may present a biomimetic system capable of
detailed analysis of these relationships within expanded myo-
cardial cellular networks. Furthermore, in the conventional
heart-on-a-chip field, the prevalent method involved directly
forming cardiac muscle tissues on PDMS-made cantilevers
and measuring forces by analyzing the cantilever's deforma-
tion. In contrast, our cardiac muscle rings, with their excel-
lent integrability, allow for the direct measurement of con-
tractile force using force sensors (Fig. S1f) and subsequent
removal. Utilization of the cardiac muscle rings is highly ef-
fective, especially for pre-measurement of contractile force
that requires two evenly opposing forces, as typically ob-
served in structures like antagonistic muscles. For the heart-
on-a-chip field, this can be beneficial when aiming to simul-
taneously evaluate multiple cardiac muscle tissues on a sin-
gle chip.

The suppression of movement along the body axis with
electrical stimuli is also thought to be attributed to the im-
plementation of an antagonistic pair structure. The con-
structed free-standing cardiac muscle rings demonstrate an
increase in contractile velocity in response to electrical fre-
quency, as illustrated in Fig. 1f. When this frequent motion
is simultaneously performed across the body axis, the rapid
contraction timing occurring in both muscles prevents the
tail from following its motion, leading to a significant sup-
pression of tail beating amplitude. Additionally, we believe
that a greater amount of electric field penetrating both mus-
cles resulted in a higher tension balance leading to further
reduction in the amplitude.

The self-beating actuator could be used to drive swimming
biohybrid robots which do not require complex driving mech-
anisms and external power supply. There is still room for im-
proving the contractile force of the cardiac muscle rings and
the structural optimization of the actuator. E.g., by promoting
the maturation of hiPS-CMs or introducing artificial joints to
the body, large tail movement could be enabled with a small
muscular force. Also, the development of a technique to form
neuromuscular junctions between neural tissues and cardiac
muscle rings could lead to the adjustment of the contractile
speed of the cardiac muscle rings through neural control and
improve our understanding of cardiac functions.

Our study demonstrated that the cardiac muscle rings
functioned as building blocks with high contractility and ma-
neuverability, and the biohybrid self-beating actuator devel-
oped in this study serves as an example of actuators embody-
ing the characteristics of cardiac muscle rings. Utilizing these
characteristics, the integration with artificial components
possessing specialized and optimized 3D frameworks could
lead to the realization of autonomously driven actuators with
enhanced functionalities. For example, our biohybrid self-
beating actuator, being three-dimensionally thick and wide,
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may have the capability to accommodate artificial devices
such as speedometers and accelerometers. By harnessing the
spontaneous contractions of the cardiac rings to generate
self-power and using this energy to power such artificial de-
vices, it may be possible to create a “self-aware” biohybrid
self-beating actuator.

Methods

Preparation of hiPS cell-derived cardiomyocytes

HiPS cells were purchased from Riken Cell Bank, and the dif-
ferentiation medium was purchased from Nacalai-Tesque,
Inc., and the differentiation process was followed by their
protocol. In brief, a Matrigel-coated multiple-well plate was
prepared, and hiPS cells were cultured in the culture dish
with mTeSR1 plus growth medium (VERITAS) added 10 uM
kinase inhibitor Y-27632 (Nacalai-Tesque, Inc.), at first den-
sity 1.0-2.0 x 10" cells per ml (day 0). After 20-24 hours, we
exchanged the growth medium without Y-27632. On day 4,
the growth medium was removed with a pipette and replaced
with the differentiation medium (Nacalai-Tesque, Inc.) with
5-9 uM CHIR99021 (Nacalai-Tesque, Inc.) followed by wash-
ing with Iscove's modified Dulbecco's medium (Thermo
Fisher Scientific, Inc.). The concentration of CHIR99021 is
dependent on the iPS-cell types and plating density of hiPS
cells. On day 6, the culture medium was replaced with a dif-
ferentiation medium supplemented with 10 pM IWP-2 solu-
tion, 10 uM SB431542 and 100 nM B-estradiol (purchased
from Nacalai-Tesque, Inc.). On day 8, the culture medium
was replaced with a differentiation medium supplemented
with 100 nM p-estradiol, and the culture medium was
changed every other day. On day 15-17, cardiomyocytes beat-
ing in the well plates were observed. On day 20-21, we de-
tached hiPSC-CMs from the well plates and used them for
the following experiments.

Preparation of the PDMS mold

To construct the cardiac muscle rings, we prepared polydi-
methylsiloxane (PDMS) substrates with circular grooves. Ini-
tially, a resin-based mold was printed using a commercial
stereolithography machine (DWS DIGITALWAX 028], DWS).
Subsequently, a chemical vapor deposition machine (Spe-
cialty Coating Systems) was employed for coating the mold
with a 2 pm thick layer of parylene C. Parylene coating was
applied to suppress the uncured phenomenon of PDMS elas-
tomer caused by radicals present on the resin surface. Follow-
ing, PDMS elastomer (Sylgard 184 Silicone Elastomer, Dow
Corning Toray) mixed at a ratio of 10:1 (base/cross-linker)
was poured into the parylene-coated resin mold and cured at
75 °C for 150 minutes. After removing the PDMS substrate
from the resin mold, the PDMS substrate was washed with
70% ethanol, and subjected to sterilization using an ozone
sterilizer (Genlantis) for 30 minutes. Then, we coated the
PDMS substrate with 90% ethanol with 0.5 wt%
phosphorylcholine-based (MPC) polymers (NOF Corporation)
by incubation at 65 °C for 90 minutes, which serves to block

This journal is © The Royal Society of Chemistry 2024
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adhesion of cells and hydrogels. The PDMS substrate was
washed with PBS and filled with distilled water until sub-
merged, then placed in a desiccator and degassed overnight.
Degassing is to prevent air bubbles present in the PDMS
from entering during the construction process of the cardiac
muscle rings. 30 minutes before seeding the cell suspension,
we coated the surface of the PDMS substrate with a 1% BSA/
PBS solution; the BSA coating serves to inhibit specific adhe-
sion of the proteins contained in 3D tissues.

Fabrication of the cardiac muscle rings

After 20-21 days of culturing hiPS-CMs, the culture medium
was removed from the well plates. Afterward, a collagenase
solution was added (200 uL cm™?) and incubated for 1-2
hours to detach hiPS-CMs from the well plates. The collage-
nase solution was prepared by mixing 0.5 g of collagenase I
powder (Wako Pure Chemical Industries, Ltd.) with 200 ml of
PBS, 50 ml of FBS (Thermo Fisher Scientific, Inc.), and 2 ml
of D-PBS (+) (Nacalai-Tesque, Inc.) and filtering it. After hiPS-
CMs were detached from the well plates, cell detachment en-
zyme (Accumax; Nacalai-Tesque, Inc.) was added (200 pL
em™) and incubated for 15 minutes to disperse hiPS-CMs
into single cells. If hiPS-CMs were not sufficiently dispersed,
we gently pipetted and additionally incubated for up to 15
minutes. Subsequently, the cell suspension was filled in a 15
ml tube and centrifuged at 1 x g for 6 minutes. After centrifu-
gation, the supernatant was completely removed, and hiPS-
CMs were mixed with precursor gel solution. Precursor gel so-
lution used per one cardiac muscle ring consisted of 48 uL fi-
brinogen (12.5 pg ml™) (Sigma-Aldrich), 6.4 uL Matrigel
(Corning), 5 uM Y-27632, and 33.3 ug ml™* aprotinin (Sigma-
Aldrich). 9.6 pL thrombin (0.5 unit per ml) (Sigma-Aldrich)
was separately prepared and mixed with other solutions just
before seeding in the PDMS mold (coated by MPC polymer
and BSA) because it immediately solidified upon mixing with
fibrinogen. The final cell density of a cardiac muscle ring was
2.5 x 107 cells per ml. After seeding the cell-suspended solu-
tions into the PDMS substrate, we incubated them for 10 mi-
nutes to promote gelation. Subsequently, the tissue culture
medium was added until the PDMS substrates were sub-
merged and, then we started cultivation. The tissue culture
medium consisted of DMEM (high glucose) supplemented
with 10% FBS, 1% penicillin-streptomycin, 33.3 pug ml™*
aprotinin, and 10 uM Y-27632. After incubation for 20-24
hours, the tissue culture medium without Y-27632 was re-
placed and was exchanged every other day. Synchronized con-
traction movements of the cardiac muscle rings were ob-
served 6-8 days from starting cultivation.

Fabrication process of the biohybrid self-beating actuator

The biohybrid self-beating actuator is composed of two car-
diac muscle rings, two pairs of anchors, a head part, and a
PDMS body. The head part and all anchors were made from
resin and were fabricated using a commercial 3D printer
(AGILISTA-3200; KEYENCE). The PDMS body was fabricated

This journal is © The Royal Society of Chemistry 2024
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by pouring PDMS elastomer into a perylene-coated resin
mold and baking it. The PDMS body has multiple holes lon-
gitudinally from the head to the tail, which are used to secure
the cardiac muscle rings by anchoring with any position. Ad-
ditionally, one end of the PDMS body has a convex part,
which can be locked with the head part. Before assembly, all
artificial components without the cardiac muscle rings were
washed with 70% ethanol and subjected to sterilization using
an ozone sterilizer. The fabrication process of a biohybrid
self-beating actuator is as follows; firstly, the PDMS body is
inserted and fixed with the head part (Fig. 3a(i)). After that,
one cardiac muscle ring is threaded through the anchor, and
fixed with the holes of the PDMS body (Fig. 3a(ii)). Subse-
quently, the other cardiac muscle ring is fixed on the oppo-
site side (Fig. 3a(iii)). Afterward, the two cardiac muscle rings
are pulled by using the other anchors and fixed near the tail
fin (Fig. 3a(iv)).

Immunostaining and microscopy

For immunostaining of hiPS-CMs, samples (cardiac muscle
rings) were washed once with PBS, fixed with 4% paraformal-
dehyde (PFA) (Muto Pure Chemicals Co., Ltd.) for 30 min,
permeabilized cell membranes with 0.2% Triton X-100 for 15
min, and blocked with 1.0% bovine serum albumin (BSA)
(Sigma-Aldrich) overnight. For actin staining, we used 0.2%
Alexa Fluor 488-conjugated phalloidin (Thermo Fisher Scien-
tific, Inc.) and incubated at room temperature for 2 hours.
For o-actinin staining, we incubated samples with 0.1%
monoclonal anti-o-actinin antibody (Sigma-Aldrich) as the
primary antibody overnight at 4 °C, then with 0.1% goat anti-
mouse IgG antibody (Thermo Fisher Scientific, Inc.) as the
secondary antibody for 100 min at room temperature. After-
ward, the samples were rinsed twice with PBS and incubated
with 0.1% Hoechst 33342 (Invitrogen) at room temperature
for 8 min to stain cell nuclei, following rinsed with PBS three
times. We used a microscope (IX71N; Olympus) for bright-
field and fluorescence microscopy, and a laser microscope
(LSM780; Zeiss) for confocal microscopy.

Statistical analysis

Student's ¢-test or Tukey-Kramer tests were performed using
the statistical software GraphPad Prism10 (https://www.mdf-
soft.com/products/prism10.html). All data were shown as the
mean + SD or mean + SEM.
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