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ARTICLE INFO ABSTRACT

Keywords: Alignment, as seen in the native myocardium, is crucial for the fabrication of functional cardiac tissue. However,
Human iPSC-derived cardiomyocytes it remains unclear whether the control of cardiomyocyte alignment influences cardiac function and the under-
Alignment

lying mechanisms. We fabricated aligned human cardiac tissue using a micro-processed fibrin gel with inverted
V-shaped ridges (MFG) and elucidated the effect of alignment control on contractile properties. When human
induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) were seeded on MFG, hiPSC-CMs were
aligned more uniformly than the control, and we succeeded in fabricating the aligned cardiac tissue. Assessing
the contractile properties with the direct contractile measurement system, the contractile force, maximum
contractile velocity, and relaxation velocity were significantly increased in aligned cardiac tissue compared with
non-aligned cardiac tissue. However, gene expression profiles were not different between the two groups, sug-
gesting that functional improvement of cardiac tissue through alignment control might not be dependent on
cardiomyocyte maturation. Motion capture analysis revealed that the cardiomyocytes in the aligned cardiac
tissues showed more unidirectional and synchronous contraction than the non-aligned cardiac tissues, indicating
that cardiac tissue maturation involves electrical integration of cardiomyocytes. Herein, cardiomyocyte align-
ment control might improve the contractile properties of cardiac tissue through promoting unidirectional and
synchronous cardiomyocyte contraction.

Contractile properties
Synchronicity

these include long term cardiomyocyte culture [6], mechano-
transduction [7], mechanical stimulation [8], cyclic stretch [9], hor-
monal interventions [10], and electrical stimulation [11]. In addition to
cardiomyocyte maturation, cardiac tissue maturation, such as the elec-
trical integration of cardiomyocytes, is indispensable for sufficient
contractile force generation. However, it remains unclear how the car-
diac tissue matures and whether contractile force is affected by tissue
maturation.

The native myocardium is composed of several layers of aligned
cardiac tissue, which enables efficient cardiac output [12]. Therefore,
control of cardiomyocyte alignment might be a critical issue for tissue

1. Introduction

Bioengineered human cardiac tissues harboring pluripotent stem cell
(PSC)-derived cardiomyocytes are under development worldwide.
Nevertheless, there is still an unmet need to fabricate native-like func-
tional cardiac tissue, as PSC-derived cardiomyocytes and cardiac tissues
are immature [1,2]. For example, the contractile force of native cardiac
tissue was 16-44 mN/mm?> [3,4]. On the other hand, the fabricated
cardiac tissue showed 3.3 mN/mm? in our previous report [5]. Various
strategies that enable cardiomyocyte maturation have been reported;
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Abbreviations

hiPSC-CM human induced pluripotent stem cell-derived

cardiomyocytes

PDMS  polydimethylsiloxane

MFG micro-processed fibrin gel with inverted V-shaped
ridges

function. Various methods have been reported for cardiomyocyte
alignment in bioengineered cardiac tissue, and the improvement of
contractile function has been demonstrated in aligned cardiac tissues by
measuring relative displacement in local areas during tissue contraction
[13-15]. However, these strategies might not be sufficient for evaluating
the contractile function of the entire tissue, which is the desired func-
tional unit. Recently, we developed a novel system to measure the
real-time contractile force generated by human induced PSC-derived
cardiomyocyte (hiPSC-CM) cell sheet tissues on a fibrin gel [5]. This
system can directly measure contractile properties, including the sys-
tolic and relaxation functions in the entire cardiac tissue containing the
base materials. However, it remains unclear whether cardiomyocyte
alignment control influences cardiac contractile function and the un-
derlying mechanisms.

In the present study, we fabricated aligned human cardiac tissue
using a micro-processed fibrin gel and elucidated the effect of alignment
control on contractile properties using the direct contractile measure-
ment system in order to evaluate cell integration as tissue maturation.

2. Materials and methods
2.1. Microfabrication process

Micro V-shaped grooves with a depth of 10 pm, an angle of 54.7°,
and at intervals of 30 pm, were processed on a silicon wafer by aniso-
tropic etching (Fig. 1A); this process was outsourced to the PHOTO
PRECISION Corporation (Tokyo, Japan). Next, the microfabricated sil-
icon wafer surface was transcribed onto a cyclo olefin polymer (COP)
surface by thermal imprinting (Fig. 1B); this process was outsourced to
Kyodo International Inc. (Kanagawa, Japan). Reflectance confocal mi-
croscopy (OPTELICS H1200; Lasetec Corporation, Kanagawa, Japan)
demonstrated that the COP surface had inverted micro V-shaped ridges
with a height of 10 pm and an interval of 30 ym (Fig. 1C). The micro-
fabricated COP surface was treated with a mixture of Novec™ 7100 and
Novec™ 1700 (3 M) at a ratio of 5:1 for 30 s. Then, poly-
dimethylsiloxane (PDMS; Silpot™ 184, Dow Corning Toray, Tokyo,
Japan) was cured on the COP in a polystyrene dish at 70 °C for 120 min
(Fig. 1D and E). Fig. 1F shows a microscopic image of the cross section of
the resulting microfabricated PDMS surface with micro V-shaped
grooves. The phase-contrast microscopic images of the microfabricated
PDMS surface are shown in Fig. 1G.

2.2. Fibrin gel preparation

The fibrin gel was prepared with a minor change in the previous
strategy [5]. The silicone rubber (1.5 mm thickness) with a 12 mm x 26
mm rectangular cutout was placed on the microfabricated PDMS or a
normal silicone rubber to compose a mold for fibrin gel preparation.
Using a 3D printer (Connex3™ Objet269; Stratasys, Eden Prairie, MN,
USA), the handles were constructed, consisting of 12 mm x 8 mm x 1.4
mm thickness plates with a 6 mm x 3 mm rectangular hole and a 12 mm
x 2 mm mesh on one side, made of ultraviolet-curing resin (MED610;
Stratasys). The two handles were inserted into each edge of the mold, as
shown in Fig. 1H. Fibrinogen (Product# F8630; Sigma-Aldrich, Mis-
souri, USA), thrombin (Product# T4648; Sigma-Aldrich), CaCl,, and
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lyophilized human blood coagulation factor XIII (Fibrogammin P; CSL
Behring, USA) were dissolved and mixed in saline with 0.025% Poly-
oxyethylene (20) Sorbitan Monooleate (FUJIFILM Wako Pure Chemical,
Osaka, Japan), at concentrations of 12.5 mg/mlL, 0.5 units/mL, 2 mM,
and more than 160 IU/mL, respectively. Immediately after mixing, the
solution was poured into the mold, and an acrylic plate was placed on
top (Fig. 1H and I). The solution was clotted to form a fibrin gel within
30 min. After 30 min, a micro-processed fibrin gel with inverted
V-shaped ridges (MFG) or a normal surface fibrin gel (control) was
prepared. The fibrin gel was picked up from the mold and inserted in 3.5
mm dishes, as shown in Fig. 1J and K. Then, the fibrin gel was immersed
in Medium A [defined as DMEM (D6429; Sigma-Aldrich, Missouri, USA)
containing 10% FBS and 1% Penicillin-Streptomycin Solution (P4333;
Sigma-Aldrich)] with 20 pg/mL fibronectin (Corning, NY, USA) and 2.5
mg/mL aminocaproic acid (Sigma-Aldrich) for more than 2 h at 37 °C
and used for seeding hiPSC-CMs, as described below. To confirm the
MFG surface, we stained the fibrin gel using Flamingo™ Fluorescent Gel
Stain (Bio-Rad Laboratories, CA, USA) according to the manufacturer’s
instructions and observed the cross-sectional plane using confocal
fluorescence microscopy (FV1200; Olympus, Tokyo, Japan).

2.3. hiPSCs and cardiac differentiation

The hiPSC line 201B7 [16] was purchased from RIKEN (Tsukuba,
Japan). The hiPSCs expressing a-myosin heavy chain and rex-1 pro-
moter-driven drug-resistance genes were cultured on inactivated mouse
embryonic fibroblasts (ReproCELL, Yokohama, Japan) as described
previously [17]. Cardiac differentiation of hiPSCs was induced in a
stirred bioreactor system (Bio Jr.8; Able, Tokyo, Japan) in accordance
with a published protocol [18]. On day 17 of cardiac differentiation, cell
aggregates were dissociated using 0.05% trypsin/EDTA, and the cells
were cultured in medium A at 37 °C in a humidified atmosphere con-
taining 5% CO; (Fig. 2A).

2.4. Purification of hiPSC-CMs and cell culture

On day 22, the culture was treated with 1.5 pg/mL puromycin
(Sigma-Aldrich) for 23-25 h to eliminate non-cardiomyocytes that did
not express the puromycin-resistant gene. On the next day (day 23), the
cell cultures were disrupted using 0.05% trypsin/EDTA and seeded on
culture dishes at a density of 1.8-2.7 x 10° cells/cm?. On day 28, the
cultures were again treated with 1.5 pg/mL puromycin, and, on the next
day (day 29), the pure cardiomyocyte cultures were harvested using
0.05% trypsin/EDTA, following which, these cells were passed through
a 40 pm nylon mesh cell strainer (Corning). Before seeding the cells, the
fibrin gel was fixed in a silicon mold (Fig. 2B and F), and another thicker
silicon mold with a cutout of 12 x 6 x 3 mm depth was placed on top, as
shown in Fig. 2C. Thus, we seeded 2.5 x 10° cells in medium A con-
taining 1% aminocaproic acid into the silicon cutout on MFG or control,
as shown in Fig. 2D and G. Two days later, the silicon molds were
removed carefully, and hiPSC-CMs on the fibrin gel were fixed in 3.5 cm
dishes. They were immersed in medium B defined as DMEM (low
glucose, GlutaMAX™ Supplement, pyruvate; Thermo Fisher Scientific,
Waltham, MA, USA) containing 10% FBS, 1% penicillin-streptomycin,
and 1% aminocaproic acid with extracellular matrix (Matrigel®, Corn-
ing) (Fig. 2E). From day 31, we switched the main medium from me-
dium A to medium B until the contractile properties were evaluated.
Both media A and B were replaced with fresh medium every other day.
On day 41, the fabricated cardiac tissues were placed on the contractile
force measurement system. We measured the contractile properties of
the fabricated cardiac tissues and carried out drug tests on day 43. After
measuring the properties, RNA extraction and quantitative real time
polymerase chain reaction (RT-PCR) were performed on day 44
(Fig. 2A).
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Fig. 1. Fibrin gel preparation (A) Micro-V-shaped fold of silicon wafers. One silicon wafer had 400 grooves. (B) Transcription from micro V-shaped ridge silicon
wafer to COP with thermal imprinting at 100 °C. (C) Reflectance confocal microscopy image of the COP surface. (D) Transcription from micro inverted V-shaped
ridge of COP to PDMS. (E) Macroscopic image of the microfabricated PDMS. Scale bar = 10 mm. (F) Microscopic image of the sectional plan of microfabricated
PDMS. (G) Microscopic image of microfabricated PDMS surface. Scale bar = 200 pm. (H) Insertion of two thick plastic plates to the edge of the cutout in the silicone.
(I) Fibrin gel on the microfabricated PDMS and an acrylic plate on the mold. (J) Fibrin gel picked up from the mold and inserted in 3.5 cm dishes (K) Microscopic
images of the control gel (left) and MFG (right). (L) Confocal image of the control gel (left) and the MFG (right). Scale bar = 30 ym. The broken lines represent the cut
lines in the sectional plan. (M) Confocal image of the sectional plan of the control (upper) and MFG (lower). Scale bar = 10 pm, COP; cyclo-olefin polymer, PDMS;
polydimethylsiloxane, MFG; micro-processed fibrin gel with inverted V-shaped ridges. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 2. Fabrication of hiPSC-CM-derived cardiac tissue (A) Time schedule of the experiments. (B) Fibrin gel fixed in silicon mold. (C) Another thicker silicon molecule
is molded on the fibrin gel. (D) Seeding hiPSC-CMs on the fibrin gel in the silicon cutout. (E) hiPSC-CMs on fibrin gel fixed in a 3.5 cm dish; fabrication of hiPSC-
derived cardiac tissue. (F, G) Schematic illustration of cardiomyocyte seeding on fibrin gel. All measurements were made in millimeters. (H) Microscopic images of
hiPSC-CMs in the control (left) and MFG (right) on day 36 (day 7 after seeding hiPSC-CMs). Scale bar = 200 pm. (I) Confocal images of hiPSC-CMs in the control (left)
and MFG (right) on day 36 (day 7 after seeding hiPSC-CMs). Scale bar = 50 pm. F-actin and nuclei were stained with Alexa Fluor 488 phalloidin and DAPI,
respectively. Directionality histograms were obtained using Image J Fiji. (J) Orientation index (N = 4), hiPSC-CMs; human induced pluripotent stem cell-derived
cardiomyocytes, MFG; micro-processed fibrin gel with inverted V-shaped ridges. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

2.5. Flow cytometry

After two rounds of puromycin treatment, hiPSC-CMs were har-
vested and fixed with 4% paraformaldehyde. After washing with PBS,
the cells were blocked with 2% bovine serum albumin (BSA, fatty acid-
free, FUJIFILM Wako Pure Chemical, Osaka, Japan) prepared in PBS
containing 0.2% NP40 (Nacalai Tesque, Inc., Kyoto, Japan) for 1 h. Cells
were probed overnight with rabbit polyclonal anti-cardiac troponin T
antibody (1:200; Abcam, Cambridge, UK) at 4 °C. On the subsequent
day, the cells were washed with PBS several times and incubated with
FITC-conjugated anti-rabbit antibody (Jackson ImmunoResearch Labo-
ratories, West Grove, PA, USA). The percentage of cardiac troponin T
(cTnT)-positive cells was determined using Gallios (Beckman Coulter,
Brea, CA, USA) and Kaluza software (Beckman Coulter).

2.6. Contractile force measurement system

For measuring the contractile force, our previously reported con-
tractile force measurement system was used, with slight modifications
[5]. Briefly, the contractile force measurement device comprised a load
cell (LVS-10GA; Kyowa Electronic Instruments, Tokyo, Japan) and a

culture bath made of acrylic plates. The fabricated hiPSC-derived car-
diac tissues were hung from a sensor rod in the load cell using a
3D-printed hook, and the lower handle, attached to the fibrin gel, was
held by a clip on the bottom of the culture bath (Fig. 3A). Thirty five mL
of medium C [defined as Medium 199, Hank’s (Catalog Number 12350;
Thermo  Fisher  Scientific)  containing  10%  FBS, 1%
penicillin-streptomycin, and 1% aminocaproic acid] was poured into the
bath. The groove direction on the fibrin gel for cardiomyocyte alignment
was consistent with the direction of contractile force measurement. The
contractile properties were recorded using a personal computer through
an A/D converter (Power Lab 8/30; ADInstruments, Bella Vista,
Australia). Electrical pacing of the fabricated cardiac tissues was con-
ducted using bipolar platinum electrodes. Biphasic pacing pulses [10 V,
10 ms pulse duration, 60-240 paces per minute (ppm)] were applied
using an electronic stimulator (Nihon Kohden, SEN-3401, Tokyo,
Japan). The contractile force, maximum contractile velocity, and
relaxation velocity were measured at spontaneous beat and electrical
pacing rate on day 43. The time to peak contraction (TTP) and time from
peak contraction to 50% relaxation (RT50) were measured at electrical
pacing rate of 75 ppm and 120 ppm on day 43. Force-frequency rela-
tionship (FFR)—an index for cardiac maturation—was also measured.
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Fig. 3. Contractile force measurement system and contractile properties (A) Contractile force measurement system. (B) Representative data of contractile force trace.
(C) Time course of contractile forces and spontaneous beating rates of non-aligned and aligned cardiac tissues for 48 h (N = 11). (D) Contractile properties at
spontaneous beating rate (N = 11). (E) Contractile properties at 75 ppm (N = 11). (F) Cross-sectional area with confocal image (N = 11). Scale bar = 50 pm. (G)
Contractile properties at 120 ppm (N = 10). (H) TTP and RT50 in the cardiac tissue at 75 ppm and 120 ppm (N = 10). (I) Contractile force and spontaneous beating
rate on day 50 (N = 4), ppm; paces per minute, RT50; time from peak contraction to 50% relaxation, TTP; time to peak contraction.

To conduct drug testing, isoproterenol was added to the culture bath to
fix the cardiac tissue. During the measurement of contractile force, 1 mM
isoproterenol stock solution (Tokyo Chemical Industry Co., Ltd., Tokyo,
Japan) was added to the culture medium (35 mL) in a culture bath,
resulting in a final concentration of 1 pM. From days 41-43, the impulse
was calculated for 48 h. Additionally, contractile force was measured
again 1 week later (day 50) in the long-term culture.

2.7. Cell directionality analysis

To assess the orientation of the hiPSC-CMs on fibrin gel on day 36,
the cells were fixed with 4% paraformaldehyde for 15 min, per-
meabilized with 0.15% Triton X-100 prepared in PBS, and blocked with
2% BSA prepared in PBS for 20 min at room temperature. Then, they
were stained with 0.19 uM Alexa Fluor 488 Phalloidin (Thermo Fisher
Scientific) at 4 °C for more than 2 h. After washing with PBS, the cells
were mounted on coverslips along with anti-fade solution (ProLong Gold
Antifade Reagent with DAPI; Thermo Fisher Scientific). Samples were
imaged using a confocal fluorescence microscope (FV1200; Olympus,
Tokyo, Japan). Images were obtained from three randomly assigned
areas per sample. Cell directionality was analyzed using image pro-
cessing software (ImageJ Fiji; National Institutes of Health, Bethesda,

USA). The directionality histograms were analyzed using Fourier
transform. Further, the orientation index of hiPSC-CMs was evaluated
using FiberOri8single03 computer software by a researcher who was
blinded to the type of basal fibrin gel; control or MFG group (single
blind, N = 4, and a total of 12 sample images per group); if the orien-
tation index was greater than 1.10, the alignment was clear and intense
[19].

2.8. Immunohistochemistry

In some experiments, hiPSC-derived cardiac tissues were probed
with mouse monoclonal anti-cTnT antibody (1:200, Thermo Fisher Sci-
entific) and rabbit polyclonal anti-connexin43 (Cx43) antibody (1:300,
Abcam), and then incubated with Alexa Fluor 488-conjugated anti-
rabbit IgG (H + L) (1:200, Thermo Fisher Scientific) and Alexa Fluor
633-conjugated anti-mouse IgG (H + L) (1:200, Thermo Fisher Scienti-
fic). After staining, the cells were mounted on coverslips along with anti-
fade solution (ProLong Gold Antifade Reagent with DAPI, Thermo Fisher
Scientific). Samples were imaged using a confocal fluorescence micro-
scope (FV1200; Olympus).
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2.9. Tissue thickness and microscopic view

After measuring the contractile properties on day 43, the hiPSC-
derived cardiac tissues were cultured in DMEM containing 5.6 pM
CellTracker™ Orange CMTMR (Thermo Fisher Scientific) for more than
1 h, and then further cultured in DMEM for more than 1 h in a 5% CO4
incubator at 37 °C. After fixation with 4% paraformaldehyde for 15 min,
hiPSC-derived cardiac tissues were mounted on coverslips along with
anti-fade solution (ProLong Gold Antifade Reagent with DAPI, Thermo
Fisher Scientific). Samples were imaged using a confocal fluorescence
microscope (FV1200; Olympus). The cross-sectional area and direc-
tionality histogram of hiPSC-derived cardiac tissues were analyzed using
image processing software (ImageJ Fiji; National Institute of Health,
Bethesda, USA). Three images from each slice were obtained per 1
sample and then averaged. When the cross-sectional areas were
measured, refractive index (RI) matching was performed. The ProLong
Gold Antifade Reagent with DAPI has an RI of 1.42 (https://www.th
ermofisher.com/order/catalog/product/S36964).

Microscopic images of hiPSC-derived cardiac tissues were obtained
using an inverted microscope (ECLIPSE TI2-U; Nikon, Tokyo, Japan)
equipped with a 3CCD digital camera (DXM1200C; Nikon). Microscopic
videos of hiPSC-derived cardiac tissues were also obtained using an
inverted microscope (ECLIPSE TE300; Nikon) equipped with a 3CCD
digital camera (acA1300-30uc; Basler, Ahrensburg, Germany).

2.10. RNA extraction and quantitative RT-PCR

Total RNA was extracted from cells using an RNeasy Mini Kit (Qia-
gen, Hilden, Germany) according to the manufacturer’s instructions.
RNA quantity and quality were determined using a Nanodrop ND-1000
spectrophotometer (Thermo Fisher Scientific). First-strand cDNA was
synthesized from the purified total RNA using a High Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific) on an Applied
Biosystems ProFlex™ PCR System (Thermo Fisher Scientific). Quanti-
tative RT-PCR was performed on an Applied Biosystems® ViiA™ 7 RT-
PCR system (Thermo Fisher Scientific) in accordance with the manu-
facturer’s instructions. Gene expression levels were analyzed using
TagMan gene expression assays (Thermo Fisher Scientific) with the
following primers: GAPDH, MYL2, MYL7, MYH6, MYH7, RYR2,
ATP2A2, GJA1, GJAS5, GJC1, PLN, CACNA1C, SCN5A, KCNH2, KCNJ2,
KCNQ1, SLC8A1, SLC9A1, and NPPB (Table 1). The data were analyzed
using the ACT method. All statistical analyses were performed by
comparing ACT values between groups and were plotted as fold change
+ 8D (27AC,

2.11. Motion capture analysis of hiPSC-CM:s on fibrin gel

Motion capture analyses were performed according to the following
procedure. Initially, the microscopic videos of the cardiac tissue were
obtained by an inverted microscope equipped with a 3CCD digital
camera (acA1300-30uc; Basler). Subsequently, the moving distance to
each X-axis or Y-axis of cardiomyocyte and time course at each point in
the cardiac tissue were calculated using a motion analysis tool View-
Point (Glenallan Technology Inc., Clinton, NY, USA) according to the
instructions provided in the instrument manual and our previous report
[20]. The maximum distances to each X- and Y-axis of the hiPSC-CMs
were analyzed at the four corners over time. Furthermore, the data on
time from the beginning of measurement to first peak contraction for
X-axis at each point including the four corners and the center of the
cardiac tissues were extracted. Then, the standard deviation of the times
was calculated and compared between aligned and non-aligned cardiac
tissue. When the standard deviation is smaller, the cardiomyocytes
contract with more synchronous timing at each point. It means that the
cardiomyocytes in the cardiac tissues perform the synchronous
contraction with each other. For the analyses, the video file was con-
verted to static images; therefore, it was compressed to 1/3 of the actual

Biomaterials 281 (2022) 121351

Table 1
PCR primer information.

Thermo Fisher Scientific
No.

Gene name

glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

myosin, light chain 2, regulatory, cardiac, slow (MYL2)

myosin, light chain 7, regulatory (MYL7)

myosin, heavy chain 6, cardiac, muscle, alpha (MYH6)

myosin, heavy chain 7, cardiac, muscle, beta (MYH7)

ATPase, Ca++ transporting, cardiac muscle, slow twitch
2 (ATP2A2)

ryanodine receptor 2 (cardiac) (RYR2)

gap junction protein, alpha 1, 43 kDa (GJA1)

gap junction protein alpha 5, 40 kDa (GJA5)

gap junction protein alpha 7, 45 kDa (GJC1)

phospholamban (PLN)

calcium channel, voltage-dependent, L type, alpha 1C
subunit (CACNA1C)

sodium channel, voltage-gated, type V, alpha subunit
(SCN5A)

potassium voltage-gated channel, subfamily H (eag-
related), member 2 (KCNH2)

potassium inwardly-rectifying channel, subfamily J,
member 2 (KCNJ2)

potassium voltage-gated channel, KQT-like subfamily,
member 1 (KCNQ1)

potassium voltage-gated channel, shaker-related
subfamily, member 2 (KCNA2)

potassium inwardly-rectifying channel, subfamily J,
member 12 (KCNJ12)

solute carrier family 8 (sodium/calcium exchanger),
member 1 (SLC8A1)

solute carrier family 9 (sodium/hydrogen exchanger),
member 1 (SLC9A1)

natriuretic peptide B (NPPB)

Hs99999905_m1
Hs00166405_m1
Hs00221909_m1
Hs01101425_m1
Hs01110632_m1
Hs00544877_m1
Hs00181461_m1
Hs00748445s1

Hs00270952 s1

Hs00271416_s1

Hs00160179_m1
Hs00167681_m1
Hs00165693_m1
Hs00165120_m1
Hs00265315_m1
Hs00923522_m1
Hs00270656_s1

Hs00266926_s1

Hs01062258_m1
Hs00300047_m1

Hs01057466_g1

PCR; polymerase chain reaction.

time. We additionally performed particle image velocimetry (PIV) an-
alyses with the ImageJ plug-in PIV, which can detect the surface
movement of around 4400 sites in the cardiac tissue and exhibit the
movement direction and distance of each site which is approximately a
cell size as an arrow. Arrows indicate the movement directions from
peak relaxation phase to peak contraction phase in both type of the
cardiac tissues and the color of the arrows described the movement
distances of sites. Arrows with red color indicates the long movement
distances of the cells compared with those with blue or purple according
to the previous researches [https://sites.google.com/site/qingzongt
seng/piv, [21,22]].

2.12. Metabolic analysis

We evaluated the change in the concentration of glucose and lactate
in the culture medium during incubation for 48 h (days 41-43). The
culture medium was collected on days 41 and 43, and the measurement
of glucose and lactate concentrations was outsourced to SRL, Inc.
(Tokyo, Japan). Impulse per glucose consumption in the cardiac tissue
was calculated as the index of energy efficiency.

2.13. Statistical analysis

Continuous variables between two groups were compared using
Student’s t-test. A paired t-test was used to compare the contractile force,
spontaneous beating rate, TTP, and RT50 between pre-isoproterenol and
post-isoproterenol administration. A paired t-test was also used to
compare TTP, and RT50 between 75 ppm and 120 ppm. A paired t-test
was used to compare the gene expression levels between days 29 and 43
in non-aligned cardiac tissue. Significance was set at P < 0.05. All sta-
tistical analyses were performed using R software (version 1.41.1; R
Foundation for Statistical Computing, Vienna, Austria) [23].
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3. Results
3.1. Micro-processed fibrin gel

We evaluated the surface shape of the fibrin gel by staining it with
Flamingo™ Fluorescent Gel Stain. The confocal image showed that there
were no lines in the control gel, but lines with an interval of 30 pm were
present in the MFG (Figure 1L). The cross-sectional image at the broken
line shows that inverted V-shapes with a height of approximately 10 pm
were observed on the MFG, and a flat surface was observed on the
control fibrin gel (Figure 1M), which was consistent with the reflectance
confocal microscopy image of the COP surface (Fig. 1C).

3.2. hiPSC-derived cardiac tissue preparation

After two rounds of puromycin selection, the purity of hiPSC-CMs
was 89 + 9% of cardiac troponin T (Supplementary data 1). The
hiPSC-CMs were then seeded on the MFG or control fibrin gel. On day 36
(7 days after seeding hiPSC-CMs on each fibrin gel), hiPSC-CMs on MFG
were aligned as shown in Fig. 2H and Supplementary Videos 1 and 2
(movie on day 37). We also evaluated the alignment of cardiomyocytes
using confocal microscopy. Phalloidin staining revealed that car-
diomyocytes were aligned uniformly on the MFG, but not on the control
fibrin gel, as shown in Fig. 2I and Supplementary data 2. When the
orientation index was calculated based on the Fourier analysis, a
significantly higher orientation index was observed on MFG compared
with control (1.51 + 0.07 vs. 1.15 + 0.05, p < 0.001, N = 4, Fig. 2J). As
the orientation index of cardiomyocytes in wild type rat heart has been
reported to be approximately 1.6 in our previous reports [24], car-
diomyocytes on MFG might be aligned more similarly to those in the
native myocardium. Furthermore, cTnT-positive cardiomyocytes and
Cx43 expression were also aligned with cardiac tissue even on day 43
(14 days after seeding hiPSC-CMs on each fibrin gel, Supplementary
data 3), suggesting that cardiomyocyte alignment in the dense tissue
might be maintained for at least 2 weeks and that gap junctions were
generated between adjacent cardiomyocytes beyond the inverted
V-shaped ridge.

Supplementary data related to this article can be found online at
https://doi.org/10.1016/j.biomaterials.2021.121351

3.3. Measurement of contractile properties

Next, we evaluated the influence of alignment control on contractile
force using cardiac tissues on day 43 (Fig. 3A and B). Interestingly, the
contractile force of the aligned cardiac tissue at the spontaneous beating
rate was significantly increased compared with that of the non-aligned
cardiac tissue 12 h later after fixing the cardiac tissue to the contrac-
tile force measurement system, but the spontaneous beating rate was not
different between them (Fig. 3C and D). Furthermore, contractile ve-
locity and relaxation velocity were remarkably improved in the aligned
cardiac tissue (Fig. 3D). Next, we evaluated the influence of beating rate
on the alignment control-mediated improvement of contractile function.
Consistent with the data on the spontaneous beating rate [~50 beats per
minute (bpm)], aligned cardiac tissue showed a significant improvement
in contractile properties [aligned cardiac tissue vs. non-aligned cardiac
tissue; contractile force at 75 ppm; 0.9 +£ 0.5 mN vs. 0.5 £ 0.3 mN, p =
0.02, contractile velocity at 75 ppm; 10 + 6.2 mN/s vs. 5.3 + 3.5 mN/s,
p = 0.04, and relaxation velocity at 75 ppm; 4.2 + 2.1 mN/s vs. 2.4 +
1.0 mN/s, p = 0.02, Fig. 3E). The aligned cardiac tissue also showed a
significant improvement in contractile properties at 120 ppm, suggest-
ing that aligned cardiac tissue might exhibit better contractile function
under physiological beating rate (Fig. 3G). As the cross-sectional area
was identical between the aligned and non-aligned cardiac tissues (p =
0.63, Fig. 3F), the contractile force per cross-sectional area was also
significantly improved in the aligned cardiac tissue (Aligned vs. Non-
aligned; 3.2 + 1.8 mN/mm? vs. 1.7 + 0.7 mN/mm? at spontaneous
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beating rate, p = 0.02, Fig. 3D-G). TTP was not significant different
between 75 ppm and 120 ppm in the both types of cardiac tissue, while
RT50 at 120 ppm was significantly shorter than that at 75 ppm in both
types of cardiac tissue. There were no significant differences in TTP and
RT50 between aligned and non-aligned cardiac tissue at 75 ppm or 120
ppm. (Fig. 3H). When these cardiac tissues were cultured for an addi-
tional week, aligned cardiac tissues still showed an improved contractile
force at the spontaneous beating rate (~35 bpm) and 75 ppm upon
electrical stimulation on day 50 (Fig. 31).

3.4. Cardiomyocyte maturation evaluation

It is known that PSC-derived cardiomyocytes are immature and have
insufficient function. Therefore, we examined whether alignment con-
trol results in cardiomyocyte maturation by assessing the FFR and re-
sponses against beta-adrenergic receptor agonists. As shown in Fig. 4A,
the FFR was negative in the aligned and non-aligned cardiac tissues.

Treatment with isoproterenol significantly increased the sponta-
neous beating rate and contractile force in aligned and non-aligned
cardiac tissues (Fig. 4B and C). Although the rate of increase in con-
tractile force and contractile velocity was higher in aligned cardiac tis-
sues than that in the non-aligned cardiac tissue (but this was not
significant, p = 0.14 and p = 0.17, respectively), the rate of increase in
relaxation velocity was significantly higher in aligned cardiac tissues
than that in non-aligned cardiac tissues (p = 0.007, Fig. 4D). After
isoproterenol treatment, both cardiac tissues exhibited significantly
shorter TTP and RT50 compared with pre-isoproterenol treatment at
120 ppm. There were no significant differences in TTP or RT50 between
aligned and non-aligned cardiac tissue in pre- or post-isoproterenol
treatment (Fig. 4E).

Next, we examined the mRNA expression levels in cardiac tissues
using qRT-PCR. As shown in Fig. 5, the mRNA expression levels of some
contractile protein and Ca handling genes were significantly upregu-
lated after culture, regardless of alignment. Furthermore, there were no
differences in the expression levels of cardiomyocyte maturation-related
genes, including ion channels between aligned and non-aligned cardiac
tissues (Fig. 5 and Supplementary data 4). Herein, cardiomyocyte
maturation might be promoted through the process used for tissue cul-
ture, but it might not contribute to the improvement in contractile
function in aligned cardiac tissues.

3.5. Mechanisms of functional improvement in aligned cardiac tissue

First, we evaluated the movement distances at each designated point
in tissues according to the X and Y axes using the motion capture
analysis method (Fig. 6A and Supplementary Videos 3 and 4). The
movement distance in the X-axis direction was longer in the aligned
cardiac tissue than that in the non-aligned cardiac tissue (Aligned: 68 +
26 vs. Non-aligned: 43 + 10 pm, p = 0.048), but the movement distance
for the Y-axis was similar between the two groups (Aligned: 27 + 7.9 vs.
Non-aligned: 33 + 5.8 pm, p = 0.18). The X/Y ratio was significantly
higher in the aligned cardiac tissue than that in the non-aligned cardiac
tissue (Aligned: 2.5 + 0.70 vs. Non-aligned: 1.3 + 0.32, p = 0.003).
Therefore, this result suggests that the aligned cardiac tissues exhibited a
unidirectional contraction. Next, we examined the contraction syn-
chronicity of each designated point in the tissues. As shown in Fig. 6B,
the timing of contraction at five designated points varied in non-aligned
cardiac tissue, but cells in aligned cardiac tissues showed synchronous
contraction. Furthermore, the standard deviation of the time from the
beginning of measurement to first peak contraction at these 5 points was
significantly smaller in aligned cardiac tissues than that in the non-
aligned cardiac tissue (Aligned: 0.009 + 0.007 vs. Non-aligned: 0.03
£ 0.02's, p=0.03), suggesting that the improvement of contractile force
in aligned cardiac tissue might be in part mediated by synchronous
cardiomyocyte contraction.

Supplementary data related to this article can be found online at


https://doi.org/10.1016/j.biomaterials.2021.121351

T. Takada et al.

A B
16 SE— £ Non-aligned
1.4 - Aligned g 100
z 5 :
G 12 2 90 p <0.001 °
8 £ ;
5 10 - 5 80
o i A i
§ 08 AN ; 70
g 06 | g o0
O o4+ O .g s
0.2 - & 40 .4
T T
1.0 1.25 1.67 2.0 Hz Pre ISP Post ISP
(60) (75)  (100) (120) (ppm)
C
= Non-aligned - Aligned
£ - £ -
£ o074 _ ‘ 3 | ;
g ' p <0.001 : g p <0.001 !
o f | S 3 |
Qo6 : o124 H
S04 ® : 8 08 -® i
2, | | 2 " s
g 03 3 ‘ g 06! :
§u.2—iL -t 50‘473‘ i
Pre ISP Post ISP Pre ISP Post ISP
2
D 7
N p=0.14 So p=0.17
o c o
<] 8E 2
g 15 PN
I Ee
SE Eg
£= %o 15
SE 10 ET
g2 S8
g8 ]
-o 05 a o
5 ° Be o5
3 g
i 0.0 o 00
Non-aligned Aligned Non-aligned Aligned
E
ms
ms  TTP (Pre/Post ISP at 120ppm) i RT50 (Pre/Post ISP at 120ppm)
300
160 p <0.001
250 p <0.001 140
200 120
150 100
N p <0.001 80 p=0.007
100 60
40
50 20
0 0
Pre ISP Post ISP Pre ISP Post ISP

-e-Non-aligned -e-Aligned

-e-Non-aligned -e-Aligned

Biomaterials 281 (2022) 121351

Aligned p=0.07

: ] p <0.001 .
70
60 -

50 *VEV

40

Spontaneous beating rate, bpm

Post ISP, delta spontaneous beating rate

T

Pre ISP

Aligned

T
Post ISP Non-aligned

p=0.02 p=0.01

Post ISP, maximum contractile velocity
at 120 ppm, mN/s
at 120 ppm, mN/s
®

@
Post ISP, maximum relaxation velocity

Non-aligned Aligned Non-aligned Aligned

p=0.007

Post ISP, delta maximum relaxation
velocity at 120 ppm, times
H 5 @

e
°

Non-aligned Aligned

Fig. 4. Impact of isoproterenol on the aligned cardiac tissue (A) Force-frequency relationship (N = 10). (B) Spontaneous beating rate after isoproterenol admin-
istration (N = 11). (C) Contractile properties after the isoproterenol administration at 120 ppm (N = 10). (D) Changes in contractile properties after the isoproterenol
administration at 120 ppm (N = 10). (E) TTP and RT50 after ISP treatment (N = 10). TTP, and RT50 at 120 ppm were same value as these factors in pre-isoproterenol
at 120 ppm. ISP; isoproterenol, ppm; paces per minute, RT50; time from peak contraction to 50% relaxation, TTP; time to peak contraction.

https://doi.org/10.1016/j.biomaterials.2021.121351

Additionally, PIV analyses revealed that aligned cardiac tissue had a
lot of X-axis directional arrows with red color, while non-aligned cardiac
tissue had not only X-axis but also Y-axis directional arrows with non-
red color (Supplementary data 5A). Vector length from peak relaxa-
tion phase to peak contraction phase at each site was significantly longer
in aligned cardiac tissue compared with non-aligned cardiac tissue
(Supplementary data 5B). Further, the X-axis component of the vector
length was significantly longer in aligned cardiac tissue compared with
non-aligned cardiac tissue (Supplementary data 5C). The sum of the X-
axis component of vector length at each site was also longer in the
aligned cardiac tissue than that in the non-aligned cardiac tissue (Sup-
plementary data 5C).

3.6. Metabolic analysis

We evaluated the changes in glucose and lactate concentrations in

the supernatant after incubation for 48 h. No significant differences
were observed in glucose consumption and lactate production between
the two groups (Fig. 7A). However, the aligned cardiac tissues had more
than twice the impulse per glucose consumption of that of the non-
aligned cardiac tissue (Fig. 7B). This suggests that aligned cardiac tis-
sues generated greater contractile force with similar glucose
consumption.

4. Discussion

The following were the principal findings of the present study: 1) we
have succeeded in fabricating aligned hiPSC-derived cardiac tissues
using the micro-processed fibrin gel, 2) the contractile properties of the
aligned cardiac tissues improved compared with those of non-aligned
cardiac tissues, and 3) the aligned cardiac tissue contracted with a
more anisotropic, synchronized, and greater response to isoproterenol
treatment for relaxation velocity than non-aligned cardiac tissue.
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In previous studies, aligned cardiac tissues were fabricated using

nanofibers [25], PDMS [26,27], nanofiber patches [28], microfluidic
systems [14], flexible thermoresponsive nanofabricated substrates [29],
or decellularized tissue [15]. Then, the concepts for preparing a grooved
support to fabricate aligned cardiac tissues have been previously re-
ported [26,27,30]. Although the effect of basal materials on the car-
diomyocyte contraction might be concerned, we used a soft fibrin gel as

a material because Young’s modulus of fibrin gel cross-linked by coag-
ulation factor XIII is comparable to that of native human heart with little
influence on cardiomyocyte contraction [31-33]. Therefore, the influ-
ence of fibrin gel on contractile force in the present study might not be
critical. Several studies have reported improvements in contractile force
by calculating the change in area and signal in the local imaging data
[13-15,28]. However, analyzing local area movement might not be
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sufficient to describe the function of the entire cardiac tissue, which is
mediated not only by individual cell function, but also by cellular
functional integration in tissue. We developed a contractile measure-
ment system that can measure the contractile force of the whole cardiac
tissue. Using the fibrin gel, the cardiac tissue can be fixed to the original
measurement system and measured the contractile force of the whole
cardiac tissue including the basal materials directly. Then, the aligned
cardiac tissues showed improvement in several contractile properties,
suggesting that aligned cardiac tissues had better functional properties
as whole tissues. We considered that main contribution of improving the
contractile force in the aligned cardiac tissue was due to the unidirec-
tional and adequate contraction of the individual cells as well as syn-
chronization. Motion and PIV analysis revealed that aligned cardiac
tissue showed the longer movement distance in X-axis direction
compared with non-aligned cardiac tissue, which might lead to the
improvement of total contractile force of the tissue. The difference of the
individual cardiomyocyte contractile forces and their integration be-
tween aligned and non-aligned cardiac tissue remains to be determined.
Cell-to-cell connections are imperative for synchronous contraction of
aligned cardiac tissue. In the present study, the micro-processed fibrin
gel was designed with a height of 10 pm and an interval of 30 pm,
because hiPSC-CMs had a diameter of 26 + 17 pm (N = 50) (unpublished
data). Furthermore, using the micro-processed fibrin gel, we succeeded
in regulating hiPSC-CM alignment and in maintaining the electrical
connection of hiPSC-CMs beyond the inverted V-shaped ridge (Supple-
mentary data 3). This might have caused the synchronous contraction of
hiPSC-CMs in the tissue, which contributed to the increased contractile
force generated in the aligned cardiac tissue compared to that in the
non-aligned cardiac tissue.

It is important to understand the similarity and differences between
native myocardium and fabricated cardiac tissue. Mashali et al. showed
RT50 in the native cardiac tissue decreased when the pacing rate
increased [3]. The TTP and RT50 in the native cardiac tissue also
decreased after isoproterenol treatment. These characteristics on ki-
netics might be similar between the fabricated cardiac tissue and native
cardiac tissue. Conversely, contractile force of fabricated cardiac tissues
is around 1/5-1/10 of native myocardium [3-5], possibly due to
immaturity of PSC-derived cardiomyocytes. It has been reported that
cardiac tissues from iPSC-CMs shows the lower levels of gene expression
on conduction, Ca handling, and energetics than native adult heart, and
systolic and relaxation function have been also improved through
continuous electrical stimulation-mediated cardiomyocyte maturation
[34]. In the present study, gene expression levels on contractile protein,
Ca handling and ion channel were identical between aligned and
non-aligned cardiac tissue. Aligned cardiac tissues also show negative
FFR. Herein, cardiomyocyte maturation might not be directly attributed
to the functional improvement of the aligned cardiac tissue. The fabri-
cation of cardiac tissue through the adequate extracellular matrix (ECM)
and the continuous electrical stimulation might be necessary for pro-
moting cellular maturation [35]. On the other hand, alignment control
improved the contractile properties in accompanied with the synchro-
nous contraction. On the basis of these findings, we believe that align-
ment control promotes tissue maturation as electrical integration of
cardiomyocytes. Native myocardium of atria or ventricle behaves as an
electrically continuous sheet [12]. It has also been reported that
hiPSC-CMs in cell aggregates show synchronous contraction in a
time-dependent manner, accompanied by Cx43 upregulation [36].
Conversely, as Cx43 mRNA expression levels were not different between
aligned and non-aligned cardiac tissues (Fig. 5), Cx43 transcriptional
levels might not be critical for alignment control-mediated synchronous
contraction. Cx43 is phosphorylated in the normal heart, and dephos-
phorylated in the ischemic heart [37], where disturbances in alignment
and electrical connection occur in the cardiomyocytes. In addition,
Eps15 homology domain-containing protein 1 (EHD1) was related to the
endocytic trafficking of Cx43 and pathological remodeling of gap junc-
tions under ischemic conditions [38]. Accordingly, post-transcriptome
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regulation of Cx43 might contribute to the synchronous contraction of
cardiomyocytes in the aligned cardiac tissue.

Comparison with the contractile function in pre- and post-
isoproterenol treatment in the current study, the rate of increase in
relaxation velocity was significantly higher in aligned cardiac tissues
than that in non-aligned cardiac tissues (Fig. 4D). G. Jung et al.
demonstrated that phosphorylation of phospholamban in aligned iPSC-
CMs on microgrooved PDMS was accelerated after isoproterenol treat-
ment [26]. We considered that a modified phosphorylation profile of
several relaxation related proteins including phospholamban might be
associated with the rate of increase in relaxation function of aligned
cardiac tissue after isoproterenol treatment as the underlying mecha-
nism. Understanding the molecular mechanism of the alignment
control-mediated synchronous contraction and response to f-stimula-
tion might provide us the new insights on heart homeostasis and heart
failure.

Although drug development and drug toxicity evaluation using iPSC-
derived cardiac tissue have progressed, some problems in terms of cost
and function remain. In our previous study, a contractile force of 1 mN
was generated from 4.3 x 10° cells [5]. Meanwhile, the aligned cardiac
tissue in the current study demonstrated that a contractile force of 1 mN
could be generated from 2.5 x 10° cells. Therefore, the cost required for
hiPSC-CMs to generate a similar contractile force could be reduced.
Additionally, more functional cardiac tissues are ideal for drug toxicity
evaluation. Aligned cardiac tissues improve the contractile force and
synchronicity of cardiomyocytes, while non-aligned cardiac tissue can
result in dyssynchronous and weak contractions. Further, previous re-
ports have mainly indicated the improvement in systolic function of
aligned cardiac tissue [13-15,28], while aligned cardiac tissue in the
present study showed an improvement in both systolic and relaxation
function. Therefore, the evaluation of drug-related cardiotoxicity
including systolic and relaxation function with aligned cardiac tissue
might be more appropriate than that with non-aligned cardiac tissue.

Taken together, the aligned cardiac tissue using micro-processed
fibrin gel improved contractile functions through promoting unidirec-
tional and electrical synchronicity. The use of advanced cardiac tissues is
expected in regenerative therapy, drug development, and disease
research, as well as to clarify the molecular mechanisms of cardiac tissue
maturation through synchronous contraction.

5. Conclusions

Using the micro-processed fibrin gel, hiPSC-CMs were oriented on a
fibrin gel with increased contractile properties due to synchronized
anisotropic contraction without increasing glucose consumption. This
might lead to the development of more functional cardiac tissue models
for disease research, drug development, and regenerative therapy.
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Supplementary Materials

Supplementary data 1. Purity of hiPSC-CMs after two rounds of puromycin

treatment
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The purity of hiPSC-CMs was 89 + 9% of cardiac troponin T (n =3).



Supplementary data 2. Confocal images of hiPSC-CMs in the control (left)

and MFG (right)

Control MFG

Scale bar = 50um
Green; F-actin, Blue; DAPI
The images of the same sample in Figure 2| were obtained with 40x oil

immersion objective lense.



Supplementary data 3. Intracellular structure of non-aligned or aligned

cardiac tissue with confocal images on day 43
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Supplementary data 4. Gene expression levels in non-aligned and aligned

cardiac tissue on day 44
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Supplementary data 5. PIV analysis of aligned and non-aligned cardiac

tissue
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(A) Representative image of PIV analysis on day 43. (B) Vector length of each
site. (C) X-axis components of an individual vector (left) and the sum of the X-
axis component of vector length at each site (right) (N=6). PIV; particle image
velocimetry



