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The fabrication of biomimetic structures for tissues and organs is emerging in the fields of biomedical
engineering and precision medicine. While current progress in biomedical research provides a number of
biofabrication methods, the construction of multi-dimensional cardiac tissue is highly challenging due to
difficulties in the maturation and synchronization of cardiomyocytes (CMs) in conjunction with other types
of cells, such as myofibroblasts and endothelial cells. Here, we show a simple fabrication methodology to
construct multi-dimensional cardiac macro tissue (mMCMT) by layer-by-layer (LBL) deposition of cells on
micro patterned PDMS. mCMTs formed by LBL deposition of pluripotent stem cell (PSC)-derived
cardiomyocytes and cardiac fibroblasts formed 3D patterned structures with synchronized beating
characteristics. We also demonstrate that cardiac maturation factors such as the gene expression of MLC2v

and cTNI and formation of sarcomeres in mMCMTs were significantly enhanced by LBL deposition and

iii:g’ti% 1;;&?;;&8/220020 growth factors during the maturation process. Fabrication of matured mCMTs with synchronized beating
enables providing an efficient platform for evaluating the efficacy and toxicity of drug candidates. These

DOI: 10.1039/d0ra01577f results have important implications because mCMTs are applicable to diverse in vitro studies and drug
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1 Introduction

The fabrication of laboratory-grown macro tissues consisting of
cells, a matrix, and functional biomolecules has been in high
demand due to their great potential as a core platform for labo-
ratory and clinical applications."” Assembling and organizing
tissue-like structures from individual cells, matrices, and
biomolecules require morphogenic guidance by biochemical
and/or biophysical cues to be successful in the formation of
biologically functional mimetics. In particular, morphogenic
guidance by macroscale geometry confinement and microscale
cell-cell interactions is quintessential for the assembly of bio-
logically functional macro tissues, which requires fabrication
methodology in multiple dimensions.*® For example, a magnetic
alginate microfiber was used as a template to assemble cells to
fabricate microvascular-like structures.'® The macroscale aniso-
tropic alignment of cardiac cells affected the formation of cell-
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screening methods that require tissue-like structures and functions in a physiological environment.

cell junctions.™ The cellular capability of self-organization was
enhanced by filament-shaped micropatterning.*

As regenerative agents and drug screening platforms, cardiac
micro tissues from pluripotent stem cell (PSC)-derived car-
diomyocytes (CMs) have been extensively developed but also
show limitations for their use in heart disease and cardiotox-
icity screening. To fabricate biologically functional cardiac
tissues, myocardial cells were transformed into various patterns
designed by the use of two-dimensional (2D) topography,
resulting in three-dimensional (3D) cardiac tissue.’** Although
such 2D patterning facilitated the formation of cardiac tissue,
the anisotropic alignment of CMs, which is quintessential for
cardiac tissue, was hampered by a lack of 3D structural infor-
mation. Therefore, a 3D matrix was utilized to overcome the
limitation of the 2D scaffolds.>**° For example, electrospinning
and collagen patterning allowed for guiding cell-cell interac-
tions and thereby the 3D alignment of CMs.*'"** A cardiac bio-
wire was used as a platform for alignment, maturation and drug
assessment using surgical sutures and collagen type 1.3¢ A
myocardial patch from epicardiac cells was used to induce the
alignment of the myocardium. The use of a nanofiber enabled
the anisotropic alignment of myocardial cells with a scaffold.?”

To achieve biologically functional cardiac tissues from stem
cell-derived CMs, there are two essential features: the maturation
of embryonic stem cells to an adult phenotype®** and the
synchronization of contractile cardiac tissue through cell-cell
junctions to avoid the arrhythmogenic potential of asynchronous

This journal is © The Royal Society of Chemistry 2020
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stem cells."®*" In particular, cell-to-cell interactions and
mechanical coupling between CMs and stromal tissue play key
roles not only in maturation but also in synchronized cardiac
beating under the influence of their microenvironment.***” Since
cardiac tissue regulates beating by mediating the mechanical and
electrical signals between them, enhancing the spatial networks
among cardiac cells attenuates the beating fluctuation. For
instance, the mechanical connection of fibroblasts to CMs
allowed the regulation of electrical signals and beating.
Therefore, the fabrication of a biomimetic architecture with
biophysical integrity is important for constructing iz vitro cardiac
tissues with synchronized beating properties.

In this study, we developed accordion-like honeycomb (ALH)
patterned multi-dimensional cardiac macro tissues (mCMTs) by
layer-by-layer (LBL) deposition and centrifugation, which yiel-
ded cardiac tissues with synchronized beating.*”**** Our finding
showed that the addition of fibroblast growth factor 4 (FGF4)
and ascorbic acid facilitated cellular maturation and contrac-
tility in the mCMT. We also demonstrated that mCMTs
prepared by LBL and growth factors could be used to evaluate
the efficacy and toxicity of drug candidates. Our findings have
important implications for exploring the use of biomimetic
mCMTs in biomedical engineering and precision medicine.

48-51

2 Methods

2.1 Fabrication of ALH-patterned substrates

To generate the ALH micropattern, a PDMS (Sylgard® 184, Dow
Chemical Co., Midland, MI, USA) microchannel was replicated
from a master mold. The master mold was made using
conventional soft lithography on a silicon wafer (SU-8, Micro-
Chem, Westborough, MA, USA). A mixture of a PDMS prepol-
ymer containing a PDMS precursor and curing agentina 10: 1
ratio was decanted into the SU-8 mold and polymerized in
a drying oven (at 60 °C) for 2 h. For construction of the round
shaped channel, PDMS prepolymer was poured on the fabri-
cated PDMS master mold and then removed the poured PDMS
from the master mold. Then, the master mold was cured again
using a drying oven (at 60 °C for 2 h).**** Finally, a PDMS
microstructure (8 x 10 x 5 mm) containing 196 patterns (14 X
14) arrayed in an accordion-like channel (200 x 300 pm, width
and depth) was fabricated (Fig. S17).

2.2 hPSC culture and differentiation into CMs

Human embryonic stem cells (hESC) (H9, WiCell Research
Institute, Madison, WI, USA) were maintained on Matrigel (BD
Biosciences, San Jose, CA, USA)-coated plates in Essential 8™
medium (Gibco, Grand Island, NY, USA). hESCs were dissoci-
ated into single cells with Accutase (Sigma-Aldrich, Saint Louis,
MO, USA) at 37 °C for 3 min and then seeded onto a Matrigel-
coated 6-well plate at 200 000 cells per cm” in Essential 8™
medium (Gibco) supplemented with 2 uM thiazovivin (Sigma-
Aldrich) for 24 h. Thiazovivin was used to inhibit Rho kinase
activity due to their role in maintaining stem cells.*® Our cardiac
differentiation protocol is based on temporal modulation of
canonical Wnt signalling method.?” At day 0, cells were treated
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with 6 uM CHIR99021 (Sigma-Aldrich) in RPMI 1640 medium
(Gibco) with B-27™ supplement (without insulin, Gibco) for 2
days. At day 2, cells were treated with 2 uM of IWP2 (Tocris,
Bristol, UK) in RPMI 1640 medium with B-27™ supplement
(without insulin) for 2 days. At day 4, the medium was changed
daily. At day 7, the medium was changed to RPMI 1640 medium
with B-27™ supplement (without vitamin A, Gibco), following
the medium change at every 2 days. The hESCs were harvested
at day 12 for mCMT fabrication. Human induced pluripotent
stem cells (hiPSCs)-derived CMs (Cardiosight-S®, NEXEL Co.,
Ltd, Seoul, South Korea) were cultured on Matrigel-coated
plates in RPMI 1640 medium with B-27™ supplement
(without vitamin A) for 4 days by changing the medium at every
2 days and then harvested for mCMT construction.

2.3 Multi-dimensional cardiac macro tissue (mCMT)
fabrication

To fabricate mCMT, we utilized hESC-derived CMs, hiPSCs-
drived CMs, and cardiac fibroblasts (NHCF-V, Normal Human
Ventricular Cardiac Fibroblast, LONZA, MD, USA) that were
cultured in FBM™ basal medium with FGM™-3 SingleQuot
Supplements (Lonza). The solution for gelation (collagen
concentration, 2 mg ml~") was prepared by mixing collagen type
I (rat tail, BD Biosciences) with phosphate-buffered saline (PBS)
supplemented with phenol red, and the pH was adjusted to 7.4
using 0.5 N NaOH. For construction of mixture cardiac patches,
the harvested CM pellet and the CFB pellet were mixed with 400
ul of type I collagen solution. Next, the mixture of 1 x 10® CMs
and 2 x 10° CFBs were loaded into the ALH-patterned mold and
centrifuged for 1 min (190 rcf). For the LBL cardiac patch, the
CM pellet and the CFB pellet were mixed with 300 pl and 100 pl
of type I collagen solution, respectively. Next, 1 x 10° cells/300
ul of CMs mixture were loaded into the ALH-patterned mold
and centrifuged for 1 min (190 rcf). Sequentially, 2 x 10° cells/
100 pl of CFBs mixture were loaded into the ALH-patterned
mold on top of the CM-loaded gel followed by centrifugation
for 1 min (190 rcf). After gelation in a humidified 5% CO,
incubator at 37 °C for 40 min, RPMI 1640 medium (Gibco) with
or without 20 ng ml~" FGF4 (Sigma-Aldrich) and 200 pg ml™" 1-
ascorbic acid 2-phosphate sesquimagnesium salt hydrate
(Sigma-Aldrich) were added and placed back in the incubator
for maturation. The mCMT was cultured for 6 days after
construction of each patch by changing the medium every 2
days. The mCMT was cultured in PDMS mold for first 2 days and
then incubated in 35 mm cell culture dish for following 4 days.

2.4 Immunofluorescence staining and image analysis

mCMTs were washed with PBS (Gibco) and fixed with 4%
paraformaldehyde (PFA) solution (Sigma-Aldrich) for 30 min at
room temperature. The patches were permeabilized with 0.4%
Triton X-100 for 20 min and blocked with 5% bovine serum
albumin (BSA, Sigma-Aldrich) for 45 min at room temperature.
After overnight incubation at 4 °C with primary antibodies,
which included cardiac troponin T mouse (Thermo Scientific,
Waltham, MA, USA), MLC2v rabbit (MYL2, Proteintech, Rose-
mont, IL, USA), or FSP1 rabbit (fibroblast-specific protein-1,

RSC Adv, 2020, 10, 18806-18815 | 18807
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Millipore, Billerica, MA, USA) at dilutions of 1 : 300, 1 : 200 and
1: 200 in 5% BSA solution, respectively, each patch was washed
five times with PBST for 15 min each. Alexa Fluor 488 goat anti-
mouse IgG (H+L) for cardiac troponin T and Alexa Fluor 594
goat anti-rabbit IgG (H+L) (Life Technologies, Carlsbad, CA,
USA) for MLC2v or FSP1 were added as secondary antibodies at
dilutions of 1:1000, 1:500 and 1: 600 in 5% BSA solution,
respectively, and then incubated for 3 h at room temperature.
4’ ,6-Diamidino-2-phenylindole, dihydrochloride (DAPI)
(1 : 2000; Molecular Probes, Carlsbad, CA, USA) was also added
to each sample for nuclear staining. After staining, the samples
were washed again five times with PBST for 15 min each.
Samples were then visualized using an LSM 800 (Carl Zeiss,
Oberkochen, Germany) confocal fluorescence microscope.
Image] software was used for image analysis. Co-localization of
c¢TNT and MLC2v was evaluated by utilizing ‘coloc2’ function in
the image] software. Coloc2 illustrates the degree of correlation
through the pixel intensity as a Pearson's value.

2.5 Quantitative PCR

Total RNA was extracted from each mCMT patch on day 6 using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA), with slight
modifications of the manufacturer's recommendations. In
short, each sample was homogenized by pipetting 1 ml of
TRIzol reagent for 5 min and then mixed with 0.2 ml of chlo-
roform (Sigma), followed by vertexing it for 15 s. The resulting
mixture was centrifuged at 15 000 rpm for 15 min at 4 °C and
then the colorless supernatant was transferred to a new tube
which was gently mixed with the same amount of isopropanol
(Sigma). The supernatant mixture was centrifuged at
15 000 rpm for 10 min at 4 °C, yielding a RNA pellet. After
removing the supernatant, the RNA pellet was washed with 500
ul of 75% ethanol and centrifuged at 15 000 rpm for 10 min at
4 °C. This step was repeated twice. To remove the ethanol
completely, the pellet was dried in a dry oven (56 °C) for 5 min.
The dried RNA pellet was dissolved in nuclease free duplex
buffer (Integrated DNA Technologies, Coralville, IA, USA). The
concentration of extracted mRNA was measured by using
a NanoDrop 2000c (Thermo Fisher Scientific). Extracted RNA
(~500 ng) was reverse transcribed into complementary DNA
(cDNA) using PrimeScript™ (cDNA synthesis kit; Takara, Shiga,
Japan). PCR was performed with iQSYBR Green Supermix (Bio-
Rad Laboratories, Hercules, CA, USA) using a MyiQ 2 real-time
PCR detection system (Bio-Rad). The relevant primers are lis-
ted in ESI Table 1, and B-actin served as the reference gene.
The expression level of each gene was normalized to that of the
control group by the ddCt method.

2.6 Beating analysis using a captured movie

The contractile properties of CMTs were estimated by analyzing
the movies taken with a microscope (Nikon, Ti2-E, Tokyo,
Japan) at 40x magnification. Movies were captured at 50 frames
per second and then analyzed by NIS software (Nikon), which
counts the variation in light intensity in a selected region during
15 s. The beating kinetics of each sample were estimated to
identify beating regularity and homogeneity.
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2.7 Drug treatment and evaluation studies

Treatment of drugs was performed on LBL GF+ mCMT patches
inside incubator at day 6 after seeding. Fluo-4 solution was
prepared by adding 50 pl of pluronic F-127 (20%) solution in
DMSO (Invitrogen) into 50 pg of fluo-4, AM (Invitrogen) and
used to measure calcium transient of mCMTs. mCMT patches
were moved to 12 well plate. 1250 pl of RPMI 1640 medium with
B-27™ supplement (without vitamin A) with calcium chloride
(Sigma) solution to make 2 mM of Ca** and 15 pl of Fluo-4
solution was added to each patch well prior to drug dose
experiments. A dilution of the drugs in media was added in 250
ul doses. Sample were incubated and recorded at 0 h, 0.5 h and
2 h time points. The final concentration of the drug used was 10
uM for isoproterenol (Sigma), 30 uM for ruthenium red (Abcam,
Cambridge, UK), and 10 pM for yodal (Sigma).

2.8 Statistical analysis

Statistical analyses were performed to evaluate the differences
between the experimental groups using one-way or two-way
ANOVA (SPSS, IBM Corporation, NY, USA). Levene's test was
performed to determine variance homogeneity. If the variance
is equal, Scheffe post hoc test was performed. Dunnett's T3 post
hoc test was used if the variances were not equal.

3 Results

3.1 Fabrication of multi-dimensional cardiac macro tissues
(mCMTs)

To prepare mCMT, we selected human pluripotent stem cell
(hPSC)-derived CMs and human cardiac fibroblasts (hCFBs) due to
the synergetic role of hCFBs on CM maturation.* A square frame
on the ALH patterned PDMS mold was utilized to fabricate mCMT
by placing both hPSC-CM and hCFB cells through simple centri-
fugation of the cell-collagen mixture (Fig. 1A and B).”> The LBL
method followed by the sequential centrifugation of hPSC-CM-
collagen type 1 and hCFB-collagen type I was performed, result-
ing in biphasic mCMT, with each layer composed of a dominant
layer of hPSC-CMs and hCFBs, respectively. Alternatively,
a mixture of hPSC-CMs, hCFBs, and collagen type I was centrifu-
gally precipitated into the ALH scaffold to form mixed CMT
(Fig. 1C). After incubation in culture media, the mCMT imbedded
in the collagen gel lifted up from the ALH scaffold, yielding
a patterned patch-like structure surrounded by a frame. In the use
of drug molecules, the mCMT patch was utilized to measure
beating characteristics and calcium transient (Fig. 1A and B).

The maturation of mCMT was monitored to examine the
effect of FGF4 and ascorbic acid and used for cell deposition by
either LBL or simple mixture gelation (Fig. 2). The microscopic
images of mCMT revealed quite well-patterned patches not only
in the poly(dimethylsiloxane) (PDMS) mold (days 2 and 3) but
also in detached gels (day 6), which suggests that our method by
the use of the ALH scaffold and centrifugation is suitable for the
preparation of mCMT and its in situ maturation (Fig. S27).
Notably, all four groups processed by the mixture or LBL gelation
with or without treatment with FGF4 and ascorbic acid main-
tained the integrity of the ALH-patterned structure.

This journal is © The Royal Society of Chemistry 2020
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Treatment and evaluation
of drug molecules

Cardiac patch
detachment from mold

Single-channel pattern

Layered cell loading
(1. hPSC-derived CMs , 2. hCFB)

Mixed cell loading
(hPSC-derived CMs + hCFB)

Fig. 1 Fabrication of cardiac microtissues by LBL or the mixture deposition of cells in an accordion-like honeycomb (ALH) pattern. A repre-
sentative scheme to prepare cardiac patches for drug test (A) and image of the ALH pattern mold (B(i)), ALH pattern mold with patterned cell
image (B ii), cardiac patch detached from the ALH pattern mold (B(iii)) and concept of drug evaluation (B(iv)). (C) Schematic image of different cell
deposition according to cell loading method to make LBL and mixture cardiac patches. Immunofluorescent images represent differences in cell
deposition. Scale bars: 500 um in (B(i and ii)), 2.5 mm in (B(iii)) and 200 pm in (C).

Mixture GF-

LBL GF- Mixture GF+ LBL GF+

Fig. 2 Bright field microscope image of cardiac patches in the mold
on day 2 and detached cardiac patches on day 6. Scale bar: 500 um.

Day 2

Day 6

3.2 Cell distribution of mCMTs in the ALH patterned mold

Confocal fluorescence microscopy was used to identify
a specific cell type at a location within the ALH-patterned
mCMT and thereby to validate the cell deposition methods by
LBL and the mixture. To this end, we stained CMs and

This journal is © The Royal Society of Chemistry 2020

fibroblasts with cardiac troponin T (cTNT; green) which is
a specific marker present in the actin site of CMs and fibroblast-
specific marker 1 (FSP1; red) for CFBs, respectively (Fig. 3). For
the quantification, the ratio of FSP1/cTNT area in each bottom
layer was normalized as 1 and then the relative ratio of FSP1/
¢TNT area in each corresponding top layer was estimated to
that of the bottom layer. In the mixture, at day 1, both ¢cTNT and
FSP1 coexisted in the bottom and top layers of the mCMT,
indicating that CMs and hCFBs formed entangled mCMT
(Fig. 3). However, the LBL sample at day 1 showed that ¢cTNT
was dominant in the bottom layers, while FSP1 was populated
only in the top layer (Fig. 3). This result suggests that the LBL
method is suitable for constructing mCMT with specific cell
types. After 6 days of further maturation, the mixture CMT
maintained its initial characteristics, with a slight change in the
cell population. Thus, CMs and hCFBs coexisted in the bottom
and top regions of the CMT mixture (Fig. 3 and S3t). The LBL
CMT, each CM and hCFB dominant layers existed in the bottom
and top regions, respectively (Fig. 3 and S37).

RSC Adv, 2020, 10, 18806-18815 | 18809
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Fig. 3 Distribution of hPSC-derived CMs and CFBs in mCMT by LBL and mixture deposition at day 1 and 6, using confocal fluorescence
microscopy. (A) Cardiac troponin T (cTNT; green), fibroblast-specific protein 1 (FSP1; red) and nucleus (blue) were immunohistochemically
stained, respectively. (B) Quantitative analysis of FSP1 area relative to cTNT in bottom and top of mMCMTs. Scale bars are 200 um. *P < 0.05, **P <
0.01, ***P < 0.001, unpaired two-tailed Student's t-test. Note that N = 4 per each group for graph B and the error bars were estimated by the
standard deviation.
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Fig. 4 Characterization of mCMTs beating. Beating characteristics at day 2 (A) and day 6 (B) are represented by monitoring pixel intensity in
regions of interest over a period of 15 s. The wave in the each graph represents change in light intensity of the different area, respectively. (C)
Comparison of contraction, relaxation and peak-to-peak duration (PTP) among prepared groups. Note that the statistical analysis by one-way or
two-way ANOVA is shown in Fig. S47 and Tables S1-S3,7 N = 5 per each group for beating analysis.
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3.3 Beating properties of CMTs

Spontaneous beating of mCMTs were observed by inverted
optical microscopy as early as 1-2 days after cell deposition.
Representative beating patterns of each group, which were
analysed by real-time images of mCMTs beating, are shown in
Fig. 4 (from day 2 to day 6). mCMTs with no FGF4 and ascorbic
acid treatment (GF—) revealed that the beating frequency was
not synchronized in either the mixture or the LBL groups at days
2 and 6, respectively (Fig. 4A and B). For mCMTs with FGF4 and
ascorbic acid treatment (GF+), however, the frequency was well
synchronized in the LBL group but not in the mixture group
after 6 days of incubation, although synchronized beating was
not observed in any sample at day 2. We further analysed mCMT
behaviour (contraction, relaxation, and peak-to-peak duration)
at four time points: days 2, 3, 5, and 6. The contraction of
mCMTs was increased until day 5 and then decreased at day 6.
The relaxation and peak-to-peak duration of mCMTs showed
a similar trend, with a variation in beating spots in the LBL GF+
group being significantly lower than that of all other groups
after 6 days of incubation. Therefore, FGF4 and ascorbic acid
enhanced the beating regularity of CM, which was synergisti-
cally increased in the LBL mCMTs. This result suggests that the
LBL deposition method with chemical supplements improves
the synchronization of mCMTs beating.

3.4 Gene expression levels of maturation markers in mCMTs

We also evaluated the gene expression profile of mCMTs asso-
ciated with CM maturation and electromechanical function at
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Fig. 5 Effect of growth factors and the LBL method on the gene
expression of MCMTs by real-time PCR analysis (A—F). Shown are the
expression levels of the cardiac-specific markers (CTNT, cTNI, GJAL),
ventricle-specific marker (MLC2v), hypertrophy marker (PreMir21) and
mechanosensitive ion channel (piezol). Expression values were
normalized to B-actin. Statistically significant values were defined as *P
< 0.05, **P < 0.01. P values were determined according to the
unpaired two-tailed Student's t-test. Note that the experiment was
triplicated, and the error bars were estimated by the standard
deviation.
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day 6. The GF+ groups exhibited increased maturation factors
(ventricular myosin light chain-2 (MLC2v) and cardiac troponin I
(¢TNI)) (Fig. 5A and B), whereas there was no significant differ-
ence in cardiac troponin T (¢TNT) or gap junction alpha-1 (GJA1)
between the groups (Fig. 5C and F). In particular, MLC2v in the
GF+ groups was approximately 20-fold higher than that in the
GF— groups (Fig. 5A). Therefore, FGF4 and ascorbic acid posi-
tively influence the differentiation of immature CMs into
ventricular-specific CMs.” In addition, pre-Mir21 (MicroRNA 21),
a hypertrophy marker, was slightly increased in the LBL GF+ CMT
compared with the other groups. Interestingly, the mechano-
sensitive ion channel Piezo1 was also slightly increased with LBL
and GF.

3.5 Identification of MLC2v and sarcomere alignment in
mCMTs

In the next step, we performed confocal fluorescence micros-
copy by immunostaining with cTNT which is located at the actin
of CMs and MLC2v which is present in the thick filaments of the
ventricle type CMs to evaluate CMs alignment and maturation
at the level of protein expression, respectively. In the GF+
mCMT, sarcomeric actin was formed by ¢cTNT. In particular, the
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Fig. 6 Identification of MLC2v expression and sarcomere alignmentin

cardiac patches using confocal fluorescence microscopy at the day 6.
(A) cTNT (green), MLC2v (red), and DAPI (blue) staining images in the
mixture and LBL groups, respectively. (B) Normalized expression level
of MLC2v over cTNT of mCMTs. (C) Colocalization of MLC2v and cTNT
analyzed by Pearson’s R value. Scale bars: 10 um. Statistically signifi-
cant value was defined as *P < 0.05, **P < 0.01, ***P < 0.001 and
unpaired two-tailed Student's t-test. Note that the experiment was N =
8 for Band N =5 for C, respectively and the error bars were estimated
by the standard deviation.
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Fig. 7 Evaluation of beating and calcium transient of mCMTs upon
addition of agonist and antagonist. (A) A scheme of drug evaluation
process. After treatment of agonist and antagonist, the PTP was
measured by beating (B, C, D) and calcium transient (E, F, G),
respectively, and normalized to estimate PTP ratioat 0 h (B, E), 0.5h (C,
F) and 2 h (D, G), respectively. Statistical significance was estimated as
*P < 0.05, **P < 0.01, ***P < 0.001 and unpaired two-tailed Student's
t-test. Note that the number of beatings is N = 16 for control group, N
= 15 for isoproterenol group, N = 15 for Yodal group and N = 10 for
ruthenium red group, respectively and the error bars were estimated
by the standard deviation.

LBL mCMT appears to have better actin alignment than the
mixed mCMT (Fig. 6A). Although the expression of MLC2v in
the LBL GF+ mCMT was approximately less than twice as high
as that of the mixture GF+ mCMT (Fig. 6B), the LBL GF+ mCMT
was well colocalized with ¢TNT and MLC2v in the sarcomeric
actin, while the GF+ mixture mCMT showed cytoplasmic
staining rather than actin in MLC2v staining (Fig. 6C). There-
fore, the alignment and maturation of CMs in the LBL GF+
mCMT is better than that in the other group (Fig. S57).

3.6 Evaluation of mCMTs using agonist and antagonist

The method of constructing mCMT by the LBL deposition and
centrifuge enables preparation of biomimetic mCMT to
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evaluate the efficacy and toxicity of drug molecules. Since LBL
GF+ mCMT exists in the form of a tiny patch with synchronized
beating behaviour, the mCMT is applicable to evaluate the
effect of agonists and antagonists for the function of CMs.
Therefore, we prepared the mCMTs to measure their beating
property and calcium transient by adding agonists, Yodal and
isoproterenol and antagonist, ruthenium red (Fig. 7). Yoda1l is
a agonist of mechanoresponsive piezol ion channel, which
increases both calcium influx through the channel and beating
rate of cardiac cells.® Ruthenium red is known to block cationic
channels, which influences on the beating of cardiomyocytes.*
Isoproterenol is a beta-adrenergic agonist that increases the
beating rate of cardiomyocytes.®> The control group proceeded
together for comparison as a group with no drugs added. To
characterize the cardiac beating and calcium transient of the
mCMTs, we analysed peak-to-peak duration of mCMTs, which
was shown in Fig. 4 (Fig. 7A). In our experiments, isoproterenol
and Yodal treated mCMTs began to beat faster than that of
untreated mCMTSs, while ruthenium red treated mCMTs were
slower in their beating at the time point of 0.5 h and 2 h after the
treatment (Fig. 7B). Similarly, calcium transients of the mCMTs
were faster for isoproterenol and Yodal treated groups, but
slower for the ruthenium red in comparison to the untreated
control group (Fig. 7C). Therefore, the mCMTs prepared by LBL
and GF+ were successfully used to evaluate cardiac beating and
calcium transient upon addition of agonist and antagonist. We
also found that the effect of isoproterenol and ruthenium red on
the beating and calcium transient of mCMTs were attenuated
for 2 hours, while Yodal keeps the effect for the same time.

4 Discussions

Recent emerging technologies in biomaterials and tissue engi-
neering enable the development of a complex structure for
regeneration and precision medicine."** Despite such
advancement, the fabrication of precisely organized and
aligned cell-matrix structures mimicking real tissues has been
challenging. Fabricating complex structure requires complex
technologies, which makes the barrier higher. LBL based on
cells was achieved by using other polymer layers for cell stack-
ing or using thermo-responsive coated plate to harvest cell
layers and stacking the cell layers.®** In this study, simple
centrifugation of cells-hydrogel mixture on the PDMS molds
enabled the LBL deposition of different types of cells for the
fabrication of complex structure (Fig. 1). The structural integrity
of LBL based mCMT were kept for 6 days of the maturation
process (Fig. 3), which suggests the fidelity of our method.
Demolding of the cardiac structure, as well as its fabrication, is
another technical challenge to fabricate the integrated mCMTs.
Our results show that round bottomed PDMS molds allow to
retrieve the intact mCMTs from PDMS molds with no surface
treatment. Technology developed in this study by the combi-
nation of PDMS based round bottom mold with centrifugation
of cell-matrix by LBL deposition allows to fabricate patterned
mCMTs for investigating the synchronization and maturation
of cardiac tissues.

This journal is © The Royal Society of Chemistry 2020
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Synchronized beating of mCMTs is essential for their use in
tissue engineering and drug screening.*®*® For instance, the
irregular beating of cardiac tissues is corresponding to the
abnormal heartbeats that is a symptom of an heart disease,
called arrhythmia.*"*” Our findings show that synchronization
of the mCMTs is significantly enhanced by both LBL deposition
of cardiac cells with fibroblasts and growth factors (Fig. 4).
During the assembly process of mCMTs, cell-cell connections
are important for cardiac bundle formation. In the LBL mCMTs
with fibroblast layer, our observation suggests that CMs are
fairly aligned with unidirectional sarcomere formation (Fig. 6).
In contrast, CMs of the mixture mCMTs with fibroblasts are
assembled with no directionality of sarcomeres, hinting at
a potential role of fibroblasts acting as interrupting CMs
connections (Fig. 6). It is also worthwhile to note that fibroblasts
act as a activator of contractility and firing of CMs by lowering
membrane potentials.***® Thus, our findings in the enhanced
synchronization of LBL mCMTs could be explained by the fact
that CMs were interconnected each other without the physical
intercalation of CFs, but with their activating effects in prox-
imity. This is also supported by our analysis that the cardiac
maturation marker, MLC2v and c¢TNI, was upregulated in a RNA
level (Fig. 5A and B) and the sarcomere structure was better
formed in a protein level for the LBL mCMTs with growth
factors (Fig. 6).

Controlling cell assembly in 3D structure is challenging, but
prerequisite to utilize mCMT in a number of applications
including drug screening. In the previous study, we demon-
strated the development of cardiac patch to regulate the inter-
play between CMs and CFBs through LBL deposition. However,
there was a caveat to control cellular aggregation and uniform
distribution of cells in the whole area of mCMT. Such limitation
made us difficult to prepare reproducible mCMTs with high
fidelity, which was critical to evaluate the efficacy and toxicity of
drug molecules using mCMTs. In the current study, we
employed one of the well-known patterns, i.e. accordion-like
honeycomb,” to introduce a geometrical guidance cue into
construction of mCMT. The use of the pattern allowed us to
prepare quite reproducible mCMTs by regulating aggregation
and distribution of cells in the whole area (Fig. S6 and S77),
which also facilitated the alignment and assembly of mCMTs.
Thus, we were able to use the mCMTs for evaluation of the
beating and calcium transient upon addition of drug molecules.

Assembly of mCMTs by a LBL deposition and centrifuge has
proposed a potential route to develop biomimetic mCMT in an
easy and convenient way.”* Since not only a functional cardiac
tissue assembled by hPSC-derived cardiomyocytes could mimic
the beating behaviour of human cardiac cells, but also the
failure in cardiac beating is known for most common causes of
drug rejection,” the mCMT could be used to screen drug
molecules for the efficacy and toxicity. In this study, we utilized
agonist and antagonist of CM to demonstrate that cardiac
beating and calcium transient of mCMTs could be used for the
functional assay of CM properties. When exposed to each
agonist, ie. isoproterenol and Yodal, and antagonist, ie.
ruthenium red, we were able to see the change in beating
property and calcium transient of mCMT. It is also interesting
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to note that Yodal increases the beating and calcium transient
by ~2 times compared with those of control group, while
ruthenium red adversely results in decrease of the properties.
Since Yodal and ruthenium red are activator and inhibitor for
mechanoresponsive Piezol ion channel, respectively, our result
suggests that Piezol-mediated calcium transient could be an
important factor in beating of CMs.”* Our observation could
shed current obstacles of drug screening using mCMT,
providing innovative, yet easy biofabrication technologies for
many desired applications.

5 Conclusions

We report the development of mCMT, which enabled us to
control the maturation and synchronization of cardiac tissues
and the multicellular structure and dimension. The formation
of mCMT by LBL deposition and centrifugation represents an
advancement in the ability to fabricate cardiac tissues on
demand. The characterization of cardiac beating and gene
expression for maturation sheds light on the sufficiency of our
method to fabricate cardiac tissues for basic research,
biomedical engineering, and healthcare industries. Evaluation
of mCMT function using drug molecules could be further
enhanced by employing active mechanical stimuli and signal-
ling modulation. The multicellular structure and synchronized
beating aspects of this approach should facilitate its application
to solve problems in basic development and cardiac disorders
including  arrhythmias, cardiomyopathy, and cardiac
hypertrophy.
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