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A B S T R A C T   

More relevant human tissue models are needed to produce reliable results when studying disease mechanisms of 
genetic diseases and developing or testing novel drugs in cardiac tissue engineering (TE). Three-dimensional (3D) 
bioprinting enables physiologically relevant positioning of the cells inside the growth matrix according to the 
detailed digital design. Here we combined human induced pluripotent stem cell (hiPSC)-derived cardiomyocytes 
(CMs) with methacrylated gelatin (GelMA) and collagen I-based bioink and 3D extrusion bioprinted a cardiac in 
vitro model for disease modeling and drug screening. Bioprinted constructs were characterized for their rheo-
logical properties, swelling behavior, degradation, as well as shape fidelity. The printed structures demonstrated 
good mechanical properties and high shape fidelity upon culture. Immunocytochemistry revealed elongated 
hiPSC-CMs growing inside the structures and the presence of the connexin 43 marker, indicating cardiac gap 
junctions between printed cells and tissue formation. Extensive functional analyses with calcium imaging showed 
normal functionality and calcium-handling properties for hiPSC-CMs. Finally, suitability of this 3D bioprinted 
construct for patient-specific disease modeling was demonstrated by bioprinting hiPSC-CMs from a patient 
carrying an inherited gene mutation causing catecholaminergic polymorphic ventricular tachycardia (CPVT). 
CPVT hiPSC-CMs responded to adrenaline treatment in the 3D bioprinted model in a manner that is characteristic 
for CPVT disease specific phenotype. Thus, the 3D bioprinted hiPSC-CM in vitro model has great potential for 
disease modeling and drug screening in cardiac tissue engineering.   

1. Introduction 

Cardiovascular diseases are the leading cause of mortality worldwide 
[1]. Primary treatment option for patients is a pharmacological 
approach which often has limited advantages. Besides of the need for 
better cardiac drugs, drug-induced cardiotoxicity is a severe complica-
tion and is not only the leading cause of failure of novel drugs in pre-
clinical and clinical trials but also one of the leading causes (14 %) of the 
withdrawal of drugs (cardiac and non-cardiac) already on the market [2, 
3]. Additionally, a major limitation in drug development is the wide use 
of animals in preclinical studies, resulting in approximately 92 % failure 
of all drug compounds clinical trials mainly due to difficulties in trans-
lating results from animal-related studies into human treatments [4]. 

Rodents are often chosen as primary animal models for drug develop-
ment mainly due to the overall cost-effectiveness and short gestation 
time [5]. However, there are major differences in human and animal 
cardiac physiological parameters such as the beating rate, response to 
the increase in beating rate during exercise, expression of various pro-
tein isoforms, as well as the shape of action potentials [6]. Therefore, 
human-based models are desperately needed to have more reliable and 
predictive tools for drug discovery and screening applications. These 
models can be used not only for faster and safer drug development but 
also for studying disease mechanisms, structural and functional pheno-
types, and the effects of various gene mutations [7,8]. 

Cardiac tissue engineering (TE) provides an alternative tool to study 
cardiovascular diseases and its main objective is to recapitulate the 
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physiological tissue environment to enable investigations of cardiac 
muscle function and biology under both physiological and pathological 
conditions [9,10]. Human induced pluripotent stem cells (hiPSCs) have 
emerged as a key tool of cardiac TE, enabling studies of cardiovascular 
disease mechanisms, drug responses, and developmental processes in 
human 3D tissue models [9]. Today, researchers have relatively easy 
access to patient-derived hiPSCs, enabling the modeling of structural 
and functional inherited genetic cardiac conditions such as catechol-
aminergic polymorphic ventricular tachycardia (CPVT) [11], hypertro-
phic cardiomyopathy [12], or long-QT syndrome [13,14]. It has 
previously been demonstrated using hiPSC cardiomyocyte (hiPSC-CM) 
models that the 3D environment enhances functionality and maturation 
compared to their two-dimensional counterparts [15,16]. In the future, 
the 3D culture of hiPSC-CMs opens opportunities for achieving tissue 
models that replicate more closely native physiological conditions 
[17–21]. 

3D bioprinting has several advantages over traditional biofabrication 
technologies, including full control over the shapes and compositions of 
their printed components as well as the precise placement of diverse cell 
populations throughout the entirety of the construct, providing a 
powerful tool to manufacture precise 3D cardiac models [22]. In a 
human heart, cardiomyocytes are highly oriented and grow spatially in 
contact with other cells and the extracellular matrix (ECM) [14,23]. 
Orienting the CMs in cell culture requires guiding element such as 
suitable biomaterial, grooves or filaments [24]. As seen in most of the 
CM bioprinting studies, it is difficult to adequately and uniformly con-
trol the microstructure and individual cell placement within the con-
structs with the spheroid approach [25–28] or in methods where the cell 
laden bioinks are seeded without any additional guidance [22,29]. Only 
two previous studies have reported 3D bioprinting of hiPSC-CMs using 
photocrosslinkable gelatin based bioinks to orientate hiPSC-CMs in 3D 
constructs [30,31]. Previously, hiPSC-CMs have been 3D bioprinted 
with extrusion printing merely to demonstrate the possibility of utilizing 
these more sensitive cells in bioprinting while biocompatibility analyses 
in these studies are performed with more robust cell types of animal 
origin such as primary or rat CMs [30,32,33]. Calcium (Ca2+) is a key 
factor in CM excitation-contraction coupling and abnormalities in Ca2+

handling can cause arrhythmias. Imaging of Ca2+ fluxes (Ca2+ imaging) 
in CMs can be used for studying these mechanical properties [34]. In our 
previous study, we demonstrated adrenaline-induced Ca2+ abnormal-
ities in CPVT hiPSC-CMs in 2D conditions [11]. To the best of our 
knowledge, the functionality of diseased patient-derived CPVT 
hiPSC-CMs has not been previously explored in 3D bioprinted structures. 
Despite the recent progress in the field, technological breakthroughs are 
needed to unleash the full potential of 3D bioprinting for cardiac TE and 
to shift the paradigm toward functional hiPSC-based disease models. 

Bioinks for cardiac tissue constructs should form in vivo-mimicking 
microenvironments for the cells, which should be biocompatible, 
printable, and stable in culture [35]. Cardiac ECM is composed of pro-
teins, with collagens (type I collagen accounting for 80 %) being the 
most prominent group [36]. Collagens and collagen-based scaffolds also 
provide important functional benefits in that they provide an abundance 
of native heart-like ligands to embedded cells and promote the 
cell-mediated remodeling of tissue architecture [9]. GelMA is an 
appealing hydrogel to be utilized in bioprinting in many ways such as 
photocrosslinking in the presence of photoinitiators such as lithium 
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) [37]. Previously, both 
of these bioink components, GelMA [38] and collagen I [39], have been 
used in cardiac applications either as such or in combination with other 
polymers. However, the use of blends of GelMA and Collagen I-has not 
been previously reported for 3D bioprinting of hiPSC-CMs. 

In this study, we addressed these challenges by 3D bioprinting 
functional hiPSC-derived cardiac in vitro model. hiPSC-cardiomyocytes 
were printed in GelMA and collagen I-based bioink with extrusion 
printing. Herein, we demonstrated that 3D bioprinted structures have 
high shape fidelity and good mechanical properties. Moreover, hiPSC- 

CMs inside the 3D-printed structures showed more physiologically 
relevant and elongated cell morphology than their 2D counterparts. 
Cardiomyocyte functionality in the bioprinted 3D in vitro model was 
assessed with extensive Ca2+ imaging experiments with healthy and 
diseased patient-derived hiPSC-CMs. Here, we demonstrated the feasi-
bility of the 3D bioprinted hiPSC-CM for cardiac TE applications 
including drug screening and disease modeling. 

2. Materials and methods 

2.1. Human induced pluripotent stem cell derived cardiomyocytes 

A healthy human iPSC line, UTA.D103-4 [40], and a patient-specific 
iPSC line, UTA.05503.CPVT [11], were used. The control cell line was 
obtained from a healthy female and the patient-specific cell line was 
derived from a female individual carrying a RyR2 mutation (Q4201R). 
The patient had CPVT, which causes exercise-induced ventricular ar-
rhythmias. The donors gave their written informed consent. The study 
was approved by the Pirkanmaa Hospital District ethical committee 
(R08070). 

hiPSC lines were cultured on the Geltrex LDEV-free hESC-qualified 
reduced growth factor basement membrane matrix (Geltrex, Gibco, 
Thermo Fisher Scientific, Massachusetts, USA) diluted 1:100 to DMEM/ 
F12 (DMEM/F-12, Gibco, Thermo Fisher Scientific). hiPSCs were 
cultured in the mTeSR1 medium (Stemcell Technologies, Vancouver, 
Canada) supplemented with 50 U/ml Penicillin/Streptomycin (Pen/ 
Strep, Lonza, Gampel-Bratsch, Switzerland) and passaged every 7 days 
via treatment with Versene (Gibco, Thermo Fisher Scientific). 

hiPSC-CMs were differentiated via the embryoid body (EB) method 
as previously reported [41]. Briefly, hiPSCs were detached by Versene 
(Thermo Fisher Scientific) and seeded on ultra-low attachment 6-well 
plates (Corning, Massachusetts, USA) in the mTeSR1 medium supple-
mented with 5 μM Blebbistatin (Sigma-Aldrich, Missouri, USA) to 
enhance EB formation. From differentiation day 1 onward, EBs were 
cultured in the differentiation medium containing the RPMI 1640 me-
dium (Gibco, Thermo Fisher Scientific), B-27 minus insulin (B-27-ins, 
Gibco, Thermo Fisher Scientific), and 50 U/ml Pen/Strep. First, the 
differentiation medium was supplemented with 5 μg/ml L-ascorbic acid 
2-phosphate sesquimagnesium salt hydrate (Sigma-Aldrich), 10 ng/ml 
BMP4 (R&D Systems, Minneapolis, USA), and 25 ng/ml Activin A 
(Peprotech, Cranbury, USA) on day 1. Supplements were removed on 
day 3 and on day 4 2.5 μM IWP-4 (Tocris Bioscience, Bristol, UK) was 
added to the refreshed differentiation medium and removed on day 8. 
The medium was refreshed every other day and from day 10 onward, the 
medium was changed to a maintenance medium containing the RPMI 
1640 medium with the B-27 supplement (Gibco, Thermo Fisher Scien-
tific) and Pen/Strep. 

For 3D bioprinting, beating hiPSC-CM clusters were dissociated as 
single cells at day 23–44 of differentiation either by collagenase A 
(Roche, Basel, Switzerland) [42] or by Multi Tissue Dissection Kit 3 
(Miltenyi Biotech, Bergich Gladbach, North Rhine-Westphalia, Ger-
many). Single hiPSC-CMs were suspended in a 20 % FBS medium con-
taining fetal bovine serum (FBS, Sigma-Aldrich), Knockout-DMEM 
(KO-DMEM, Gibco, Thermo Fisher Scientific) supplemented with 1 % 
non-essential amino acid (NEAA, Lonza), 2 mM GlutaMax (Gibco, 
Thermo Fisher Scientific), and 50 U/ml Pen/Strep. Bioink was prepared 
by combining one part of the cell suspension with nine parts of GelMA 
bioink with 0.25 % LAP (Cellink, Gothenburg, Sweden) and a final 
concentration of 0.6 mg/ml of collagen I (OptiCol Human Collagen Type 
I, Cell Guidance Systems, Cambridge, UK). The concentration of the LAP 
photoinitiator in the final bioink was 0.21 %. Cell concentrations of 
4.0–15.3 million cellsml− 1 were used in bioprinting experiments for 
live/dead analyzes, stainings and for Ca2+ imaging. In acellular bio-
printings, the 20 % FBS medium was used instead of a cell suspension. 

Magnetic-activated cell sorting (MACS) was performed for differen-
tiated CPVT hiPSCs directly after dissociation to purify the CMs. The 
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PSC-Derived Cardiomyocyte Isolation Kit, human (Miltenyi Biotec), was 
used for MACS sorting according to manufacturer’s instructions. MACS- 
sorted CPVT hiPSC-CMs were mixed with bioink in a concentration of 
4.0 million cellsml− 1 and proceeded to 3D bioprinting. 

2.2. Optimizing 3D bioprinting 

The fabrication of 3D structures was done with the extrusion bio-
printer 3D-Bioplotter Manufacturer Series by Envisiontec (Gladbeck, 
Germany). The printhead was preheated to +32 ◦C and 32G needles 
with 100 μm inner diameter were chosen (Cellink). The printing plat-
form was cooled down to 10 ◦C. Twelve different bioprinting conditions 
were evaluated to optimize bioprinting to shape fidelity with the used 
bioink composition. Pressures ranging from 0.4 bar to 0.7 bar and speeds 
of 8 mm/s, 12 mm/s, and 16 mm/s were tested. Images of each printed 
layer were taken with a 3D Bioplotter camera. The printed structures 
were stabilized by photocrosslinking with UV. For this, each bioprinted 
layer was exposed to UV at 365 nm wavelength by using a 10 mm spot 
diameter, at a 30 mm distance with a speed of 6 mm/s. Structures were 
stabilized for 5 min at room temperature before washing with phosphate 
buffered saline (PBS, Lonza) to remove uncrosslinked GelMA. There-
after, the printed samples were cultured at 37 ◦C and 5 % CO2 in a 20 % 
FBS medium supplemented with Y-27632 dihydrochloride (ROCK in-
hibitor, Tocris). The ROCK inhibitor was removed after 24 h. Cell-laden 
structures were cultured for a maximum of 14 days and acellular 
structures for up to 20 days. 

To support visual evaluation of filament structures formed with 
different printing conditions, images from all twelve printing conditions 
taken after printing of second layer were analyzed with ImageJ plugin 
TWOMBLI [43] and were compared to analysis results from computer 
modelled grid. Analysis was done with fixed parameters of contrast 
saturation of 0.350, line width of 40, curvature 400, and minimum 
branch length of 20. Seven parameters (lacunarity, total length of fila-
ments, endpoints, branchpoints, fractal dimensions, curvature, and 
alignment) were analyzed from the images and were scored according to 
their correspondence to results from computer modelled grid, two most 
similar results from each category received one point and two least 
similar were decreased by one point. Endpoint and branchpoint data 
were normalized to total length of the filaments as recommended in an 
article from Wershof et al. [43]. 

Three different bioprinted structures were bioprinted according to 
their purposes of use. Bioprinted lattice structures were three-layered, 
square-shaped either 20 × 20 mm or 10 × 10 mm with a 1 mm dis-
tance between parallel lines and with 80 μm slice intervals. Cell-laden 
constructs were used for hiPSC-CM characterizations and acellular 
samples for filament stability studies. Bulk samples were bioprinted as 
seven-layered, 600 μm thick, round lattice structures with 0.3 mm dis-
tances between parallel lines and subsequently used for material anal-
ysis studies. For immunofluorescence staining and Ca2+ imaging 10 ×
10 mm structures were printed on glass bottom dishes (MatTek Corpo-
ration, Massachusetts, USA) and on 12 mm ø glass coverslips (VWR 
Collection, Pennsylvania, USA). For other analysis, structures were 
printed onto 3.5 cm cell culture dishes (Nunc, Thermo Fisher). 

2.3. Characterization of the bioink and bioprinted structure 

2.3.1. Swelling and physical degradation 
The hydration of the bioprinted structures was studied in a swelling 

experiment to predict material behavior during the post-printing culture 
period. Samples for degradation and swelling studies were triplicate 
bulk samples that were weighted and imaged after a 30-min stabilizing 
stage (0h) at nine time points from 0 h to 20 days. Samples were cultured 
either in DPBS or in the 20 % FBS medium in an incubator at 37 ◦C and 5 
% CO2. Accelerated enzymatic degradation was studied to be able to 
predict material degradation. After a 30-min stabilization the structures 
were treated with 0.375 mg/ml collagenase type I (Gibco) in the Ko- 

DMEM medium. Images were taken and structures were weighted at 
five timepoints during the 2-h culture period in which the whole 
structure was completely degraded. Structures in Ko-DMEM media were 
used as controls. Results are reported as the relative weight (normalized 
to the original weight) progresses during the follow-up period. 

2.3.2. Filament stability 
The stability of the filaments was studied to evaluate changes in 

fabricated filaments during the extended culture period. Triplicate 
acellular 20 x 20 lattice structures were imaged with 4x, 10x, and 20x 
magnification with the Nikon Eclipse TS100 (Nikon Corporation, Tokyo, 
Japan) microscope with an attached DIGI-12 (Optika, Bergamo, Italy) 
camera at four time points up to 7 days post-printing. The widths of the 
first layer filaments were measured from the images in each time point 
from a total of 78 points using ImageJ software. The number of pixels 
was converted to the corresponding μm value per the used 
magnification. 

2.3.3. Rheology 
Viscoelastic properties of bioprinted and acellular structures were 

characterized by rheological measurements. Samples were cultured for 
24 h in a culture medium and oscillatory measurements were conducted 
using the Discovery Hybrid Rheometer-2 (DHR-2, TA-instruments, New 
Castle, USA) at 25 ◦C utilizing 20 mm diameter parallel-plate geometry. 
Measurements were conducted from four replicates. An oscillatory fre-
quency sweep was performed within the liner viscoelastic region 
(0.1–20 Hz at 1.6 % shear strain) to determine storage (G′) and loss (G″) 
moduli of photo-cured structures. 

2.4. Characterization of bioprinted human induced pluripotent 
cardiomyocytes 

2.4.1. Cell viability 
Cell viability was assessed from the bioprinted samples 24 h post- 

printing by staining all nuclei with the NucBlue™ live reagent 
(ReadyProbes Cell Viability Imaging Kit, Invitrogen, Thermo Fisher 
Scientific) while 0.1 μM Calcein-AM (Invitrogen) was applied to stain 
live cells. 2D control samples were prepared from the same dissociation 
batch as the cells that proceeded to 3D bioprinting. Control samples 
were plated on 0.1 % gelatin coated wells in EB medium, as in standard 
cell culture. After 24 h, NuncBlue™ (Thermo Fisher Scientific) and 
Calcein-AM (Thermo Fisher Scientific) were added to the wells and cells 
were imaged. From combined images, the co-expression of green and 
blue fluorescence (Calcein-AM green excitation/emission 488/515 nm, 
NucBlue blue excitation/emission 504/523 nm) indicated live cells 
whereas the expression of solely blue (NucBlue) indicated dead cells. 
Stained samples were imaged with 10x magnification on an EVOS 
fluorescent microscope (Invitrogen). Single-channel images were 
analyzed using the ImageJ particle analysis which counted stained areas 
from Calcein-AM and NuncBlue stained images that were further 
compared to calculate the viability percentage. 

2.4.2. Immunofluorescence staining 
The hiPSC-CM morphology and migration in 3D bioprinted con-

structs were analyzed via immunofluorescence staining. Samples were 
fixed with 4 % paraformaldehyde on day 8 or 14 post-printing, per-
meabilized with 0.1 % TritonX-100, blocked with 10 % normal donkey 
serum (NDS, Biowest, Nuaillé, France) and 1 % bovine serum albumin 
and incubated for 2 days with primary antibodies for cardiac troponin T 
(1:1000), and connexin 43 (1:800, all reagents form Sigma-Aldrich 
except NDS). For secondary antibodies, Alexa fluor 568 IgG anti- 
mouse (1:500, Thermo Fisher Scientific) and Alexa fluor 488 IgG anti- 
rabbit (1:500, Thermo Fisher Scientific) were applied overnight. All 
the cells in the samples were stained with phalloidin 568 (1:100, Mo-
lecular Probes) and nuclei with 0.2 μg/ml DAPI (Sigma-Aldrich). Images 
were taken with an IX51 Olympus inverted fluorescence microscope 
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(Olympus, Tokyo, Japan), Axio Scope 1A inverted fluorescence micro-
scope (Carl Zeiss, Jena, Germany), or Zeiss LSM 800 confocal micro-
scope (Carl Zeiss). 

2.4.3. Calcium imaging of hiPSC-CMs 
The functionality of 3D bioprinted hiPSC-CMs was explored by 

assessing the Ca2+ handling properties after 7 days of culture. 3D and 2D 
control samples for hiPSC-CM measurements were from two separate 
differentiations and bioprinting experiments where total of seven 3D 
bioprinted samples (n = 7) and six 2D control samples (n = 6) were 
prepared. All CPVT hiPSC-CM 3D and 2D control samples were from the 
same differentiation and bioprinting. Total of five 3D samples (n = 5) 
and seven 2D samples (n = 7) were prepared. All CMs for Ca2+ imaging 
were cultured 36 days prior the bioprinting. The CMs in 3D bioprinted 
samples and 2D controls on 0.1 % gelatin-coated cover slips were loaded 
with 6 μM Fluo-4 AM (Invitrogen) for 40 min in an extracellular solution 
containing (in mM) 137 NaCl, 5 KCl, 0.44 KH2PO4, 20 HEPES, 4.2 
NaHCO3, 5 D-glucose, 2 CaCl2, 1.2 MgCl2 and 1 Na-pyruvate with an 
adjusted pH of 7.3. The spontaneous beating of hiPSC-CMs was imaged 
with 20x magnification on an Axio 1A inverted fluorescence microscope 
(Carl Zeiss) equipped with an ANSOE iXON3 camera (Andor Technol-
ogy, Belfast, UK). Imaging was done on a +37 ◦C heat-plate with Filter 

Set 46 HE (Zeiss, excitation-emission wavelength of 494/516 nm). Total 
of 58 measurements from 3D hiPSC-CMs were analyzed. Analyzed 
videos were 30 s long and were imaged using a framerate of 34 frames/ 
second. For Ca2+ imaging analyzes, the region of interest was defined 
from the hiPSC-CMs, and background fluorescence was subtracted from 
the data before further analyzes. Imaging data were analyzed using 
Clampfit software (Molecular Devices, California, USA). In the CPVT 
hiPSC-CM part of the study 2D and 3D bioprinted samples were treated 
with 1 μM of adrenaline (Sigma-Aldrich, diluted in sterile H2O). After 
baseline measurement, CPVT hiPSC-CMs were incubated with adrena-
line for 5 min before recording of Ca2+ transients. 

2.5. Statistical analysis 

Statistical significance for degradation studies was determined via 
the Friedman test. The Kruskal-Wallis test, followed by Dunn’s test, was 
applied for filament stability data. The statistical significance of the 
differences between the two groups in enzymatic degradation and Ca2+

imaging was evaluated using the unpaired t-test. p < 0.05 was consid-
ered statistically significant and levels of significance are presented as 
(*) p < 0.05, (**) p < 0.01 and (***) p < 0.001. Data are expressed as the 
mean ± S.E.M. and n refers to the number of cells or experiments. 

Fig. 1. Optimization of the bioprinting parameters of the GelMA and collagen I-based bioink for hiPSC-CM printing. (A) High-definition images taken immediately 
after printing for the evaluation the printing quality with different printing parameters. Scale bar 1000 μm. (B) High magnification images of the printed filaments 
with the highest (B, 0.7 bar and 16 mm/s) and (C) lowest (C, 0.4 bar and 8 mm/s) parameters. Scale bars B and C 50 μm. (D) Exemplary image of the first printed 
layer of planar lattice printed with 0.5 bar pressure and 8 mm/s speed, scale bar 1000 μm. (E) hiPSC-CM containing 3D bioprinted, three layered, lattice structure on 
a cell culture dish. 
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3. Results 

3.1. GelMA and collagen I-based bioink show good printability and 
stability 

Initially, we optimized the bioink composition and printing param-
eters for the bioink. Several printing parameters were explored in search 
of constructs resembling the original digital lattice design composed of 
filaments. To achieve this, key printing process parameters for 
extrusion-based bioprinting including printing pressure and speed, were 
adjusted. Clear differences were detected in the printability of the bioink 
with different parameters (Fig. 1A). The differences in printing quality 
and shape fidelity were the most distinguishable in perpendicular fila-
ments in printed planar lattice structures with two layers. Printing 
pressures of 0.6 and 0.7 bars resulted in filament thickness increments 
(Fig. 1B). When lower printing pressures of 0.4 and 0.5 bars were 
applied, the formed filaments were finer and stayed apart from the 
parallel filaments forming the desired lattice structure (Fig. 1C). With all 
investigated parameters, the first layer showed good printability 
(Fig. 1D). However, discontinuous and nonuniform filaments were 
detected with the second layer, especially when lower printing pressures 
and high speeds were used. The best filament formation, filament ho-
mogeneity, and uniformity were achieved with 0.5 bar and 8 mm/s. To 
support visual evaluation, second layer images from twelve printing 
parameters were analyzed with ImageJ plugin TWOMBLY. Analysis re-
sults from seven categories were scored resulting highest score to 0.5 bar 
and 8 mm/s and lowest score to 0.5 bar and 12 mm/s (Supplementary 
Figure 1). Therefore, the former parameters were chosen for further 
analyses and 3D bioprinting of hiPSC-CMs (Fig. 1E). 

3.2. Operational stability and mechanical properties of the 3D bioprinted 
constructs 

To confirm the suitability of the bioink and printed structures for an 
in vitro cardiac model, we carried out extensive analyses of their stability 
and mechanical properties. First, we measured the weight of the printed 
acellular samples kept in PBS or in a cell culture medium up to 20 days to 
verify the stability of the constructs in in vitro culture conditions. The 
weight of the printed constructs in the cell culture medium increased by 
89 % from dry weight (0.063 g) during the initial 0.5-h swelling period; 
however, in PBS, the increase in weight was 47 % (from 0.098 g to 0.144 
g) (Fig. 2A). Thereafter, the swelling leveled out as seen via the constant 
weight of the printed constructs in PBS reported during the 20-day 
follow-up period (Fig. 2A (blue line)). A slight decrease in the sample 
weight was detected in the cell culture medium after 72 h; however, this 
decrease was not statistically significant (Fig. 2A (orange line)). The 
weights and images of the printed constructs during the extended cul-
ture period enabled the prediction of possible geometrical and mass- 
related changes due to the degradation or swelling of the material. To 
analyze the shape fidelity upon culture, we quantified the filament 
thickness from printed planar latices immediately after printing and 
during the 7-day period post-printing (Fig. 2B). Immediately after 
printing, the filament thickness was 281.22 ± 8.12 μm. A slight increase 
in the filament thickness was detected during the first days post-printing 
with a thickness of 296.38 ± 8.49 μm on day 2 and 303.45 ± 7.57 μm on 
day 3. This is in line with the swelling seen with the larger printed 
structures in (Fig. 2A). The mean filament thickness reduced to 231.46 
± 22.30 μm on day 7. P remainings of uncrosslinked GelMA as well as 
the collagen type I used as a rheological modifier dissolve slowly away 
from the printed structures, potentially causing this reduction in the 
filament thickness day 7. Enzymatic degradation studies with collage-
nase I showed that acellular 3D printed constructs with an average 
initial weight of 145 mg degraded in 2 h (Fig. 2C (orange line)). Similar 
samples without exposure to enzymatic treatment showed no decrease 
in weight (Fig. 2C (blue line)). We also measured the viscoelastic 
properties of the GelMA and collagen I-based bioink via rheological 

measurements. An oscillating amplitude sweep was performed to 
determine the maximum strain (1.6 %) within the linear viscoelastic 
region. A frequency sweep was performed with a constant 1.6 % strain 
from 0.1 Hz to 10 Hz. GelMA and collagen I-based bioink exhibited 
stable, gel-like behavior (G’>G″) with a mean storage modulus of 0.15 
± 0.018 kPa within the whole frequency region (Fig. 2D). 

3.3. Characterization of hiPSC-CMs in the 3D bioprinted in vitro model 

The bioprinted structures were characterized for cell viability, 
morphology, tissue formation, and functionality after bioprinting to 
demonstrate the feasibility of the method for creating 3D in vitro models 
with hiPSC-CMs. Live/dead analyses 24 h post-printing demonstrated 
good cell viability with 72 % live cells after printing (Fig. 3A). To 
compare, cells seeded onto 2D controls had a viability rate of 74 % 
(Fig. 3B). These data indicate that neither the printing process nor the 
bioink significantly hampers the cell viability of hiPSC-CMs in this 
setting. hiPSC-CMs showed rounded cell morphology 2 days post- 
printing (Fig. 3C and D). However, after the 7-day culture period, 
hiPSC-CMs had gained elongated cell morphology in the printed in vitro 
models (Fig. 3E and F). hiPSCs also demonstrated good cell proliferation 
and migration out of the printed filaments as seen in representative 
images of day 2 (Fig. 3C) and day 7 (Fig. 3G). Moreover, 3D bioprinted 
cardiac in vitro models were immunofluorescence (IF)-stained against 
phalloidin to visualize the cellular cytoskeleton, cell orientation, 
migration, and tissue formation (Fig. 4, images A, B, C). hiPSC-CMs were 
highly oriented in filaments of the lattices whereas, in filament in-
tersections, cells showed a more random organization. Cardiac Troponin 
T was used to track the presence of hiPSC-CMs in 3D bioprinted samples 
(Fig. 4D, E and 4F). During visual inspection, hiPSC-CMs were nicely 
oriented with the filaments; however, at filament intersections, the 

Fig. 2. Structural characterization of the GelMA and collagen I bioink and the 
printed constructs without cells. (A) Swelling and degradation of the printed 
constructs in cell culture media and PBS (n = 4 bioprinted samples). (B) 
Development of filament thickness and stability during 7-day culture (78 
measuring points from 3 bioprinted samples). (C) Enzymatic degradation of the 
3D printed constructs in collagenase I solution (n = 3 bioprinted samples). (D) 
Frequency sweep determined changes in storage modulus and loss modulus in 
constant 1.6 % strain (n = 4 bioprinted samples). P < 0.05 was considered 
statistically significant and levels of significance are presented as (*) p < 0.05, 
(**) p < 0.01 and (***) p < 0.001. 
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orientation was lost. Images with higher magnification revealed highly 
elongated, branched cell morphology and oriented sarcomere structures 
(Fig. 4G, H and 4I). Larger image showing sarcomere orientation can be 
found from Supplementary Figure 2. A notable difference in hiPSC-CM 
cell morphology was observed between 3D bioprinted and 2D cultures 
(Fig. 4J). The hiPSC-CMs in 2D controls showed a round cell morphology 
with highly unorganized sarcomeres. hiPSC-CMs in 3D bioprinted in 
vitro models showed positive staining against the gap junction protein, 
connexin 43 (CNX), indicating the formation of cell-cell interactions and 
tissue formation post-printing (Fig. 4K). Interestingly, single CMs in the 
bioprinted in vitro models showed the expression of CNX closer to the 
nucleus (Fig. 4L). 

3.4. Functionality of the 3D bioprinted hiPSC-CMs 

The 3D bioprinted in vitro models showed beating hiPSC-CMs 15 days 
post-printing (Supplementary Video 1). The functionality of the 3D 
bioprinted hiPSC-CMs was studied further via Ca2+ imaging using the 
fluo-4 Ca2+ indicator. The Ca2+ kinetics of 3D bioprinted and 2D 
cultured hiPSC-CMs derived from a healthy individual were evaluated to 
study the effects of bioprinting and 3D culturing on the functional 
behavior of hiPSC-CMs. The beating frequency, in beats per minute 
(BPM), and the amplitude of the fluorescent signals relative to the 
baseline value (F/F0) were analyzed and compared between 3D bio-
printed hiPSC-CMs and 2D controls. Our results showed that the aver-
aged peak amplitude of 3D bioprinted hiPSC-CMs (2.0 ± 1.0 (n = 7)) 
was significantly (p < 0.01) higher than 2D controls (1.5 ± 0.7 (n = 6)) 

Fig. 3. Cell viability and morphology in the 3D bioprinted cardiac in vitro models. (A) Cell viability of hiPSC-CMs in the bioprinted 3D in vitro models 10x, scale bar 
400 μm. Live cells are visualized with green. (B) Cell viability of hiPSC-CMs in 2D control 10x, scale bar 400 μm. (C) Phase contrast images of the 3D bioprinted in 
vitro models at day 2 post printing 4x, scale bar 400 μm (D) and on day 2 post printing 20x, scale bar 100 μm. (E) Phase contrast images of the bioprinted in vitro 
models at day 7 post printing 4x, scale bar 400 μm. (F) Day 7 post printing 20x, scale bar 100 μm. (G) Day 7 post printing 4x, scale bar 400 μm. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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(Fig. 5B). Moreover, the mean beat rate of 3D bioprinted hiPSC-CMs (39 
± 22 (n = 7)) was significantly (p < 0.001) higher than that of 2D 
controls (11 ± 7 (n = 6)) (Fig. 5D). 

Supplementary video related to this article can be found at 
doi:10.1016/j.bprint.2023.e00313 

3.5. The 3D bioprinted CPVT hiPSC-CM in vitro model for disease 
modeling 

In this final part of the study, we 3D bioprinted patient-specific 

hiPSC-CMs carrying CPVT mutation to demonstrate the proof of 
concept of the 3D in vitro model for cardiac disease modeling. For this, 
the patient-specific hiPSC-CMs were further MACS sorted to have only 
CMs present in these 3D bioprinted constructs. Ca2+ imaging was per-
formed for CPVT hiPSC-CMs to evaluate the Ca2+ kinetics in the printed 
3D environment. In addition, we also performed the adrenaline treat-
ment to demonstrate drug molecules’ (such as adrenaline’s) ability to 
penetrate into GelMA collagen I-bioink. Clinically, the increased beating 
rate induces arrhythmias in CPVT patients. To recapitulate this clinical 
phenotype, adrenaline was used against CPVT hiPSC-CMs. The same 

Fig. 4. Cardiac tissue formation after 3D bioprinting with hiPSC-CMs. (A) Representative low-magnification and (B) high-magnification images of immunofluo-
rescence staining of phalloidin (red). Scale bars 1000 μm and 250 μm, respectively (C) Confocal maximum intensity projection image of phalloidin (red), scale bar 50 
μm. D) Representative low-magnification and (E) high-magnification images of immunofluorescence staining of troponin T (red) in 3D bioprinted in vitro models with 
hiPSC-CMs 7 days post printing. Scale bars 1000 μm and 200 μm, respectively. (F) Confocal maximum intensity projection image of troponin T (red), scale bar 50 μm. 
(G–I) High-magnification images of the cell morphology and sarcomere organization scale bars, 250 μm, 25 μm and 50 μm, respectively. (J) Cell morphology and 
sarcomere structures in 2D controls, scale bar 100 μm. (K–L) Formation of cell-cell interactions in 3D bioprinted constructs was visualized with connexin 43 (CNX) 
(green). 3D bioprinted hiPSC-CMs demonstrated concentrated CNX expression between adjacent cells (marked with green arrows). Scale bars, 50 μm. The nuclei were 
visualized with 4′,6-diamidino-2-phenylindole (DAPI, blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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dosage and length of exposure (1 μm and 5 min) of adrenaline were used 
in both 3D bioprinted samples and 2D samples (for representative image 
of 2D signals, see Supplementary Figure 3). Adrenaline treatment 
increased the beating rate in 3D bioprinted samples by 58 % (n = 5 
recordings) from the average baseline beating rate of 12.6 BPM to the 
adrenaline-treated average beating rate of 24.6 BPM. Furthermore, 20 % 
of CPVT hiPSC-CMs had abnormal beating in the form of double peaks at 
baseline and adrenaline increased the abnormal beating behavior to 60 
% of CPVT hiPSC-CMs (for representative image, see Fig. 6A) where 

Ca2+ fluctuated two peaks without reaching the baseline in between 
peaks. As a comparison, 40 % of the 2D cultured CPVT-CMs expressed 
abnormalities at baseline. The CPVT hiPSC-CMs were IF stained with 
Troponin T and CNX to visualize the elongated cell morphology and to 
detect the expression of CNX between adjacent hiPSC-CMs. Positive CNX 
staining was detected in CPVT hiPSC-CMs in both 2D controls and 3D 
bioprinted constructs (Fig. 6B and C). 

Fig. 5. Calcium activity of hiPSC-CMs in the 3D bioprinted in vitro model and in 2D controls. (A) Representative Ca2+ signal from 3D bioprinted hiPSC-CM. (B) 
Comparison of mean Ca2+ peak amplitude of hiPSC-CMs in 3D bioprinted (n = 7 3D bioprinted samples, in total of 58 measurement) samples and in 2D (n = 6 
samples, 33 measurements) samples. (C) Representative image of Ca2+ activity of hiPSC-CMs in 2D sample. (D) Comparison of mean beating rate of hiPSC-CMs in the 
3D bioprinted samples and in 2D controls (n = 6). All measurements were performed on day 7 after 3D bioprinting or dissociation and plating in 2D. p < 0.05 was 
considered statistically significant and levels of significance are presented as (*) p < 0.05, (**) p < 0.01 and (***) p < 0.001. 

Fig. 6. 3D bioprinting of CPVT hiPSC-CMs for disease modeling. (A) Example of baseline Ca2+ signal (above) and adrenaline induced increase in beating rate with 
abnormal Ca2+ transit. (B) Confocal maximum intensity projection image of 2D cultured CPVT hiPSC-CMs IF stained against Troponin T (red), Connexin 43 (CNX) 
(green) and DAPI (blue). Scale bar 50 μm. (C) Confocal maximum intensity projection image of CPVT hiPSC-CMs in the 3D bioprinted in vitro model. Scale bar 25 μm, 
40x objective. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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4. Discussion 

Bioprinting has tremendous potential to create 3D cardiac models for 
disease modeling and in vitro drug screening by recapitulating the in vivo 
cell structure, geometry, and chemical and physiomechanical properties 
through a precise spatial control of cells and biomaterials [44]. hiPSCs 
have emerged as a key component of cardiac TE, cardiovascular disease 
mechanism modeling, and drug responses in human 3D tissue models 
[9]. To date, many advances have been made in using bioprinted 
hiPSC-CM constructs in this setting, such as the generation of myocar-
dial infraction models [27,45] and vascularized cardiac tissue models 
[29,32]. However, no well-established 3D bioprinted cardiac tissue 
model currently exists that can be used as a basis for such studies. This 
study aimed to advance the development of cardiac 3D in vitro models by 
manufacturing 3D bioprinted hiPSC-derived cardiac constructs and 
assessing their functionality as well as applicability for drug screening 
and disease modeling. The ultimate goal was to demonstrate the feasi-
bility of the 3D printing technology with hiPSC-CMs as well as show the 
proof-of-concept of the printed in vitro model with disease-specific cells. 

GelMA has great potential for hydrogel-based bioinks due to its low 
cost, suitable biocompatibility, transparent structure, and tunable 
physical and chemical properties with photocrosslinking [46]. Here, we 
explored GelMA as the base for our bioink due to our extensive expe-
rience with gelatin, GelMA’s unmodified form, as a basic growth sub-
strate for hiPSC-CMs [13,41,47]. However, the 3D printing of pure 
GelMA bioinks is somewhat challenging because of its low viscosity at 
room temperature and even at higher temperatures. Moreover, the pure 
GelMA hydrogel does not fully satisfy the biological properties required 
in various tissues. Hence, we combined GelMA with human collagen I 
for improved printability and biocompatibility. Our GelMA and collagen 
I-based bioink exhibited good printability with extrusion printing. Pre-
viously, blends of photo-crosslinkable gelatin and collagen I have shown 
favorable rheological properties with drop-on-demand 3D bioprinting 
[48]. In our study, the developed bioink composition allowed high 
resolution printing using needle with inner diameter of 100 μm (32G), 
challenging the technological limits of extrusion-based bioprinting. 
Previously, 22G-30G nozzle diameters have been used for the extrusion 
printing of CMs and hiPSC-CMs [25,32,33,45]. 

In vitro modeling of a functional cardiac tissue by 3D bioprinting 
requires optimization of the mechanical properties of the bioink to 
resemble the native tissue and to provide optimal printing conditions to 
promote high cell viability, tissue formation and structural stability. 
Cardiac tissue is a mechanically complex tissue and hence, there is a 
great variability in the reported stiffness values in literature due to high 
variability in measurement settings. However, cardiac tissue is generally 
considered as a soft tissue, and tissue stiffening is a major contributor in 
several cardiac dysfunctions [49]. For example, Engler et al. reported a 
scale of native tissue stiffnesses, with E < 10 kPa in fetal, 10–15 kPa in 
adult, to 35–70 kPa in infarcted tissues (stiffness reported as Young’s 
modulus) [50]. To determine mechanical properties of our bioink, we 
measured storage modulus (G′) of the GelMA and collagen I bioink by 
oscillatory from the acellular, bioprinted, and photocrosslinked con-
structs. Rheological results supported visual observation that bioprinted 
constructs were very soft (G’ = 0.15 ± 0.018 kPa) but also possessed 
high shape fidelity. Here, the 3D bioprinted constructs remained stable 
in cell culture conditions during the 20-day follow-up period, allowing 
the long-term culture of the printed structures which is a desirable 
property for an in vitro model. In addition, the mechanical properties of 
GelMA can be modified by choosing between the A or B type of gelatin, 
changing the ratio between methacrylic anhydride and gelatin, hydrogel 
concentration, and crosslinking density and conditions [51]. Pepelanova 
et al. were able to increase the stiffness (reported as G′) of GelMA 
hydrogel by 23%–73 % only by doubling the crosslinking UV intensity 
depending on the degree of functionalization of the material. This could 
be utilized in mimicking of stiffened cardiac tissue or specific stiffness 
values, making the model easily tunable. In future studies, the effects of 

cell-cell interactions and tissue maturation post-printing on the stiffness 
of the 3D bioprinted construct should be studied in more detail as these 
factors have been found to have profound affect to properties of the 
tissue during cardiac development [50]. Despite the good stability in 
vitro, the controlled degradation of the construct and the possibility to 
release encapsulated hiPSC-CMs for further analyses was easily done via 
enzymatic degradation. As both bioink components, gelatin and 
collagen I, contain enzymatically digestible sequences, accelerated 
enzymatic degradation can be used to provide information about 
enzyme involved in material remodeling and the degradation kinetics of 
the structure [51,52]. Overall, mechanical characterization of bio-
printed constructs demonstrated high shape-fidelity of the constructs as 
well as excellent stability in cell culture and controlled degradation 
which are desirable properties for a versatile in vitro model [33,35, 
50–52]. 

A 3D culture environment is necessary for obtaining a proper CM 
phenotype and to mimic the native cardiac tissue [53]. Here, we 
observed elongated cell morphology and functionality with a 
well-developed Ca2+ handling system in the 3D bioprinted hiPSC-CMs in 
GelMA and collagen I bioink resembling CMs in vivo [54]. The 
hiPSC-CMs demonstrated good viability after 3D bioprinting and 
showed orientation according to the printed filament structure. Major 
morphological enhancements were observed in our 3D bioprinted 
hiPSC-CMs in IF stainings, including the elongated cell morphology, 
structural branching, and orientation of sarcomeres when compared to 
cells in 2D counterparts. These results indicate that the GelMA and 
collagen I bioink used in this study was cytocompatible with hiPSC-CMs 
and support cardiac tissue formation post-printing. Furthermore, 
collagen I is the most prominent ECM protein in the natural cardiac ECM 
[36]. Both bioink components, GelMA and collagen I are biocompatible 
and contain arginine-glycine-aspartic acid (RGD) sequences that 
improve cellular attachment [55]. Previously it has been shown that the 
addition of collagen I to GelMA has led to enhanced cell spreading with 
vascular tissue [48]. In addition to cardiomyocytes and cardiac ECM, 
native cardiac tissue is composed of endothelial cells (ECs), fibroblasts, 
leukocytes and vascular smooth muscle cells [56]. Previous studies have 
shown improvements in the hiPSC-CM morphology toward more phys-
iological cardiomyocytes through methods such as co-culturing with 
other cell types like cardiac fibroblasts [57,58]. For these reasons we left 
the control hiPSC-CMs unpurified prior to bioprinting. Downside of this 
decision was overpowering of other cell types limiting culture time. In 
addition, previous bioprinting studies have utilized co-cultures of 
iPSC-CMs with cardiac fibroblasts [26,38] to demonstrate vascular for-
mation with endothelial cells [27,32]. In the future, the controlled 
incorporation of endothelial cells and fibroblasts into the 3D bioprinted 
hiPSC-CM in vitro model should be explored to fully mimic the compo-
nents and structure of the native cardiac tissue. 

Imaging of the live bioprinted hiPSC-CMs is the most optimal method 
for studying functionality in 3D culture conditions. Ca2+ imaging is a 
method that enables functional analysis of CMs by monitoring intra-
cellular Ca2+ fluxes and can be utilized in drug studies and under-
standing pathogenic mechanisms of cardiac diseases [34]. Ca2+ is a key 
factor in the excitation-contraction coupling of CMs, and abnormalities 
in Ca2+ handling can cause arrhythmias [34]. In this study, we 
demonstrated that the 3D bioprinting process did not hamper the 
functionality of the hiPSC-CMs, and Ca2+ imaging was convenient to 
perform for the hiPSC-CMs inside the 3D printed structure. Furthermore, 
3D bioprinted hiPSC-CMs demonstrated significantly increased Ca2+

amplitudes and beating rates compared to their 2D cultured counter-
parts. An increase in the Ca2+ amplitude indicates stronger contractions 
and improved maturation [21,59]. Thus, these data indicate that the 3D 
bioprinting of hiPSC-CMs in GelMA and collagen I bioink supports the 
formation of functional cardiac constructs in 3D. In addition, the dis-
tribution of gap junctions is an important factor that regulates conduc-
tion velocity and indicates maturation level of the CMs. The gap junction 
protein connexin 43 has been shown to be circumferentially distributed 
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during fetal life, and, as the postnatal rodent heart matures, these pro-
teins become progressively concentrated into intercalated disks at the 
ends of the cells [60]. In our study, the 3D bioprinted hiPSC-CMs 
demonstrated concentrated connexin-43 expression between adjacent 
cells, demonstrating the formation of gap junctions in the 3D bioprinted 
model. However, also cells with more immature and more circum-
ferentially distributed connexin were seen in the printed structures 
indicating partly less maturated phenotype. Overall, immature pheno-
type of the hiPSC-CMs has raised a lot of discussion in the field. Methods 
to improve and study maturity has been covered in many recent publi-
cations [60–63]. To fully harness the potential of 3D bioprinted 
hiPSC-CM model, more research is needed to evaluate maturation status 
of the hiPSC-CMs growing in the 3D bioprinted model. 

Cardiac TE searches for solutions to produce the physiological tissue 
environment to investigate cardiac function and biology under normal 
and also pathological conditions [9]. Here, we explored the feasibility of 
our 3D bioprinted model with patient specific hiPSC-CMs carrying the 
RyR2 gene mutation for CPVT. The bioprinted hiPSC-CMs with the 
mutation demonstrated their phenotypic beating abnormalities [11] in 
3D bioprinted structures. Adrenaline induced increments in beating 
rates in CPVT hiPSC-CMs, leading to arrhythmias in 60 % of the studied 
cells. This increased susceptibility to arrhythmias is in the similar range 
observed in our earlier studies with the same mutant line in the 2D 
condition [11]. Moreover, induced increase in beating rate and resulting 
Ca2+ transient abnormalities were in line with the results from Gold-
fracht et al. who presented similar results from CPVT hiPSC-CMs grown 
in engineered heart tissues [64]. Furthermore, adrenaline effected to 
beating rate of the CPVT hiPSC-CMs as rapidly in 3D structures as in 2D 
cultures, indicating that there was no material-related delay in drug 
diffusion to the hiPSC-CMs growing inside the 3D structure. In the 
present study, CPVT hiPSC-CMs in 2D controls expressed more abnor-
malities at baseline than the CPVT hiPSC-CMs in 3D bioprinted in vitro 
models. This indicates better correspondence of 3D cultured CPVT-CMs 
to pathognomonic feature of exercise-induced beating abnormalities 
which are normally lacking from the resting heart rhythm [65,66]. As 
the 3D culturing is known to improve maturity of cardiomyocytes and 
hence to promote electrophysical maturation [67], hiPSC CPVT-CMs 
cultured in 3D express more physiological correspondence than their 
2D cultured counterparts. In future studies, antiarrhythmic drug com-
ponents should be tested to validate further the advantages of this 3D 
bioprinted model in drug screening and discovery. To the best of our 
knowledge, this study is the first to demonstrate the feasibility of 3D 
bioprinting of CPVT hiPSC-CMs. Altogether, these results indicate that 
the developed 3D bioprinted hiPSC-CM in vitro model has great potential 
for disease modeling in cardiac TE. 

5. Conclusions 

In this study, we developed a 3D in vitro model for cardiac TE using 
hiPSC-CMs, GelMA, and collagen I-based bioink and extrusion-ased 3D 
bioprinting. The developed 3D bioprinted constructs showed good 
structural and mechanical stability in promoting long-term in vitro cul-
tures. 3D bioprinted hiPSC-CMs showed good cell viability, elongated 
cell morphology and functionality. Moreover, the hiPSC-CMs demon-
strated more native cell morphology in 3D bioprinted structures 
compared to 2D cultures. Finally, we demonstrated the feasibility of the 
model for disease modeling by 3D bioprinting patient-specific hiPSC- 
CMs. The 3D bioprinted patient-specific in vitro model showed improved 
disease phenotype of CPVT compared to 2D cultures. Thus, developed 
3D bioprinted hiPSC-CM model shows great promise for future cardiac 
TE and advances the translation of cardiac 3D models toward functional 
and patient-derived in vitro models for disease modeling and drug 
screening. 
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