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Background: Despite advances in cardiac tissue engineering, generating 
constructs that simultaneously achieve vascularization and organized 
cardiomyocyte function remains a major challenge.
Methods: In this study, three-dimensional (3D) bioprinting was used to fabricate 
human umbilical vein endothelial cell (HUVEC)-laden alginate/gelatin constructs 
with defined architectures designed to mimic myocardial alignment. Constructs 
were cultured with vascular endothelial growth factor (VEGF) and basic fibroblast 
growth factor (bFGF) under static conditions followed by short-term dynamic 
stimulation in a bioreactor. Cardiomyocytes - H9c2 cells, neonatal rat ventricular 
myocytes (NRVMs), or human induced pluripotent stem cell–derived 
cardiomyocytes (iPSC-CMs) - were subsequently seeded onto the constructs. 
Vascularization and the distribution of cells were assessed using 
immunofluorescence, and functional activity of cardiomyocytes was evaluated 
by calcium transient imaging.
Results: Bioprinted constructs developed interconnected CD31-positive 
endothelial networks in response to growth factor supplementation and 
dynamic culture, whereas control constructs cultured without growth factors 
or bioreactor exposure showed limited vascular organization. Cardiomyocytes 
seeded onto vascularized constructs exhibited improved structural organization, 
including increased alignment and integration with endothelial networks. 
Functional assessment revealed more synchronized and rhythmic calcium 
transients compared to non-vascularized constructs.
Conclusion: This study demonstrates that combining 3D bioprinting with 
controlled architectural design and endothelial network formation enhances 
cardiomyocyte organization and function. These findings highlight the critical 
role of vascular-like networks in improving the performance of engineered 
cardiac tissues.
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GRAPHICAL ABSTRACT 

Highlights

• Helical myofibril-aligned constructs mimic native cardiac 
architecture.

• HUVEC bioprinting enables endothelial network formation.
• Vascularization enhances cardiomyocyte alignment and cTnT- 

positive area.
• Dynamic culture improves synchronized contractile behavior.
• Bioprinted constructs integrate vascularization and contractility.

Introduction

Cardiac tissue engineering (CTE) is a promising approach to 
address complications associated with cardiovascular disease 
(CVD). While conventional treatments, such as the use of left 
ventricular assist devices (LVADs), have become standard for 
patients with advanced heart failure and are associated with 
significant reverse remodeling at structural, cellular, and 
molecular levels, significant limitations still exist. One major 
concern is the uncertainty surrounding the long-term progression 
of heart failure following LVAD explantation [1, 2]. In contrast, CTE 
holds substantial promise for the future, particularly in end-stage 
heart failure, where heart transplantation remains the only definitive 
treatment, an option severely limited by the scarcity of donor hearts 
[3]. In CTE, rebuilding left ventricle or developing constructs with 
left ventricle-function, as a primary step, has drawn 
considerable attention.

The left ventricle, with the thickest myocardium, generates the 
contractile forces necessary for systemic circulation [4]. 
Consequently, most research focuses on rebuilding the left 
ventricle as a primary step in cardiac tissue engineering. 
Therefore, understanding the 3D structure of the left ventricle is 
vital. Notably, the myocardial fibres in the left ventricle exhibit a 
unique helical alignment that gradually transitions from the 
epicardium (−70°) to the endocardium (+80°), causing them to 
contract in opposite directions and contributing to the left 
ventricular twist. This coordinated contraction enhances effective 
blood circulation [4, 5]. However, such helical or orientated fibres 

pose significant challenges in CTE. Among various methods, three- 
dimensional (3D) bioprinting has attracted significant attention as a 
potential solution to develop constructs for CTE. This technique 
offers the opportunity to reconstruct the complex 3D architecture of 
the myocardium or even the entire heart by depositing cells and 
biomaterials layer by layer in 3D space using a robotic arm [6].

3D bioprinting for functional CTE constructs, though 
promising, is still unachievable today. One major obstacle is to 
create vascular networks within engineered cardiac constructs. Such 
vascular networks are essential to ensure adequate perfusion of 
oxygen and nutrients throughout the entire structure for supporting 
the development of fully viable and functional cell-laden constructs 
[7, 8]. A promising approach is the combination of 3D bioprinting of 
vessel structures with the induction of microcapillary branching 
through the introduction of angiogenic factors [7]. Vascular 
endothelial growth factor (VEGF) and basic fibroblast growth 
factor (bFGF) are among the key initiators of neovascularization. 
They activate endothelial cells, stimulating their migration along 
concentration gradients, which promotes cell assembly, new vessel 
formation, and subsequent maturation [9]. VEGF acts by preventing 
endothelial cell apoptosis, a vital regulator for neovascularization 
during embryogenesis [10]. Similarly to VEGF, bFGF is a key factor 
in stimulating endothelial cell proliferation in vitro and promoting 
angiogenesis in vivo [11]. Studies also suggest that bFGF acts as an 
indirect angiogenic factor by modulating the expression of VEGF 
[11]. Another strategy to enhance vascularization in engineered 
tissues and promote their functionality is the use of bioreactors [12]. 
Specifically, perfusion and rotating bioreactors have been used to 
overcome mass transport limitations in culture, with perfusion 
bioreactors being particularly useful for the in vitro development 
of functional vascular structures. In addition, perfusion exposes cells 
to fluid shear stress, an important mechanical cue for maintaining 
endothelial integrity and function in vascularized tissues [13–15] 
Bioreactors are designed to mimic aspects of the in vivo 
environment by improving mass transport and, depending on the 
system, can provide mechanical, electrical, or perfusion-based 
stimulation to engineered tissues during in vitro culture [12].

Despite these advances, key research issues remain: (1) 
effectively enhancing in vitro vascularization within 3D 
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bioprinted cardiac constructs, and (2) supporting cardiomyocyte 
attachment, maturation, and functional behavior within the 
constructs. Addressing these challenges is essential for the 
development of functional and viable engineered cardiac tissues 
using 3D bioprinting technology.

To address these challenges, we aimed to bioprint human 
umbilical vein endothelial cell (HUVEC)-laden constructs with 
architectures that recapitulate the native alignment of cardiac 
myofibrils. Following endothelial network formation induced by 
VEGF, bFGF, and dynamic bioreactor conditioning, the constructs 
were subsequently seeded with cardiomyocytes to evaluate whether 
pre-vascularization enhances cardiac cell organization and 
coordinated contractile behavior.

Materials and methods

Cell culture

Human umbilical vein endothelial cells

HUVECs (ATCC 1730-CRL) were cultured in complete culture 
medium composed of DMEM (SH30243.01, HyClone, Cytiva) 
supplemented with 2% HAT (50×) (sodium hypoxanthine, 
aminopterin, and thymidine; 21060017, Gibco, ThermoFisher), 
10% fetal bovine serum (FBS; Gibco, Invitrogen), and 1% 
antibiotic-antimycotic (100×) containing 10,000 U/mL penicillin, 
10,000 μg/mL streptomycin, and 25 μg/mL Fungizone (15240062, 
Gibco, ThermoFisher). Cells were maintained at 37 °C in a 
humidified atmosphere containing 5% CO2, and the culture 
medium was replaced every 2–3 days until they reached 
approximately 80% confluency. Before each bioprinting 
experiment, frozen HUVECs were thawed, expanded for several 
passages to obtain the required cell number, and harvested using 
trypsinization for bioink preparation. The cells were then 
resuspended in the bioink at a final density of 6 × 106 cells/mL. 
To ensure experimental consistency, HUVECs were used at the 
same passage number throughout the study.

H9c2 cells

H9c2 cells (ATCC CRL-1446) were cultured in DMEM 
supplemented with 10% fetal bovine serum (FBS) and 1% 
antibiotic-antimycotic (100×). Cells were maintained at 37 °C in 
a humidified atmosphere containing 5% CO2, and the culture 
medium was replaced every 2–3 days until they reached 
approximately 80% confluency. Cells were maintained below 
passage 15 throughout the study. Prior to seeding onto the 
constructs, the cells were harvested by trypsinization and seeded 
at a density of 20 × 104 cells per construct.

Neonatal rat ventricular myocytes

Two-day-old neonatal Sprague-Dawley rat pups from Charles 
River were euthanized by decapitation, and their hearts were 
collected in PBS containing 5 mM glucose (Sigma G7021) for 
experimental purposes. All procedures followed the guidelines set 
by the Canadian Council of Animal Care and were approved by the 

Animal Research Ethics Board at the University of Saskatchewan 
(AUP #20220090). Following removing the atria and large vessels, 
the ventricles were enzymatically digested using a lysis buffer 
solution containing 20 mM HEPES-NaOH (Cat. No. S5011, 
Sigma), 130 mM NaCl (Cat. No. S5886, Sigma), 3 mM KCl (Cat. 
No. P5405, Sigma), 1 mM NaH2PO4 (Cat. No. S5011, Sigma), 5 mM 
glucose, 15 mg/mL DNase I (Cat. No. 104159, Roche), collagenase 
Type II (Cat. No. 17101015, ThermoFisher), and pancreatin (Cat. 
No. P3292, Sigma). Enzymatic digestion was carried out in multiple 
rounds, with the tissue incubated in 10 mL of lysis buffer at 37 °C for 
10 min. The supernatant from the first round was discarded, and 4– 
6 additional rounds were performed, during which the supernatant 
was collected in 5 mL of horse serum (Cat. No. 16050130, 
ThermoFisher). After complete digestion of the tissue, the cells 
were pelleted by centrifugation at 300 x g for 5 min at 4 °C. The cell 
pellet was then re-suspended in pre-warmed red blood cell lysis 
buffer (Sigma 11814389001) and incubated for 3 min at 37 °C. 
Subsequently, 20 mL of pre-plating medium (DMEM/F-12 (Cat. No. 
11320033, ThermoFisher) supplemented with 10% FBS (Cat. No. 
A5256701, ThermoFisher) and 1% Penicillin-Streptomycin (Cat. 
No. 15140122, ThermoFisher) was added, and the mixture was 
centrifuged again at 300 x g for 5 min at 4 °C. The cell pellet was re- 
suspended in the pre-plating medium and plated on uncoated cell 
culture dishes for 2 h to eliminate fibroblasts and endothelial cells. 
The non-adherent cells were collected, filtered through a 70μm 
mesh, centrifuged at 200 x g for 5 min at 4 °C, and re-suspended in 
culture medium (DMEM/F-12, 10% FBS, 1% Penicillin- 
Streptomycin, 5% horse serum (Cat. No. 16050130, 
ThermoFisher), 3 mM Na-pyruvate (Cat. No. S8636, Sigma), 
0.1 mM ascorbic acid (Cat. No. A4034, Sigma), 1:200 insulin/ 
transferrin/Na-Selenite solution (Cat. No. 51300044, Invitrogen), 
0.2% BSA (Cat. No. A7409, Sigma), and 20 μM ara-C (Cat. No. 
C1768, Sigma)). The NRVM cells were seeded at a density of 50 × 104 

cells per construct. The medium was replaced the following day to 
remove dead cells. Freshly isolated NRVMs were used directly for all 
experiments without prior passaging or expansion.

Induced pluripotent stem cell derived 
cardiomyocytes

Human induced pluripotent stem cell (iPSC)-derived 
cardiomyocytes (Cat. No. CSC-C2847SC; Creative Bioarray, USA) 
were thawed according to the manufacturer’s protocol and seeded 
onto the constructs at a density of 50 × 104 cells per construct using 
the SuperCult Human Cardiomyocytes Medium Kit (Cat. No. CM- 
7863M). The kit includes both plating medium, which was used on 
the day of thawing, and maintenance medium, which replaced the 
plating medium 1 day after seeding according to the manufacturer’s 
instructions. The maintenance medium was subsequently changed 
every other day. Cells were used immediately after thawing and were 
not expanded or passaged prior to seeding.

Bioink preparation

Bioink was prepared from a combination of 3 wt% alginic acid 
sodium salt from brown algae (A2033, Sigma-Aldrich) and 1 wt% 
gelatin (G1890, Type A, gel strength ~300 g Bloom, Sigma-Aldrich), 
denoted as Alg3Gel1, encapsulating HUVECs at a density of 6 × 106 
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cells/mL. The alginate/gelatin bioink (Alg3Gel1) used in this study 
has been previously optimized and comprehensively characterized, 
including its rheological behavior, mechanical properties, 
printability, and ability to support endothelial cell viability [16, 
17]. To further enhance cell proliferation, 100 ng/mL of VEGF 
(PHC9391, Gibco, ThermoFisher) and 100 ng/mL of bFGF 
(PHG0369, Gibco, ThermoFisher) were incorporated into the 
bioink in the present study.

Bioprinting cardiac constructs

A 3D construct was designed with a circular shape (9 mm in 
diameter), an infill distance of 1.5 mm, and a strand diameter of 
0.15 mm, as per our previous study [16]. The constructs were 
fabricated in 16 layers using a BioScaffolder 3.2 (Gesim, 
Germany) equipped with a 27G SmoothFlow Tapered Tip (inner 
diameter: 0.2 mm, EFD, Nordson). The printing head operated at a 
velocity of 4 mm/s with a printing pressure of 25 kPa, as optimized 
in our previous study [17]. The constructs were 3D bioprinted with a 
hierarchical structure, where each layer was rotated by +10° relative 
to the previous one. The first layer was oriented at −70°, and the last 
layer was oriented at +80°. The constructs were 3D bioprinted into 
12-well plates that had been coated with 0.1% polyethyleneimine 
(PEI, M.W. 60,000, 50% w/w aqueous, Thermo Scientific) and 
incubated overnight at 37 °C. Immediately before printing, the 
0.1% PEI solution was replaced with a prewarmed (37 °C) 
printing solution composed of 50 mM calcium chloride (CaCl2) 
in 0.1% PEI. The tissue constructs were then 3D bioprinted into the 
wells filled with the printing solution and left in the solution for an 
additional 15-min post-printing to facilitate cross-linking. Following 
this, the constructs were washed three times with DMEM, and 
complete culture media prepared for HUVECs was added to each 
well. On the same day, the constructs were impregnated with 
collagen type I from rat tail (A1048301, Gibco, ThermoFisher), 
diluted to 1.5 mg/mL in DMEM, and transferred to a new plate.

Static and dynamic culture of 3D bioprinted 
constructs

The constructs were cultured in a humidified incubator at 37 °C 
with 5% CO2. From the beginning of the study, the constructs were 
assigned to one of three experimental groups: (1) control (CTRL), 
maintained under static culture without growth factor (GF) 
supplementation or bioreactor conditioning; (2) growth factor- 
treated (GF), maintained under static culture and supplemented 
with VEGF and bFGF during the first 10 days of culture; and (3) 
growth factor plus bioreactor-conditioned (GF + BIO), 
supplemented with VEGF and bFGF during the first 10 days of 
culture and subsequently subjected to dynamic bioreactor 
conditioning. To allow initial cell attachment and proliferation, 
all constructs were maintained under static conditions for the 
first 10 days following 3D bioprinting. On Day 10, when 
endothelial network formation was initiated, the GF + BIO 
constructs were transferred to the bioreactor (ElectroForce 
BioDynamic 5200, TA Instruments, Eden Prairie, MN, USA) and 
subjected to compressive loading and perfusion to partially simulate 
the cardiac environment. Dynamic conditioning was performed for 
one hour per day over three consecutive days (Figure 1), while CTRL 
and GF groups remained under static culture for the remainder of 
the experiment.

The device platens allowed for the simultaneous placement of 
four separate constructs. The constructs were subjected to a 
triangular compressive force at a frequency of 1 Hz, mimicking 
the physiological frequency experienced by the heart muscles [18]. 
The constructs were subjected to media perfusion at a flow rate of 
5 mL/min using a peristaltic pump [19], with the temperature 
maintained at 37 °C using a water bath. The constructs were 
compressed with 3% strain to remain within their elastic region, 
as determined in our previous study [17]. After one hour of dynamic 
culture, the samples were returned to their plates and maintained in 
a static incubator.

FIGURE 1 
Bioreactor setup. The image shows the bioreactor chamber with circulating media controlled by a peristaltic pump. Four constructs are positioned 
between two plates. During operation, the constructs were subjected to a triangular compressive force at a frequency of 1 Hz.
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Cell viability assay

To assess the viability and endothelialization of the endothelial 
cells across the three groups, the viability and morphology of the 
cells were evaluated by labelling live cells with green fluorescent 
using 1 μg/mL calcein AM (AnaSpec, Fremont) and dead cells with 
red fluorescent using 10 μg/mL of propidium iodide (PI, AnaSpec, 
Fremont) at the end of the 21-day incubation period. The constructs 
were subsequently imaged using a Leica TCS SPE II confocal 
microscope.

Cardiomyocyte seeding

To establish a pre-vascularized microenvironment prior to 
cardiomyocyte introduction, HUVEC-laden constructs were first 
cultured to allow endothelial network formation before 
cardiomyocyte seeding. H9c2 cells were used for preliminary 
studies, whereas NRVMs and iPSC-CMs were used to evaluate 
the performance of the engineered constructs. Cardiomyocytes 
were seeded after a total culture period of 15–16 days following 
3D bioprinting and maintained under standard culture conditions 
until the designated experimental endpoint.

Immunofluorescence staining

For histological analyses, at the end of the 21 days, the tissue 
constructs were fixed in 4% paraformaldehyde (PFA) at 4 °C for one 
hour. Following fixation, the tissues were processed using either 
Cryosectioning or whole-mount staining.

Cryosectioning and staining

Fixed samples were sequentially incubated in a 15% and 30% 
sucrose solution (1 h each, 4 °C), embedded in frozen section 
compound (Cat. No. 95057–838), and snap-frozen in 2- 
methylbutane (106056, Millipore Sigma) on dry ice. Samples 
were stored at −80 °C until sectioning. Cryosections (20 µm) 
were obtained using an Avantik Biogroup cryostat (Avantik 
Biogroup LLC QS 11) at −25 °C on pre-coated glass slides 
(coated with 0.5% gelatin dissolved in 0.1% polyethyleneimine 
solution, incubated at 37 °C overnight).

Sections were dried at room temperature and subjected to 
blocking/permeabilization (1 h; 0.1% Triton X-100, bovine serum 
albumin, donkey serum in Hanks’ Balanced Salt Solution (HBSS)), 
followed by overnight incubation at 4 °C with primary antibodies, 
including rabbit recombinant monoclonal CD31 antibody (1:500, 
ab76533, Abcam), cardiac troponin T monoclonal antibody (cTnT; 
MA5-12960, Invitrogen), connexin 43 monoclonal antibody (Cx43; 
1:500, 13–8300, Invitrogen), and sarcomeric α-actinin (ACTN2) 
monoclonal antibody (A7732, Sigma). After washing the slides with 
HBSS, sections were incubated with appropriate Alexa Fluor 
secondary antibodies, including Alexa Fluor™ 488 (1:200, donkey 
anti-rabbit IgG (H + L), A-21206, Invitrogen), Alexa Fluor™ 647 (1: 
200, donkey anti-mouse IgG (H + L), A-31573, Invitrogen), Alexa 
Fluor™ 555 (1:200, donkey anti-mouse IgG (H + L), A-31570, 
Invitrogen), and 4′,6-diamidino-2-phenylindole (DAPI) for 2 h at 
room temperature protected from light. Sections were washed 
5 times with HBSS, and they were mounted using ProLong™ 

Gold Antifade Reagent (Cat. #P36930) and imaged using a Nikon 
CSU-X1 confocal microscope.

Whole-mount staining

For whole-mount staining, constructs were incubated in blocking/ 
permeabilization solution for one hour, followed by overnight 
incubation at 4 °C with the primary antibodies at the same 
dilutions specified in Section Cryosectioning and staining. Following 
washing, constructs were incubated with the corresponding Alexa 
Fluor secondary antibodies at 1:200 dilution for three hours at room 
temperature with gentle agitation. Samples were washed and imaged 
using a Nikon CSU-X1 confocal microscope.

Experimental design considerations

Due to the limited resources of primary cardiac cells (NRVMs 
and iPSC-CMs) and bioreactor capacity constraints (four constructs 
per run), constructs were allocated to either whole-mount 
immunofluorescence or cryosectioning. Whole-mount imaging 
preserved 3D architecture, whereases cryosectioning enabled 
complementary structural analysis.

Image processing

Z-stack images were acquired and converted to maximum 
intensity projections. Images were processed in ImageJ by 
conversion to 8-bit, contrast enhancement, and saturation 
adjustment (0.35). Thresholding was performed using the Huang 
method to generate binary masks, followed by particle analysis 
(minimum size = 100).

For cardiomyocyte analysis, cTnT-positive area was quantified 
from representative whole-mount images using the same image 
processing pipeline. The total cTnT-positive area was normalized to 
the field of view and expressed as percentage coverage. Due to the 
limited number of biological replicates and reliance on 
representative imaging fields, this analysis is reported as semi- 
quantitative.

Endothelial marker quantification

CD31 expression was quantified in cryosectioned vascularized 
constructs (n = 4) not seeded with cardiomyocytes. The sectioned 
samples were used to visualize the endothelial structures within the 
construct. CD31-positive area was quantified and normalized to 
DAPI-positive area to account for cell density.

Calcium imaging

The constructs were incubated with 5 µM Fluo-8 (Cat. No. 
ab142773, Abcam) in NRVM complete medium for 1.5 h at 37 °C. 
After incubation, they were washed twice with fresh NRVM 
complete medium for 5 min each at 37 °C. Calcium transients in 
NRVM-seeded constructs were imaged using a Nikon CSU-X1 
confocal microscope equipped with 10× and 20× objectives on a 
heated stage maintained at 37 °C. Videos were recorded for 15 s, and 
the imaging data were analyzed using OriginLab and visualized with 
GraphPad Prism. For calcium transient analysis, three regions of 
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interest (ROIs) were randomly selected at day 17 (1 day after seeding 
the NRVMs). On day 21, the entire recorded frame was used for 
analysis. The same imaging and analysis protocol was applied to 
constructs seeded with iPSC-CMs. Calcium transients were 
quantified as the fractional change in fluorescence intensity (F) 
relative to baseline fluorescence (F0), expressed as F/F0 [20].

Results

Dynamic incubation enhances endothelial 
network formation in HUVEC-laden 
constructs

Live/dead assay was used to qualitatively assess cell viability and 
endothelial network formation across the experimental groups 
(Figure 2). In CTRL group (Figure 2A), where the 3D printed 
constructs were neither treated with GFs nor subjected to the 
bioreactor conditioning, limited cell viability was observed. Cells 
predominantly exhibited a spherical morphology, and no evidence 
of endothelial organization was detected; these are hereafter referred 
to as non-vascularized constructs.

In GF group (Figure 2B), where constructs were treated with 
GFs but not exposed to bioreactor conditions increased cell viability 
was noted compared to CTRL group, with cells displaying random 
distribution and early signs of endothelial organization, suggesting 
partial initiation of vascular network formation. In contrast, GF + 
BIO group (Figure 2C), which received both GF treatment and 
bioreactor conditioning, cell viability was markedly enhanced and 
the formation of continuous, interconnected endothelial networks 
throughout the constructs was observed. These constructs are 
hereafter referred to as vascularized constructs.

Vascularized constructs exhibit organized 
endothelial networks

Following the identification of GF + BIO group as the optimal 
condition for endothelial network formation (hereafter referred to 
as vascularized constructs), H9C2 cells were seeded onto the 
constructs at days 15–16 and cultured until day 21.

Immunofluorescence analysis (Figure 3) demonstrated the 
expression of ACTN2 in H9C2 cells (Figure 3A), CD31 in HUVECs 
(Figure 3B), and Cx43 in HUVECs (Figure 3C). CD31 and 
Cx43 expression was prominently localized along continuous, vessel- 
like structures, indicating the presence of organized and interconnected 
endothelial networks within the constructs.

ACTN2 expression was observed throughout the constructs, 
confirming the presence of cardiomyocytes; however, no distinct 
sarcomeric organization was evident, suggesting that the cardiac 
cells remained in an immature state at this stage.

To assess the consistency of endothelial cell distribution within 
the vascularized constructs, CD31 fluorescence was normalized to 
DAPI fluorescence. The resulting CD31/DAPI ratio was 0.98 ± 0.03 
(n = 4), indicating reproducible endothelial cell distribution among 
the vascularized constructs and supporting the representative CD31- 
positive networks shown in (Figure 4).

Cardiomyocyte integration depends on 
vascularization (NRVMs)

To further assess cardiomyocyte integration within the 
bioprinted constructs in a pre-clinically relevant model, NRVMs 
were used in place of H9c2 cells. NRVMs were seeded onto the 
constructs at day 16, and samples were fixed at day 21 with 4% PFA, 
followed by whole-mount immunofluorescence staining. CD31 was 
used to label HUVECs while cTnT was used to identify NRVMs.

To evaluate the influence of vascularization on NRVM 
behaviour, cells were seeded onto both non-vascularized and 
vascularized constructs. As shown in Figures 5A,B, NRVMs 
seeded on non-vascularized constructs expressed cTnT and 
exhibited a typical morphology, with no clear association with 
endothelial structures, consistent with the limited presence of 
endothelial cells observed in this group.

In contrast, NRVMs seeded on vascularized constructs (Figures 
5C,D) not only expressed cTnT but also preferentially adhered to 
and aligned with CD31-positive endothelial networks, showing 
enhanced structural integration with the preformed vascular-like 
architecture.

Semi-quantitative analysis of representative fields (Figure 5E) 
further supported these observations, showing greater cTnT- 

FIGURE 2 
Live/dead staining images of bioprinted constructs, (A) CTRL group: constructs incubated only under static conditions. (B) GF group: constructs 
incubated only under static conditions supplemented with GFs, during the first 10 days of static incubation. (C) GF + BIO group: constructs incubated 
under static and dynamic conditions supplemented with GFs during the first 10 days of static incubation. The scale is 500 µm.
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positive coverage and enhanced spatial continuity of NRVMs in 
vascularized constructs (43.6%) relative to non-vascularized 
constructs (31.5%).

iPSC-CMs show enhanced structural 
organization in vascularized constructs

To further mimic the native cardiac tissue environment, 
iPSC-CMs were seeded onto the constructs at day 16 as 
the final stage of the study, as a clinically relevant 
model of CTE.

As shown in Figure 6, iPSC-CMs expressed cTnT on both 
vascularized and non-vascularized constructs. In the non- 
vascularized constructs (Figures 6A,B), iPSC-CMs formed 
rounded and compact clusters with limited spreading, indicative 
of immature structural organization. Although cTnT-positive area 
was observed, the cells displayed limited spatial organization. The 
absence of CD31 staining confirmed that these constructs lacked 
endothelial network formation.

In contrast, iPSC-CMs seeded on vascularized constructs 
(Figures 6C,D) exhibited elongated, aligned, and continuous 
cTnT-positive area that were spatially associated with CD31- 
positive endothelial networks, indicating enhanced structural 
organization and cardiomyocyte–endothelial integration. Semi- 
quantitative analysis of representative fields (Figure 6E) further 
supported these observations, showing greater cTnT-positive area 
and enhanced spatial continuity of iPSC-derived cardiomyocytes in 
vascularized constructs (52.6%) relative to non-vascularized 
constructs (23.4%).

NRVMs and iPSC-CMs seeded on 
vascularized 3D bioprinted constructs 
exhibit enhanced contractile behaviour

Calcium transient imaging was performed independently on 
vascularized and non-vascularized constructs seeded with either 
NRVMs or iPSC-CMs to evaluate cardiomyocyte function 
(Figure 7). For NRVM-seeded constructs, imaging was conducted 
at day 17 (1 day after seeding) and day 21, while iPSC-CM–seeded 
constructs were assessed at day 21.

At day 17, NRVMs seeded on non-vascularized constructs 
showed a rounded and isolated morphology, and exhibited 
spontaneous beating (Figures 7a1,b1; Supplementary Material 1). 
In contrast, NRVMs seeded on vascularized constructs displayed 
more elongated and aligned cell morphology, along with 
synchronized contractions and more rhythmic activity (Figures 
7a2,b2; Supplementary Material 2).

By day 21, NRVMs in both groups maintained contractile 
activity. However, cells on non-vascularized constructs exhibited 
irregular and arrhythmic contractions despite increased elongation 
compared to day 17 (Figures 7a3,b3; Supplementary Material 3). In 
contrast, NRVMs on vascularized constructs retained coordinated 

FIGURE 3 
Immunofluorescence images from embedded cryosection staining of 3D bioprinted constructs (GF + BIO group) seeded with H9c2 (A) H9c2 cells 
seeded onto the constructs expressing ACTN2, (B) HUVECs forming tubular structures and expressing CD31, (C) HUVECs expressing connexin 43 (Cx43). 
The scale bar is 100 mm.

FIGURE 4 
Quantification of CD31-positive area normalized to DAPI in 
vascularized constructs. Each dot represents one independent sample 
(n = 4). Data are presented as mean ± SD.
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and synchronous beating, accompanied by the formation of a more 
interconnected cellular network (Figures 7a4,b4; Supplementary 
Material 4), although with a slightly reduced beating frequency.

To further evaluate the performance of the engineered 
constructs using a human cardiac cell model, iPSC-CMs were 
seeded onto both vascularized and non-vascularized constructs 
and assessed on day 21. In non-vascularized constructs, beating 
was observed in isolated clusters, requiring the analysis of multiple 
regions of interest (ROIs) (Figure 7a5; Supplementary Material 5). In 

contrast, iPSC-CMs on vascularized constructs formed elongated, 
aligned, and continuous networks that contracted synchronously 
across the field of view, making it impractical to define separate ROIs 
(Figure 7a6; Supplementary Material 6).

Although the spontaneous beating frequency of iPSC-CMs on 
vascularized constructs (Figure 7b6) was lower than that of non- 
vascularized constructs, the contractions were highly synchronized 
within a well-organized cellular network. In contrast, non- 
vascularized constructs (Figure 7b5) exhibited more frequent but 

FIGURE 5 
Structural organization of cardiomyocytes and endothelial networks in vascularized and non-vascularized 3D bioprinted constructs seeded with 
NRVMs. (A,B) NRVMs seeded onto non-vascularized control constructs expressing cTnT with two different magnifications. (C,D) NRVMs seeded onto 
vascularized constructs expressing cTnT, with HUVECs expressing CD31 with two different magnifications. (E) Semi-quantitative analysis of cTnT-positive 
area based on representative fields. Bars represent the mean of selected images from a single construct (technical replicates). Constructs were fixed 
and stained as whole-mount samples without embedding. Scale bar = 100 µm.
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unsynchronized contractions, with independent beating across 
isolated cell clusters. These observations suggest improved 
functional integration, as evidenced by the coordinated 
contractile behavior observed within the vascularized constructs.

Discussion

The aim of this study was to engineer a vascularized tissue 
construct capable of supporting cardiac cell function as a step 
toward engineering fully contractile, vascularized cardiac tissue. 

To achieve this, HUVECs were embedded in an alginate/gelatin 
matrix and 3D bioprinted in a hierarchical structure designed to 
mimic the orientation of cardiac myofibrils. Following 
bioprinting, the constructs were coated with type I collagen, 
given its essential role in vessel formation and stability, as well as 
its ability to act as a reservoir and modulator for proangiogenic 
factors such as VEGF and bFGF [21]. Our previous studies 
demonstrated that the hierarchical structure supports cell 
viability in both top-down [16] and bottom-up approaches 
[17]. Building upon that foundation, the current study 
integrated both strategies to advance the development of a 

FIGURE 6 
Structural organization of cardiomyocytes and endothelial networks in vascularized and non-vascularized 3D bioprinted constructs seeded with 
iPSC-CMs. (A,B) iPSC-CMs seeded onto non-vascularized control constructs expressing cTnT under two different magnifications. (C,D) iPSC-CMs 
seeded onto vascularized constructs expressing cTnT, with HUVECs expressing CD31 under two different magnifications. (E)Semi-quantitative analysis of 
cTnT-positive area based on representative fields. Bars represent the mean of selected images from a single construct (technical replicates). 
Constructs were fixed and stained as whole-mount samples without embedding. Scale bar = 100 µm.
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vascularized cardiac patch capable of supporting endothelial and 
cardiac cell function.

To promote endothelial network formation within the 
engineered constructs, the experimental design followed a 
stepwise engineering approach, in which VEGF and bFGF 
supplementation was first used to support endothelial network 
formation, followed by dynamic bioreactor conditioning to 
determine whether perfusion and mechanical stimulation could 
further enhance endothelial organization. Live/dead assay results 
revealed that only the GF + BIO group developed organized and 
dense tubular vessels within the constructs (Figure 2), suggesting 
that the addition of dynamic bioreactor conditioning to growth 
factor-treated constructs enhanced endothelial network formation 
under the conditions evaluated in this study.

The combined use of VEGF and bFGF in promoting endothelial 
network formation has been widely reported in collagen-based 
systems [22, 23]. However, relatively few studies have combined 
these growth factors with perfusion-based culture to examine their 
use in promoting vascularization within engineered tissues [23]. 
One such study demonstrated enhanced cell migration under 
continuous flow with VEGF and bFGF supplementation [23]. In 
contrast to previous approaches, our study introduced a thick, 
multi-layered (16-layer) bioprinted construct with architecture 
mimicking myocardial alignment, combined with both perfusion 
and mechanical stimulation, thereby providing a more 
physiologically relevant microenvironment for endothelial 
organization.

Perfusion bioreactors enhance nutrients and oxygen transport 
within engineered tissues, enhancing mass transport throughout the 
scaffold [24]. In addition, mechanical stimulation has been shown to 
promote vascular alignment and network formation [25]. The 
combination of growth factor supplementation and dynamic 
bioreactor conditioning likely contributed to the enhanced 
endothelial network formation observed under the experimental 
conditions evaluated in this study.

Confocal imaging at day 21 confirmed that endothelial cells 
organized into interconnected, vessel-like networks (Figure 3B). 

Strong CD31 expression indicated the formation of intercellular 
junctions, while Cx43 expression suggested the development of gap 
junctions involved in intercellular communication (Figure 3C) [26]. 
Notably, Cx43 expression in endothelial cells has been associated 
with enhanced angiogenic potential, potentially through 
mechanisms independent of gap junction signaling [27].

Following the onset of endothelial network formation 
(approximately day 15), cardiomyocytes were seeded onto the 
constructs. H9c2 cells were initially used as a well-established 
in vitro cardiac cell model to evaluate the ability of the 
engineered constructs to support the attachment, viability and 
organization of cardiac cells. H9c2 cells adhered and expressed 
ACTN2 but did not exhibit contractile activity (Figure 3A). In 
contrast, NRVMs expressed cTnT and demonstrated robust 
contractility, aligning along preformed endothelial networks 
(Figure 5). These findings are consistent with previous studies 
showing enhanced integration of cardiomyocytes on pre- 
vascularized scaffolds [28]. Although NRVMs were also able to 
adhere and align on non-vascularized constructs, their alignment 
pattern and interaction with endothelial networks in vascularized 
constructs more closely recapitulate the native myocardial 
microenvironment.

Similarly, iPSC-CMs expressed cTnT in both conditions; 
however, their structural organization differed markedly. On 
non-vascularized constructs, cells remained rounded with limited 
alignment, whereas vascularized constructs supported the formation 
of elongated, aligned, and interconnected cellular 
networks (Figure 6).

Functional analysis further supported these structural 
observations. NRVMs on vascularized constructs exhibited more 
stable and synchronized contractile behavior compared to those on 
non-vascularized constructs (Figure 7). Similarly, iPSC-CMs on 
vascularized constructs demonstrated more coordinated and 
synchronized contractions, despite exhibiting a lower 
spontaneous beating frequency (Figure 7). These observations 
suggest improved functional integration, as evidenced by the 
coordinated contractile behavior observed within the vascularized 

FIGURE 7 
Calcium transient activity in NRVM- and iPSC-CM–seeded 3D bioprinted constructs at day 17 and day 21. (A) Representative fluorescence images 
showing Fluo-8–labeled calcium transients and (B) corresponding calcium transient traces for constructs seeded with neonatal rat ventricular myocytes 
(NRVMs) or human induced pluripotent stem cell–derived cardiomyocytes (iPSC-CMs). On day 17, three regions of interest (ROIs) were randomly selected 
for F/F0 analysis, whereas on day 21, the entire imaging field was analyzed as a single ROI. Scale bars: 100 µm.
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constructs. The improved synchronization and coordinated 
contractile behaviour observed in vascularized constructs seeded 
with NRVMs suggest that endothelial network formation may 
promote functional integration of cardiomyocytes within the 
constructs. Our findings are consistent with previous studies 
demonstrating that vascular cells can support the functional 
development of engineered cardiac tissues. For instance, a recent 
study has shown that the presence of vascular cells within human 
cardiac organoids enhances their maturation and force of 
contraction [29] likely by maintaining a minimal distance to 
provide oxygen and nutrients [30].

Calcium ions (Ca2+) play a central role in excitation–contraction 
coupling, linking electrical activity to mechanical contraction in 
cardiomyocytes [31]. Accordingly, calcium transient imaging 
provides insightful information regarding excitation-contraction 
coupling. While cardiomyocytes on non-vascularized patches 
exhibited irregular and weak calcium transients, NRVMs on 
vascularized patches displayed more rhythmic and regular 
transients as early as 1 day after seeding, and this pattern 
remained consistent throughout the experimental period. This is 
supported by a previous study demonstrating that endothelial cells 
regulate the contractility of cardiac cells [32]. The study found that 
endothelial cells produce cardioactive factors in response to 
substances released during perfusion. These factors can affect both 
the strength and duration of contraction in adjacent cardiomyocytes 
[32]. These findings, together with previous reports, suggest that 
endothelial cells may contribute not only to nutrient and oxygen 
delivery but also to the regulation of cardiomyocytes contractile 
behaviour within engineered cardiac tissues.

While these findings demonstrate the potential of the developed 
constructs for cardiac tissue engineering applications, several 
limitations remain. The experimental duration was limited to 
21 days, and longer culture periods may provide further insight 
into tissue maturation and hydrogel degradation. Furthermore, 
incorporation of quantitative analyses of calcium transient 
kinetics (e.g., rise time, decay time, and transient duration), 
together with force generation measurements, would provide a 
more comprehensive functional characterization of the 
engineered tissues. Future studies should explore optimization of 
cardiomyocyte seeding timing and bioreactor conditions to further 
enhance tissue development.

Conclusion

Cardiovascular diseases remain the leading cause of mortality 
worldwide, underscoring the urgent need for effective regenerative 
strategies, including CTE. Two major challenges in this field are the 
development of vascularized constructs and the support of 
functional cardiomyocyte behavior.

To address these challenges, this study employed 3D bioprinting 
to fabricate constructs that mimic the native orientation of cardiac 
myofibrils while incorporating endothelial cells to promote 
vascular-like network formation. Constructs were cultured under 
both static and dynamic conditions and subsequently seeded with 
cardiomyocytes.

Our results demonstrate that the incorporation of endothelial 
networks within bioprinted cardiac constructs enhances cell viability 

and may reduce the risk of necrotic core formation. Furthermore, 
the presence of endothelial networks improved the synchronization 
and organization of cardiomyocyte contractile behavior, 
highlighting the importance of endothelial–cardiomyocyte 
interactions in recapitulating native myocardial function.

Building upon our previous work in scaffold design and 
imaging-based characterization [33–39], this study integrates 
hierarchical architecture, endothelial network formation, and 
dynamic culture conditions to advance the development of 
functional cardiac tissue constructs. These findings provide a 
promising step toward more physiologically relevant engineered 
cardiac tissues and future regenerative applications.
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