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Abstract
Three-dimensional (3D) bioprinting offers transformative potential for cardiac tissue 
engineering by enabling the fabrication of cell-laden constructs. However, key 
challenges remain, including maintaining cell viability within bioprinted constructs 
and understanding how embedded cells affect their physical and mechanical 
properties. This study addresses these challenges by incorporating human umbilical 
vein endothelial cells (HUVECs) into alginate–gelatin hydrogels and evaluating their 
impact on mechanical, physical, and rheological properties. Bioinks or hydrogels were 
prepared with or without HUVECs, and their rheological properties were assessed. 
Computational fluid dynamics (CFD) simulation was employed to determine the 
appropriate bioprinting pressure while minimizing cell damage. Constructs were 
designed and 3D-printed with an angular pattern to replicate the orientation of 
cardiac myofibrils and were characterized over a 21-day period for viscoelasticity, 
elastic modulus, swelling, mass loss, morphology, and cell viability. The incorporation 
of cells increased the storage and loss moduli of the bioink, demonstrating shear-
thinning behavior as described by the Cross model. CFD simulation combined with 
preliminary cell viability assays identified 25 kPa as a suitable 3D-printing pressure, 
effectively preserving cell viability. Both cell-free and cell-laden constructs exhibited 
viscoelastic properties; however, cell-laden constructs displayed a lower elastic 
modulus under linear compression, reduced swelling, and greater mass retention. 
High cell viability was observed immediately post-bioprinting and was maintained 
for more than 1 week. These findings provide a framework for developing structurally 
robust, cell-laden constructs with enhanced functional fidelity, supporting their 
application in cardiac tissue engineering.
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1. Introduction
Heart disease remains one of the leading causes of death 
worldwide, largely due to the limited regenerative capacity 
of the adult heart.1–3 In many cases, heart disease leads to 
compromised ventricular function, including impaired 
filling and/or ejection of blood, resulting in heart failure 
(HF), a common end-stage manifestation of structural and 
functional cardiac disorders.4 While heart transplantation 
remains the gold standard therapy for selected HF patients, 
offering excellent post-transplant survival, its full potential 
is constrained by several complications. These include 
immunological rejection, heightened susceptibility to 
infections, medication-related issues, the complex ischemic 
milieu, and the persistent traditional risk factors of coronary 
disease.5 Consequently, regenerative therapeutic strategies 
have been developed to repair or replace damaged cardiac 
tissue.6 However, both cell-free and cell-based approaches 
face limitations, including poor delivery and retention as 
well as limited therapeutic efficacy,6 highlighting the need 
for more advanced regenerative strategies.

Cardiac tissue engineering (CTE) is a promising 
approach for developing functional cardiac tissue, either for 
in vivo transplantation aimed at regenerative repair or for 
creating in vitro models to study disease mechanisms and 
facilitate drug discovery.7,8 Despite its promise, the success 
of conventional CTE depends on meeting several critical 
requirements that remain only partially addressed.9 These 
include limited control over scaffold microarchitecture, 
inadequate and/or non-functional vascularization to 
ensure perfusion, immunogenic responses, scalability 
challenges, and the absence of essential cell types required 
for myocardial repair.9,10

The advancement of three-dimensional (3D) printing, 
one of the most widely used techniques in additive 
manufacturing, offers a promising avenue to overcome 
the aforementioned limitations.9 More specifically, the 
utilization of 3D-printing  to fabricate functional living 
constructs from biological materials—such as cells, 
biomaterials, and growth factors—in a spatially controlled, 
layer-by-layer manner is referred to as 3D-bioprinting.9,11,12 
3D-bioprinting can be used to develop engineered 
tissues through two main approaches: the top-down 
approach, in which living cells are introduced or seeded 
after scaffold fabrication, and the bottom-up approach, 
in which living cells are incorporated during scaffold 
fabrication.13,14 Although both approaches have advantages 

and limitations, and many recent cardiac tissue constructs 
employ a combination of the two, the bottom-up approach 
is gaining greater recognition for its effectiveness in 
developing vascularized tissues.13,14 

Extrusion bioprinting is recognized as a cost-effective 
3D-bioprinting technique, utilizing pneumatic- or 
mechanically driven fluid dispensing systems to deposit 
bioink with cell densities closely resembling physiological 
levels onto a platform.7,15 However, excessive dispensing 
pressure during printing can increase shear forces acting 
on cells within the bioink, particularly when extruding 
high-viscosity bioinks or using a thin nozzle, which may 
reduce cell viability.7,16 The magnitude of these shear forces 
is influenced by the rheological properties of the bioink 
and can adversely affect cell viability and proliferation, 
thereby impairing the biological function of the engineered 
tissue.17 

Additionally, the presence of living cells can influence 
the physical and mechanical properties of engineered 
constructs.18,19 Therefore, when bioprinting cell-laden 
constructs, it is important to consider: (i) applying 
appropriate mechanical forces during printing to minimize 
cell damage while ensuring proper extrudability, and (ii) 
characterizing their in vitro properties post-printing, as 
these may differ significantly from cell-free scaffolds. 
Such differences could further influence their suitability 
for in vivo applications. To the best of our knowledge, the 
underlying rationales for these considerations have not 
been thoroughly studied or reported in the literature.

Motivated by these considerations, this study aims 
to fabricate 3D-bioprinted constructs from alginate–
gelatin hydrogel containing endothelial cells, with the 
goal of promoting vascularization and advancing the 
development of engineered cardiac tissue. The specific 
objectives of this study are: (i) to determine the appropriate 
bioprinting pressure required to maintain cell viability and 
apply this pressure to fabricate both cell-free scaffolds and 
cell-laden constructs, and (ii) to investigate the influence 
of incorporated cells on the physical, mechanical, and 
morphological properties of bioprinted constructs over 
time compared with cell-free scaffolds. 

We first characterized the rheological behavior of the 
bioink composed of human umbilical vein endothelial cells 
(HUVECs) encapsulated in alginate–gelatin hydrogels. 
Rheological data were then used in computational fluid 
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dynamics (CFD) simulations to estimate the average 
velocity of the bioink during extrusion. 

Based on the CFD outcomes, preliminary cell viability 
assays conducted over 21 days, and findings from our 
previous work,20 we identified a bioprinting pressure 
that effectively maintained cell viability. Using this 
pressure, both cell-laden constructs and cell-free scaffolds 
(controls) were fabricated. Their mechanical and physical 
properties—including elastic modulus, swelling behavior, 
mass loss, and morphology—were evaluated over a 21-day 
period. Additionally, cell viability within the cell-laden 
constructs was assessed to confirm sustained cellular 
function post-bioprinting. 

2. Materials and experimental methods
2.1. Hydrogel preparation
Hydrogel solutions were prepared from brown algae 
(A2033, Sigma-Aldrich, USA) and gelatin (Type A, gel 
strength approximately 300 g Bloom; G1890, Sigma-
Aldrich, USA), following the method established in a 
previous study,20 which demonstrated that a solution 
of alginate 3 wt% (Alg3) and gelatin 1 wt% (Gel1)—
referred to as Alg3Gel1—was favorable for HUVECs and 
exhibited enhanced mechanical strength. Specifically, 
Gel1 was prepared by dissolving gelatin in saline solution 
at approximately 55°C, after which alginate powder was 
added to Gel1 and stirred at the same temperature until 
fully dissolved, forming Alg3Gel1. 

In this study, Alg3Gel1 was prepared at a concentration 
70% higher than that used in the previous study20 (i.e., 4.2% 
instead of 3%). This allowed for subsequent dilution with 
the cell solution to achieve the desired final concentration of 
3%. HUVECs were suspended at a density of 6 × 106 cells/
mL in culture medium, following the method established in a 
previous study that demonstrated successful vascular network 
formation at this cell density.21 The cell suspension, which 
comprised 30% of the bioink volume, was then combined 
with the hydrogel mixture to create cell-laden Alg3Gel1.  

2.2. Cell culture
HUVECs (ATCC CRL-1730, American Type Culture 
Collection, USA) were cultured in Dulbecco’s Modified 
Eagle Medium  (SH30243.01, HyClone, Cytiva, 
USA) supplemented with 2% sodium hypoxanthine–
aminopterin–thymidine supplement (50× stock, Gibco™, 
Thermo Fisher Scientific, USA), 10% fetal bovine serum 
(Gibco®, Invitrogen, USA), and 1% antibiotic–antimycotic 
(100×) containing 10,000 units/mL penicillin, 10,000 μg/
mL streptomycin, and 25 μg/mL Fungizone (Thermo 
Fisher Scientific, USA). The cells were incubated at 37°C 
with 5% CO2 and were detached using 0.25% trypsin-

EDTA (Gibco®, Invitrogen, USA) once they reached 
approximately 80–90% confluency. 

2.3. Rheological properties of the bioink
The rheological behavior of the bioinks was investigated 
using a rheometer. Notably, bioinks can exhibit 
thixotropic, viscoelastic, or shear-thinning behavior,22 
and the rheological properties of alginate-based hydrogels 
encapsulating HUVECs have not yet been reported in the 
literature. 

The hydrogels were prepared according to the method 
described in Section 2.1 on the day prior to testing and 
stored at 4°C. On the day of testing, HUVECs were 
counted and suspended in complete culture medium for 
the preparation of cell-laden bioink, while only complete 
culture medium was used for cell-free hydrogels. The 
mixtures were then gently combined to create the bioink 
and allowed to stand for approximately 2 h to minimize 
stirring effects. The hydrogels were subsequently placed 
onto the rheometer’s lower geometry at a set temperature 
of 37°C using a spatula. 

The flow behavior of the hydrogels and bioink was 
assessed using a Discovery Hybrid Rheometer HR20 (TA 
Instruments, USA) with a 20-mm parallel plate geometry 
at a shear rate range of 0.01–1000 s−1. A dynamic frequency 
sweep test was performed at 10% strain and an angular 
frequency of 0.1–100 rad/s to determine the solid- and 
liquid-like behavior of the hydrogels and the bioink.  

2.4. Determining the three-dimensional  
bioprinting pressure 
To preserve cell viability, the appropriate 3D-printing 
pressure was carefully determined based on CFD 
simulations (to reveal process-induced forces) and 
preliminary cell viability assay results, as outlined below. 

2.4.1. Computational fluid dynamics simulation 
The bioink flow during the extrusion process was 
simulated using CFD. Ansys Fluent 2021-R1 finite-
volume CFD software (Ansys, USA) was used to establish 
and solve the governing equations for bioink flow. The 
geometry of a 10 mL syringe connected to a luer lock 
GA27 tapered dispensing tip (Figure 1) was developed 
using SOLIDWORKS (Dassault Systèmes, France). The 
computational domain for fluid flow simulation was then 
extracted using Ansys SpaceClaim (Ansys, USA).

The bioink flow, considered incompressible, was 
calculated using the following equations (Equations I–III)23:

	 (i)	 Continuity: 

	
�
U 0� (I)
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	(ii)	 Momentum: 

	 ρ σ ρ
DU
Dt

g=∇ +. 

� (II)

	 σ τ= − +pI � (III)

where U
���

 represents the fluid velocity vector, 
g   

indicates the gravitational acceleration vector, p denotes 
fluid pressure, ρ represents fluid density, and I is the 
unit tensor.23 τ represents the shear stress tensor, which, 
for a Newtonian fluid, equals the shear rate tensor ( γ )  
multiplied by the dynamic viscosity η, according to 
Newton’s viscosity law.23

	 τ ηγ=  � (IV)

For non-Newtonian fluids, the generalized form of 
Equation IV is used, where η is replaced with an apparent 
viscosity that varies with shear rate.23

The mathematical model that best fit the flow behavior 
data was extracted using TRIOS software (TA Instruments, 
USA). The computational solution of Equations I–III, 
with appropriate boundary conditions and a suitable 
flow behavior model (Equation IV), provides a detailed 
description of the flow inside the syringe and dispensing 
tip during extrusion. The boundary conditions were 
defined as follows: “pressure inlet” at the free surface 

of the bioink inside the syringe; “pressure outlet” at the 
environmental gauge pressure; and a “no-slip” condition 
on all solid walls. The computational simulations, 
performed using Ansys Fluent 2021-R1 software, yielded 
the distribution of velocity components, pressure, shear 
rate, and shear stress. 

2.4.2. Cell viability 
To evaluate the effect of printing pressure on cell viability, 
bioinks were extruded at 20 kPa and 30 kPa to fabricate 
single-layer constructs. Cell viability was assessed 
immediately after printing and again on the following day. 
In addition, 16-layer constructs were bioprinted, and cell 
viability was evaluated on days 1, 7, and 21 using a live/
dead assay. The assay employed calcein-AM (1 μg/mL) and 
propidium iodide (10 μg/mL) in complete culture medium 
to stain live and dead cells, respectively. After 40 min of 
incubation at room temperature, the single-layer constructs 
were imaged using a BioTek Lionheart LX automated 
microscope (Biotek Instruments, Winooski, VT, USA), 
and the 16-layer constructs were imaged using a Leica TCS 
SPEII confocal microscope (Leica Microsystems, Wetzlar, 
Germany)). All live/dead assays were performed using the 
same protocol to ensure consistency and reproducibility 
across experiments. 

2.5. Three-dimensional printing or bioprinting
Cylindrical constructs (20 mm × 20 mm) were designed 
and printed with a strand diameter of 0.15 mm and an infill 
distance of 1.5 mm. These parameters were selected based 
on a previous study, in which angular scaffolds fabricated 
from the Alg3Gel1 formulation (infill distance: 1.5 mm; 
strand diameter: 0.15 mm) exhibited the highest support 

Figure 1. bioprinting of angular constructs using a 10 mL syringe equipped with a GA27 tapered dispensing tip. The construct design replicates the angular 
orientation of heart myofibrils. Abbreviation: 3D, three-dimensional.
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for cell viability and superior elastic modulus among the 
tested groups.20 Cell-free scaffolds and cell-laden constructs 
were printed in 16 layers using a 27G SmoothFlow tapered 
tip with an inner diameter of 0.2 mm  (Nordson EFD, USA) 
on a BioScaffolder 3.2 (Gesim, Germany). The scaffolds 
were printed with a gradual angular change in each layer 
(Figure 1), using a printing speed of 4 mm/s and a pressure 
of 25 kPa. The first layer was deposited at a −70° angle, with 
each successive layer rotated by 10°, until the final layer, 
which was deposited at +80° angle. 

The day before printing, 6-well plates were coated with 
0.1% polyethyleneimine (PEI; molecular weight 60,000; 
50% w/w aqueous solution) (Thermo Fisher Scientific, 
USA) and incubated at 37°C. On the day of printing, the 
PEI solution was replaced with 50 mM calcium chloride 
prepared in 0.1% PEI solution. The scaffolds were printed 
directly into wells containing the prepared solution and left 
for 15 min post-printing to ensure effective crosslinking. 
They were then washed three times with culture medium 
and transferred to complete culture medium. 

2.6. Rheological, mechanical, swelling, and mass 
retention properties of constructs
The physical properties of the printed constructs were 
assessed by evaluating their rheological properties, 
elastic modulus, swelling behavior, and mass retention  
percentages.

2.6.1. Mechanical and rheological properties
The elastic modulus (Young’s modulus) of both cell-free and 
cell-laden constructs was assessed using the ElectroForce 
Biodynamic 5100 series (TA Instruments, USA). A 
compression force was applied to the printed constructs at 
a rate of 0.01 mm/s until they were compressed to 50% of 
their initial height. The stress–strain curve for each scaffold 
was then plotted, and the elastic modulus was calculated as 
the slope of the linear region.

Given that the viscoelasticity of the myocardium is 
crucial for cardiac function, it was essential to evaluate 
both the storage modulus (G’) and the loss modulus (G”). 
Before conducting the frequency sweep test, a strain sweep 
was performed on the scaffolds using the HR-20 equipped 
with linear dynamic mechanical analysis capability. The 
strain sweep, conducted at an angular frequency of 1 Hz, 
involved an amplitude range of 1–100 μm to determine 
the linear region. A strain value within this range (3%) was 
selected for the frequency sweep test. The frequency sweep 
test was performed on the printed constructs at 37°C to 
obtain G’ and G” as functions of frequency over the range 
of 1–16 s–¹. The initial strain was set to 5% of the initial 
height of the scaffolds.

2.6.2. Swelling and mass retention
The swelling and mass retention percentages of the 
constructs play an important role in regulating cell growth 
and function. Constructs with a high degree of swelling 
may promote cell attachment, while degradation that 
occurs neither too early nor too late provides adequate 
support for cell growth and proliferation.14 Swelling and 
mass retention of the constructs were assessed over 21 
days while being maintained in complete culture medium 
in an incubator at 37°C and 5% CO2. After the constructs 
were printed, crosslinked, and washed three times with 
Dulbecco’s Modified Eagle Medium, they were blotted and 
weighed under sterile conditions to record their initial 
weight (W0). Subsequently, the constructs were maintained 
in complete culture medium at 37°C with 5% CO2. At 
different time points (days 1, 3, 7, and 21), the constructs 
were removed, blotted, and weighed (Wt). The swelling 
percentage was then calculated using Equation V:

	 Swelling (%) = 
W W

W
t 0

0

100� (V)

where W0 is the initial weight of the constructs 
immediately after printing, and Wt is the wet weight of the 
constructs at different time points (days 1, 3, 7, and 21). 

The same constructs were also used for the mass 
retention test. In this case, the constructs were lyophilized 
after weighing at different time points, and their dry weight 
was recorded (Wt). To determine the initial dry mass of 
the constructs, separate constructs were printed, and their 
average weight was designated as the initial lyophilized 
mass (W0). The mass retention percentage was then 
calculated using Equation VI24:

Mass retention (%) = 100 − 
W W

W
t0

0

100� (VI)

For each time point, the swelling and mass retention 
percentages were calculated using at least six replicates. 

2.7. Field emission scanning electron microscopy 
The microstructure and morphology of the printed 
constructs were examined using a Hitachi SU8010 field 
emission scanning electron microscope (FESEM) (Hitachi, 
Japan). After lyophilization, the constructs were sputter-
coated with gold and observed under FESEM at a voltage of 
3 kV and a current of 10 μA, at two different magnifications.

2.8. Statistics
All quantitative data are presented as mean ± standard 
deviation. Statistical analyses were performed using one-
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way analysis of variance (ANOVA), followed by Tukey’s 
post hoc test for multiple comparisons. All analyses 
were conducted using GraphPad Prism version 10.4.0 
(GraphPad Software, USA).

3. Results
3.1. Rheological properties of the bioink
To examine the impact of incorporating cells into 
the Alg3Gel1 bioink and to determine appropriate 
3D-printing parameters for bioprinting, the rheological 
behavior of cell-laden Alg3Gel1 was compared with that 
of Alg3Gel1 and Alg3.  Figure 2 illustrates the shear stress 
and viscosity of the hydrogels and bioink as functions of 
shear rate. Figure 2A presents the relationship between 
shear stress and shear rate for Alg3, Alg3Gel1, and cell-
laden Alg3Gel1. The non-linear relationship observed 
in all three samples indicates their non-Newtonian fluid 
behavior. The cell-laden Alg3Gel1 showed the highest 
shear stress across the tested shear rates, likely due to the 
presence of cells acting as suspended particles, thereby 
increasing the viscosity of the suspension compared to 
the base fluid. 

At lower shear rates, Alg3Gel1 exhibited higher shear 
stress than Alg3, suggesting that the addition of Gel1 
influences fluid behavior, particularly under lower-shear 
conditions. Figure 2B plots the viscosity against shear 
rate for the same three samples. All samples exhibited 
lower viscosities at higher shear rates—a characteristic of 
shear-thinning fluids. The cell-laden Alg3Gel1 displayed 
the highest viscosity at lower shear rates, which decreased 
rapidly with increasing shear rate, indicating pronounced 
shear-thinning behavior. While both Alg3 and Alg3Gel1 
demonstrated shear-thinning properties, the addition of 
Gel1 consistently resulted in higher viscosities across most 
of the shear-rate range. 

Based on the mathematical model fitting using TRIOS 
software, the Cross time-independent model provided 
the best fit for the data in Figure 2B among the array of 
models available. This model describes the flow behavior 
of shear-thinning fluids across a wide range of shear rates 
(Equation VII).

	
η η
η η γ
−
−

=
+

∞

∞0

1
1 k n



� (VII)

where k and n are fitting parameters, η0 is the limiting 
viscosity at low shear rates, and η∞ is the limiting viscosity 
at high shear rates.25 Table 1 presents the parameters of the 
Cross model characterizing the flow behavior of cell-laden 
Alg3Gel at 37°C. 

Figure 3 shows the rheological properties of the 
hydrogels and bioink as a function of frequency. Figure 3A  
depicts the storage modulus (G’), which reflects the solid-
like behavior of the samples. Among all samples, the 
cell-laden Alg3Gel1 exhibited the highest G’, indicating 
the most solid-like behavior. In contrast, Alg3 showed 
the lowest G’, demonstrating the least solid-like behavior. 
Interestingly, while Alg3Gel1 showed the second-highest 
G’ in its unloaded form, the presence of cells in the cell-
laden Alg3Gel1 further increased its stiffness. 

Figure 3B illustrates the loss modulus (G”), which 
reflects the liquid-like behavior of the samples. Similar to 
the storage modulus, the cell-laden Alg3Gel1 exhibited the 
highest G” among all samples, while Alg3 displayed a lower 
G” than the cell-laden Alg3Gel1. Alg3 also exhibited the 
lowest G” overall. Taken together, the cell-laden Alg3Gel1 
exhibited the highest G’ and G” among all samples. 

Figure 3C shows the ratio of G” to G’ (tan δ) for both 
cell-free and cell-laden hydrogels. The data indicate that 
the cell-laden Alg3Gel1 had a higher G” than G’, suggesting 
more solid-like behavior in the cell-laden Alg3Gel1. In 
contrast, both Alg3Gel1 and Alg3 exhibited the opposite 
trend, with a greater loss modulus than storage modulus. 

3.2. Preliminary cell viability and computational 
fluid dynamics modeling 
In this study, the bioprinting process parameters were 
determined based on CFD simulations and preliminary 
cell viability tests. As demonstrated in our previous 
study,20 printing Alg3Gel1 scaffolds at 20 kPa of pressure 
and 4 mm/s speed resulted in scaffolds with a high elastic 
modulus, high swelling percentage, minimal mass loss, 
excellent printability, and high cell viability, making them 
ideal for engineered cardiac tissue. However, incorporating 
cells into the bioprinting process introduces a critical 
challenge—potential cell damage caused by bioprinting 
process-induced forces.

3.2.1. Preliminary cell viability analysis
A preliminary cell viability assay was employed to assess 
the effect of 3D-bioprinting pressure on cell viability. 

Table 1. Parameters of the Cross model used to describe the 
flow behavior of the bioink at 37°C

Fluid η0 (Pa·s) η∞ (Pa·s) k (s) n

Cell-laden 
Alg3Gel1

110.34 9.16 × 10−16 1.01 0.62

Notes: k and n are fitting parameters, η0 is the limiting viscosity at low 
shear rates, and η∞ is the limiting viscosity at high shear rates.
Abbreviation: Alg3Gel1, alginate 3 wt%–gelatin 1 wt%.
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Figure 2. Rheological behavior of the hydrogels as a function of shear rate: (A) Shear stress vs. shear rate and (B) viscosity vs. shear rate. Abbreviations: 
Alg3, alginate 3 wt%; Alg3Gel1, alginate 3 wt%–gelatin 1 wt%.

In this study, the bioink was 3D-bioprinted into a single 
layer at pressures of 20 and 30 kPa. The theoretical fiber 
thickness was 0.15 mm, and the infill distance was 1.5 
mm. For the 20 kPa pressure, the fiber thickness and infill 
distances were adjusted in terms of printability, mechanical 
properties, and the ability to support high cell viability, as 
determined in our previous study on cell-free scaffolds.20 

Following the live/dead assay, all constructs exhibited 
high cell viability both immediately after bioprinting and on 
the following day. No noticeable differences in immediate 
post-printing viability were observed between constructs 
printed at 20 and 30 kPa. This is likely due to the delayed 
onset of mechanical stress-induced cellular responses, 
which typically require at least overnight incubation before 
detection via viability measurements. 

https://doi.org/10.36922/IJB025280280
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Figure 3. Frequency-dependent rheological properties of hydrogels and bioink: (A) Storage modulus (kPa) of cell-laden Alg3Gel1, Alg3Gel1 without cells, 
and Alg3 across a range of frequencies, (B) loss modulus (kPa) of the same groups, illustrating the viscous response under varying frequencies, and (C) 
tan δ (ratio of loss modulus to storage modulus) as a function of frequency. Abbreviations: Alg3, alginate 3 wt%; Alg3Gel1, alginate 3 wt%–gelatin 1 wt%.
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The only noticeable difference was that a pressure 
of 30 kPa resulted in fibers with a greater thickness of 
approximately 0.6 mm, compared to the layer printed 
at 20 kPa, which had an approximate thickness of 0.3 
mm (Figure S1). However, when 16-layer constructs 
were 3D-bioprinted using pressures of 20 and 30 kPa, 
significant differences were observed (Figure S2). On the 
first day after 3D-bioprinting, constructs printed at 20 kPa 
exhibited high cell viability. By day 21, the total cell count—
including both viable and non-viable cells—significantly 
decreased for constructs printed at 30 kPa. Preliminary 
visual observations revealed that 3D-bioprinted constructs 
printed at 20 kPa exhibited fibers that appeared narrower 
compared to both cell-free fibers printed under the same 
pressure and cell–laden hydrogels printed at 30 kPa. These 
narrower fibers subsequently disintegrated after 21 days.

3.2.2. Computational fluid dynamics modeling
The numerical solution of the governing equations, 
along with specified boundary conditions, provides the 
distribution of velocity and pressure within the bioink as 
it flows through the syringe and nozzle. Additionally, the 
distribution of shear stress is calculated based on velocity 
gradients and the apparent viscosity distribution. Figure 4 
illustrates the distribution of shear stress inside the syringe 
and printing nozzle. Simulations with different printing 
pressures revealed varying shear stress values near the 

nozzle outlet. Comparing the shear stress values for each 
printing pressure indicates an increase in shear stress 
with higher printing pressures. Table 2 lists the maximum 
shear stress values inside the nozzle for different printing 
pressures. Given the direct relationship between cell 
damage and shear stress, the CFD results suggest that the 
lowest applicable pressure capable of producing a stable 
fiber is the appropriate choice for printing.

The average velocity of bioink at the nozzle outlet 
can be calculated by area-weighted averaging of the 
normal component of velocity at the outlet. Applying 
different values of pressure boundary conditions on the 
bioink surface inside the syringe results in corresponding 
differences in the average velocity at the nozzle outlet. The 
average outlet velocity of extruded cell-laden Alg3Gel1 at 
a printing speed of 4 mm/s for different printing pressures, 
ranging from 20 to 40 kPa, is shown in Figure 5. 

Given that the printing speed was set to 4 mm/s, only a 
pressure of 25 kPa resulted in an average outlet velocity of 
4.26 mm/s (deposition speed), which is close to the printing 
speed. Minimizing the difference between deposition and 
printing speeds in extrusion bioprinting facilitates smooth 
and uniform bioink flow during extrusion from the nozzle, 
thereby improving printability. If the printing speed 
exceeds the deposition speed, the strand will be stretched, 

Figure 4. Distribution of shear stress inside the syringe and printing nozzle; magnified view of shear stress distribution near the nozzle outlet at printing 
pressures of (A) 20 kPa, (B) 25 kPa, (C) 30 kPa, (D) 35kPa, and (E) 40 kPa.
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causing cells to experience extensional stress that may 
damage their membranes. 

Although compressive forces from hydrostatic pressure 
are minor, cell membranes may twist and stretch, potentially 
leading to cell damage if shear forces exceed physiological 
thresholds. Cells are particularly vulnerable when passing 
through the needle’s constrictive region, where they are 
directly stretched and exposed to extensional stress.26 A 
printing pressure of 20 kPa produces the minimum shear 
stress among the aforementioned cases. However, strands 
printed at 20 kPa are prone to lower printability and reduced 
cell viability due to the difference between dispensing and 
printing speeds. Therefore, a pressure of 25 kPa appears 
more suitable for bioprinting cell-laden Alg3Gel1 hydrogel 

constructs, ensuring adequate structural integrity and 
longevity. Consequently, we proceeded with the rest of the 
experiments using this pressure.

3.3. Mechanical, rheological, swelling, and mass 
retention properties of constructs

3.3.1. Mechanical and rheological properties 
The elastic modulus of both cell-free and cell-laden 
Alg3Gel1 constructs is shown in Figure 6. The elastic 
modulus of cell-free scaffolds was measured as 9.24 ± 1.65 
kPa, 10.08 ± 2.62 kPa, 11.27 ± 1.72 kPa, 7.20 ± 1.74 kPa, 
and 6.17 ± 1.27 kPa on days 0, 1, 3, 7, and 21, respectively. 
Similarly, the elastic modulus of cell-laden constructs was 
measured as 3.50 ± 0.71 kPa, 11.16 ± 2.43 kPa, 4.88 ± 1.37 
kPa, 5.18 ± 2.42 kPa, and 4.65 ± 1.50 kPa on days 0, 1, 3, 7, 
and 21, respectively. 

The elastic modulus of cell-free scaffolds showed 
an increasing trend from day 0 to day 3, followed by a 
decrease from day 7 to day 21. Day 3 exhibited the highest 
elastic modulus among all observed time points for cell-
free scaffolds. Similarly, the elastic modulus of cell-laden 
constructs showed an initial increase from day 0 to day 
1, followed by a decrease from day 1 to day 3. There was 
a slight increase on day 7, followed by a slight decrease 
on day 21. Although the elastic modulus values for cell-

Table 2. Maximum shear stress values within the nozzle at 
different printing pressures

Printing pressure (kPa) Maximum shear stress

20 685.37

25 839.76

30 992.34

35 1143.58

40 1293.79

Figure 5. Calculated average outlet velocity at different printing pressures using the Cross model.
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Figure 6. Elastic modulus of (A) three-dimensional-printed scaffolds and (B) cell-laden constructs. Statistical comparisons were performed using one-way 
ANOVA followed by Tukey’s post hoc test. Significance thresholds: *p < 0.05, **p < 0.01, *** p < 0.001, ****p < 0.0001. 

laden constructs are generally lower than those of cell-free 
scaffolds across most time points, they are significantly 
lower only on day 0 (p = 0.000110) and day 3 (p < 0.000001) 
compared to the cell-free scaffolds. 

The storage (G’) and loss (G”) moduli versus frequency 
for both cell-free and cell-laden constructs are presented in 

Figure 7A and B, respectively. The G’ of cell-free scaffolds 
was 3.94 kPa at 1 Hz and decreased to 2.37 kPa at 16 Hz. 
Concurrently, the G” was 0.83 kPa at 1 Hz and increased 
to 7.70 kPa at 16 Hz. For cell-laden constructs, the G’ 
was 0.1 kPa at 1 Hz and decreased to 0.06 kPa at 16 Hz, 
while the G” was 0.04 kPa at 1 Hz and increased to 0.33 
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Figure 7. Viscoelastic behavior of three-dimensional-printed scaffolds and constructs: (A) Storage and loss moduli of cell-free scaffolds, (B) storage and 
loss moduli of Cell-laden constructs, and (C) tan δ of both cell-free scaffolds and cell-laden constructs.
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kPa at 16 Hz. These findings indicate that both cell-free 
and cell-laden constructs exhibited viscoelastic behavior. 
However, the cell-laden constructs demonstrated less 
solid-like and more liquid-like behavior compared to the 
cell-free scaffolds. Figure 7C shows the damping factor 
(tan δ) for both cell-free and cell-laden constructs. For cell-
laden constructs, tan δ was less than 1 at low frequencies, 
indicating more solid-like behavior, and exceeded 1 at 
higher frequencies, suggesting more liquid-like behavior. 
In contrast, cell-free scaffolds displayed the opposite trend, 
with tan δ greater than 1 at low frequencies and less than 1 
at higher frequencies.

3.3.2. Swelling and mass retention percentages
The swelling and mass retention percentages of the cell-
free and cell-laden constructs following incubation in 
complete culture medium over 21 days are shown in 
Figure 8. The swelling percentage of cell-free scaffolds 
was measured as 76.78, 80.25, 60.49, and 80.42% on days 
1, 3, 7, and 21, respectively (Figure 8A). These scaffolds 
maintained a consistent swelling percentage throughout the 
experimental period, except on day 7, where they exhibited 
a statistically lower swelling percentage compared to days 
3 and 21 (p < 0.05). Similarly, the cell-laden constructs 
maintained a consistent swelling percentage throughout 
the experiment, with a slight increase observed on day 21 
post-printing, reaching statistical significance compared 
to day 7 (p < 0.05). The swelling percentage of cell-laden 
constructs was 62.33, 60.97, 53.45, and 72.98% on days 1, 
3, 7, and 21, respectively (Figure 8C). While the swelling 
percentage of cell-free scaffolds was higher compared to 
that of the cell-laden constructs at each time point, no 
statistical difference was observed between them on any 
respective day, as determined by a one-way ANOVA with 
Tukey’s post hoc multiple comparisons test. 

The mass retention percentages of cell-free scaffolds 
(Figure 8B) demonstrated that these scaffolds retained 
more than 70% of their initial mass throughout the 
experimental period. Specifically, on day 1, the mass 
retention was 72.04%, followed by a significant increase 
(p < 0.01) to 83.95% on day 3. Conversely, a significant 
decrease in mass retention percentage was observed on 
day 7 (p < 0.01), decreasing to 73.62%. Interestingly, on 
day 21, a significant gain in mass (p < 0.05) was observed, 
reaching 83.82%. These findings highlight the dynamic 
nature of mass changes in the cell-free scaffolds over the 
experimental period. In contrast, the cell-laden constructs 
consistently exhibited nearly 100% mass retention over the 
21-day period (Figure 8D). Overall, the mass retention 
percentage of cell-laden constructs was higher than that of 
the cell-free scaffolds at each time point (p < 0.0001), as 

determined by a one-way ANOVA with Tukey’s post hoc 
multiple comparisons test.

3.4. Field emission scanning electron 
microscopy analysis
To examine the morphological changes of the printed 
structures over time, FESEM was employed to capture 
images of the lyophilized cell-free scaffolds (Figure 9) and 
cell-laden constructs (Figure 10). 

The FESEM images of the cell-free scaffolds displayed 
signs of mass loss, which were noticeable from day 1. These 
changes became more pronounced by day 7 and peaked on 
day 21, providing visual insights into the progressive mass 
loss of the scaffolds over the 21-day period. The images of 
the cell-laden constructs revealed a more pronounced mass 
loss from day 1 to day 7 compared to the cell-free scaffolds. 
Surprisingly, by day 21, the cell-laden constructs exhibited 
a more uniform structure while maintaining their angular 
and hierarchical characteristics.

3.5. Cell viability analysis
To evaluate the distribution and viability of the 
3D-bioprinted cells within the constructs, a live/dead 
assay was conducted over a 21-day period (Figure 11). The 
findings revealed that the majority of the cells were viable 
post-printing (Figure 9A–C). During the first 3 days post-
printing, a notable increase in the density of viable cells was 
observed, along with the detection of a small population 
of dead cells. From day 7 to day 21, both the viable and 
dead cell populations decreased. These findings suggest 
that HUVECs tolerated 3D-printing well, with only minor 
adverse effects. 

4. Discussion
Understanding the rheology and flow behavior of inks, 
particularly bioinks, before proceeding with extrusion 
3D-printing is essential to ensure the fabrication of precise 
3D-bioprinted constructs with high cell viability. Higher 
ink viscosity improves the mechanical properties of the 
ink, potentially resulting in improved printing resolution 
and greater printing fidelity.27,28 While a controlled applied 
load on living cells may promote growth, locomotion, and 
differentiation, increasing the applied pressure can elevate 
nozzle–wall shear stress, leading to clogging of the printing 
nozzle, which could negatively affect cell viability and cell 
phenotype.29,30 Bioprinting may reduce cell viability to 
below 60%, depending on the cell type.31 Here, a primary 
challenge was to determine the appropriate printing 
pressure for fabricating a cell-laden construct using a 
bottom-up approach, ensuring high cell viability while 
maintaining printing parameters comparable to those 
used in previously fabricated structures with the top-
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Figure 8. Swelling and mass retention percentage for cell-free scaffolds and cell-laden constructs: (A) the swelling percentage of cell-free scaffolds, (B) the 
mass retention percentage of cell-free scaffolds, (C) the swelling percentage of cell-laden constructs, and (D) the mass retention percentage of cell-laden 
constructs. The data in each graph were compared within the same graph using one-way ANOVA followed by Tukey’s post hoc test. Significance thresholds: 
*p < 0.05, **p < 0.01. 
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Figure 9. Field emission scanning electron microscopy images of lyophilized cell-free scaffolds at different time points. Low magnification images on (A) 
day 0, (C) day 1, (E) day 3, (G) day 7, and (I) day 21 (scale bar: 500 μm; magnification: 30×), and corresponding higher-magnification images on (B) day 
0, (D) day 1, (F) day 3, (H) day 7, and (J) day 21 (scale bar: 500 μm; magnification: 100×). 
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Figure 10. Field emission scanning electron microscopy images of lyophilized cell-laden constructs at different time points. Low magnification images on 
(A) day 0, (C) day 1, (E) day 3, (G) day 7, and (I) day 21 (scale bar: 500 μm; magnification: 30×), and corresponding higher-magnification images on (B) 
day 0, (D) day 1, (F) day 3, (H) day 7, and (J) day 21 (scale bar: 500 μm; magnification: 100×). 
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Figure 11. Cell viability assessment using the live/dead assay for three-dimensional-bioprinted constructs at different time points: (A–C) day 0, (D–F) day 
1, (G–I) day 3, (J–L) day 7, and (M–O) day 21. The left column (A, D, G, J, M) displays live cells stained with calcein-AM, the middle column (B, E, H, K, 
N) shows dead cells stained with propidium iodide, and the right column (C, F, I, L, O) presents merged images of live and dead cells (scale bar: 500 μm; 
magnification: 5×).
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down approach.20 Subsequently, cell-free and cell-laden 
constructs were fabricated to evaluate the effect of cell 
presence on the physical and morphological properties of 
the constructs over time. 

During the process of extrusion 3D-bioprinting, cells 
encounter various mechanical forces that can impact 
their viability and functionality. Among these forces, 
shear stress is considered particularly detrimental to cell 
viability and survival.32 It is an inherent mechanical stress 
experienced by cells in all bioprinting approaches, posing 
a significant risk of cell damage and death depending 
on its intensity.32 Controlling the shear forces generated 
within the bioprinting nozzle can enhance cell survival and 
proliferation post-3D-bioprinting.33 

To minimize shear forces during 3D-bioprinting, it is 
essential to adjust the printing pressure to the minimum 
level that ensures a steady flow of bioink through the 
bioprinting nozzle, while also extruding the bioink at a 
deposition speed that closely matches the intended printing 
speed. Rheological studies on the bioink, including both 
steady shear and oscillatory shear tests, are essential for 
evaluating the bioink’s suitability for 3D-bioprinting. 
These studies also provide crucial data for computational 
modeling of bioink flow behavior, supporting CFD 
simulations. CFD helps determine the appropriate pressure 
and printing speed, resulting in good printability and 
enhanced cell viability for printed constructs. 

The findings of this study highlight the significant 
impact of cells on the viscosity of the bioink. While many 
studies on 3D-bioprinting have focused solely on the 
rheological behavior of the bioink without considering 
the presence of cells, our findings indicate that HUVECs 
can indeed have a significant effect on bioink rheology. 
The rheological behavior of both cell-free Alg3Gel1 and 
cell-laden Alg3Gel1 constructs exhibited shear-thinning 
behavior, which is advantageous for 3D-printing  or 
bioprinting. This shear-thinning property is a key factor in 
ensuring proper printability and maintaining shape fidelity 
in extrusion printing.28 The incorporation of cells increased 
the viscosity of the hydrogel from 21.27 to 167.95 Pa·s at 
a shear rate of 0.009992 s–¹ and from 0.72 to 6.41 Pa·s at 
a shear rate of 999.95 s–¹. These findings are consistent 
with previous studies that indicate an increase in viscosity 
with higher cell densities.34 However, these findings also 
contradict other studies that demonstrate a decrease in 
viscosity upon introducing cells or with increasing cell 
concentration,35,36 suggesting a possible dependency on 
cell type, cell density, and hydrogel composition.

In this study, the increased viscosity of the cell-laden 
Alg3Gel1 construct is mostly related to the introduction 

of additional particulate matter in the bioink and 
potential interactions among the cell–hydrogel and/or 
cell–cell components. Because cells act as non-soluble 
microparticles suspended within the hydrogel, the system 
shifts from a single-phase to a two-phase structure.37 This 
also explains the higher G’ and G” of cell-laden bioink 
compared to cell-free Alg3Gel1. It is worth noting that 
the cell-laden Alg3Gel1 constructs exhibited a higher G’ 
than G” compared to the Alg3Gel1 and Alg3 samples. This 
characteristic is advantageous for 3D-printing , as it ensures 
that the material can be extruded while maintaining its 
shape after extrusion.38

The higher viscosity of cell-laden bioink may require 
greater extrusion forces, leading to increased shear stresses 
experienced by the cells.39 This can result in potential cell 
damage or even death. Therefore, based on the initial study 
of printability and the determination of a suitable printing 
pressure and speed for achieving a printable structure, a 
computational technique can be employed to determine 
the appropriate printing speed and pressure. This ensures 
that the difference between the defined printing velocity 
and the outlet velocity is minimized. Furthermore, the 
appropriate printing speed and pressure for producing 
scaffold fibers can be refined by conducting viability 
assays to determine the final appropriate parameters. 
This approach ensures high cell viability along with high 
printability and structural fidelity. 

The rheological and mechanical properties, swelling 
behavior, and degradation of the structures were 
investigated by assessing the viscoelasticity, elastic modulus, 
swelling, and mass retention percentages of both cell-free 
and cell-laden constructs to determine the influence of 
living cells on these parameters. Evaluating both the elastic 
modulus and the viscoelastic properties (storage and loss 
modulus) provides a more comprehensive understanding 
of the mechanical behavior of the constructs. Although the 
static elastic modulus provides insights into the yielding 
strain (or stress) and the linear stress–strain response of 
a material, it cannot reveal the complex modulus, which 
encompasses both the storage (elastic) and loss (viscous) 
components.40 This distinction is crucial, as no material 
is purely elastic or viscous. Instead, a material’s behavior 
can range from solid-like to liquid-like depending on the 
frequency of the applied force. Therefore, evaluating a 
construct’s response to dynamic stimuli is crucial in fields 
where frequency-dependent variations in modulus are 
significant.40 

The myocardium exhibits dynamic viscoelastic 
behavior— its stiffness can vary depending on the 
speed and extent of the stretch it experiences. However, 
myocardial viscoelasticity often increases in myocardial 
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diseases, which can lead to reduced cardiac output by 
impeding diastolic filling.41 Although many studies have 
measured the elasticity of the human heart, measuring 
its viscosity remains a challenge.42 Simulations within the 
physiological range of the human heartbeat suggest that 
the viscous component of the human heart has a minor 
influence on its overall behavior, indicating that the human 
heart is hyperelastic.42 Although both cell-free and cell-
laden constructs exhibited viscoelastic behavior, the cell-
laden constructs displayed more solid-like behavior at 
lower frequencies and more liquid-like behavior at higher 
frequencies, whereas the cell-free constructs exhibited the 
opposite trend. 

The high water content in cell-laden constructs—since 
water accounts for 70% or more of total cell mass43—is 
most likely responsible for the more liquid-like response 
of the cell-laden constructs compared to the cell-free 
scaffolds.44 This was confirmed by compressive mechanical 
tests measuring the elastic modulus of the constructs, 
which generally showed a lower elastic modulus for cell-
laden constructs compared to cell-free scaffolds. However, 
only two out of the five time points showed a statistically 
significant difference. 

Although there is limited knowledge comparing 
the mechanical properties of cell-free and cell-laden 
constructs, our findings are supported by a previous study45 
on hyaluronic acid-based constructs for cartilage tissue 
engineering, where the cell-laden constructs exhibited a 
lower elastic modulus compared to cell-free scaffolds on 
day 1. The mechanical properties of these constructs can 
vary depending on several factors, such as the specific 
type of cells used, the scaffold material, or the method 
by which the cells are incorporated into the scaffolds. For 
example, in a study involving smooth muscle cells, both 
smooth muscle cell-seeded and unseeded elastin-modified 
collagen sheets showed a lower Young’s modulus compared 
to unseeded collagen sheets over 3 weeks, highlighting 
how different experimental conditions can influence the 
mechanical outcomes.46 

A healthy myocardium has a stiffness of 10–15 kPa, 
while an infarcted myocardium has a stiffness of 35–70 
kPa. To maintain their striations and a beating frequency 
of 1 Hz, cardiac myocytes should be grown on a substrate 
with stiffness comparable to that of a healthy myocardium. 
In contrast, growing cardiac cells on stiffer matrices may 
lead to a shorter beating period.47,48 In this study, both 
cell-free and cell-laden constructs exhibited an elastic 
modulus of less than 15 kPa over time, indicating their 
potential suitability as substrates for culturing cardiac 
myocytes. The cell-laden constructs contain cells with 
high water content, which affects their viscoelastic 

behavior and elastic modulus. This could explain the 
lower swelling percentage of cell-laden constructs 
compared to cell-free scaffolds, although the difference is 
not statistically significant. 

While the mass retention percentages showed a trend 
similar to that of the swelling percentages for cell-free 
scaffolds, the mass retention for cell-laden constructs 
demonstrated almost no mass loss. The higher mass 
retention in cell-laden constructs compared to cell-
free scaffolds could be attributed to their lower swelling 
percentages, resulting in reduced hydrolytic mass loss. 
Additionally, the high swelling percentage of cell-free 
alginate-based scaffolds is likely associated with a lower 
content of calcium ions.49 This relationship may be slightly 
altered in cell-laden constructs due to potential interactions 
between the cells and the calcium ions present within the 
construct. 

However, the FESEM images of cell-laden constructs 
revealed significant signs of mass loss over time, similar to 
cell-free scaffolds. While this was anticipated for cell-free 
scaffolds based on the mass retention percentage, it was 
not expected for cell-laden constructs, which exhibited 
an almost 100% mass retention percentage. Interestingly, 
the FESEM images revealed that the cell-laden constructs 
exhibited more signs of mass loss until day 7, but by day 
21, they exhibited a more integrated structure compared 
to cell-free scaffolds. This suggests that weight-based mass 
retention characterization may not be an appropriate 
method for assessing mass loss in cell-laden constructs. 

Although there is limited knowledge regarding the 
impact of cells on the physical and mechanical properties 
of engineered tissues, our findings highlight the complex 
influence of HUVECs in these constructs. This underscores 
the need for further research on the mechanical properties 
of cell-laden engineered tissues, especially in contexts 
involving cell encapsulation for both in vitro and in vivo 
studies. Additionally, the cell viability assay exhibited high 
cell viability after 3D-bioprinting until day 7. The cells may 
have entered a resting phase after 7 days due to prolonged 
stationary incubation or inadequate nutrient supply, 
leading to cell death.50 This suggests that the cell-laden 
constructs reached their maximum cellular capacity after 
7 days.50 

The primary objective of this study was to monitor cell 
viability following bioprinting, rather than to assess long-
term proliferation or functionality. We have successfully 
achieved this goal, demonstrating high post-printing 
cell viability. Future studies aiming to develop functional 
vascular networks will require the incorporation of 
targeted treatments, such as supplementation with specific 
growth factors to promote vascularization, and the 
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assessment of long-term cellular functionality. In contrast, 
the present work was deliberately focused on preserving 
viable cells during and after printing and on examining 
how their presence affects the mechanical, rheological, and 
microstructural properties of the scaffolds.

5. Conclusion
Developing 3D-bioprinted tissue constructs offers 
promising opportunities for replicating complex, 
tissue-like structures. However, key challenges persist, 
particularly in maintaining high cell viability during 
printing and in understanding how living cells influence 
the mechanical and physical properties of the constructs. 
To address these challenges, we incorporated HUVECs 
into alginate–gelatin hydrogels and bioprinted them under 
optimized conditions, focusing on minimizing printing 
pressure-induced cell damage and elucidating the effects 
of incorporated cells. 

The mechanical and rheological properties of both 
cell-free and cell-laden constructs were evaluated to assess 
the long-term influence of cells on these properties. Key 
findings revealed that cell-laden constructs exhibited 
higher viscosity and a greater storage modulus than the 
loss modulus compared to cell-free constructs. Based 
on preliminary cell viability data, CFD modeling, and 
experimental observations, 25 kPa was identified as the 
appropriate pressure for bioprinting these constructs. This 
pressure minimizes process-induced forces on the cells 
while maintaining a steady bioink flow through the nozzle, 
thereby reducing strand deformation and cell stretching 
during deposition.

Although both cell-laden and cell-free constructs 
exhibited viscoelastic behavior, the cell-laden constructs 
displayed more fluid-like characteristics, as evidenced 
by a lower elastic modulus relative to cell-free scaffolds. 
The cell-free scaffolds also exhibited a higher swelling 
percentage than the cell-laden constructs. While mass 
retention assays suggested minimal degradation over time, 
FESEM imaging revealed distinct signs of degradation in 
cell-free constructs. Furthermore, high cell viability was 
maintained in the 3D-bioprinted constructs for at least  
 7 days post-printing.

Our findings demonstrate the potential of cell-
laden constructs with an angular design mimicking the 
orientation of heart myofibrils as suitable substrates 
for cardiomyocyte growth, particularly following 
vascularization within the constructs. As the present 
study primarily focused on maintaining cell viability post-
printing rather than assessing cellular functionality, future 
research should investigate the functional behavior of 
incorporated endothelial cells, with the aim of promoting 

vascularization to support cardiomyocyte integration and 
maturation in these bioprinted constructs.
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