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Biofabrication breakthroughs: Towards tailor-made hearts
and cardiac tissues
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Organ failure remains one of the leading causes of death worldwide, posing a formidable challenge for
healthcare systems. Conventional organ transplants are limited by the scarcity of donors and the risks
associated with immune rejection. In response, 3D bioprinting has emerged as a revolutionary approach
with the potential to fabricate tailor-made, patient-specific organs. Central to this technology is the
use of bioinks—smart materials that ensure structural integrity, biocompatibility, and the functional
performance of printed organs. This review delves into the latest advancements in 3D bioprinting,
specifically targeting the heart and cardiac tissues, such as heart valves and entire hearts. It evaluates
the capabilities of various bioprinting techniques in creating intricate tissue structures using patient-
specific cells, while also addressing the potential for bioprinting to transform the landscape of organ
transplantation. Furthermore, the review explores the essential properties of bioinks, the selection of cell
sources, and the current progress in clinical trials and patents, offering insights into the future prospects
and challenges of cardiac tissue bioprinting. This comprehensive assessment underscores the promise of
bioprinting in overcoming the limitations of traditional transplants and advancing personalized medicine.
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INTRODUCTION

3D bioprinting is a method of additive
manufacturing that creates tissue or organs layer by
layer using a bottom-up technique. It aims to replicate
natural cellular architecture by layering ingredients and
cells, restoring the normal structure and functionality
of complex tissues. This fully automated process
allows for accurate cell patterning and regulated
ECM structure. The layer-by-layer construction of
bioprinted tissues results in interconnected holes for
gas and nutrient perfusion and increased intercellular
communication, contributing to pre-clinical trials. 3D
bioprinting of cardiac tissue, derived from autologous
cells, has the potential to address the demand for
cardiac tissue constructs for cardiovascular disease
treatment. This method is increasingly used to create
vasculature scaffolds, as mortality from CVD increases
due to a lack of donor organs (Murphy, Skardal, Atala,
2013; Wang et al., 2021). 3D printing technology
has revolutionized organ transplantation, offering
personalized medicine and improved patient outcomes.
The development of 3D-printed hearts holds great
promise for preoperative planning, medical education,
and complex procedures. These models can incorporate
functional elements like integrated blood vasculature,
enhancing their utility for studying cardiovascular
diseases, testing new therapies, and advancing cardiac
medicine. The integration of 3D printing technology in
heart transplantation and cardiovascular care promises
greater precision, efficacy, and patient-centricity,
paving the way for a more personalized and effective
healthcare system.

Cardiovascular disease mortality is rising
worldwide due to a severe shortage of donor hearts.
Since heart tissue cannot regenerate cardiomyocytes,
heart transplants are often the only viable treatment.
However, the demand for heart transplants far
exceeds the supply, resulting in many patients dying
while waiting for a donor. From 2005 to 2016,
heart transplant listings increased by 57%, while
the number of patients on waiting lists surged by
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127% (available on the official webpage https://
www.organdonor.gov). As of March 24, according
to the Health Resources & Services Administration,
3,436 patients were waiting for a heart transplant,
but only 812 transplants had been performed (2023).
The organ waiting list grows by 3% annually,
exacerbating the gap between demand and supply.
In addition to the shortage, organ rejection remains
a significant issue. Since donated organs come
from different individuals, the recipient’s immune
system often attacks the new organ, requiring
immunosuppressant drugs, which have their own side
effects. To address these challenges, “make-to-order”
organs are emerging as a promising solution through
3D bioprinting technology. This approach allows for
the creation of custom organs using a patient’s own
cells, minimizing the risk of rejection and ensuring a
perfect fit, representing a breakthrough in the field of
regenerative medicine and bioprinting.

Present status for bioprinting of heart and cardiac
tissues

3D bioprinting offers promising solutions for
heart disease treatments and advancements in drug
testing. This technology allows the creation of
patient-specific cardiac tissues using their own cells,
recreating the complex 3D structure of the heart. It
holds significant potential in personalized medicine
and regenerative therapies. Cardiac-specific bioinks
and improved printing techniques could lead to the
development of larger engineered tissue models for
more effective testing. The process of bioprinting
heart tissue involves three stages: pre-processing,
printing, and post-processing. First, a 3D model is
generated from clinical imaging techniques such as
MRI, CT, and PET scans, allowing for high-fidelity,
patient-specific models. Image segmentation is used to
customize the 3D model for the specific cardiovascular
tissue required. These models are converted into STL
files, which guide the printing process to ensure
tissue integrity and proper function. Ensuring the
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printed tissue maintains its shape and functionality is
crucial, especially considering the natural rhythm and
workload of heart. Strategic collaboration between
academia, industry, and regulatory bodies will be key
to accelerating the use of 3D bioprinting in clinical and
commercial settings (Agarwal ef al., 2020; Uccheddu
etal., 2018).

Recent advancements in bioprinting technologies
have introduced groundbreaking techniques for
fabricating heart tissues and blood vessels, offering
promising solutions for cardiovascular disease
treatment and organ transplantation. Key techniques
include extrusion-based bioprinting, inkjet bioprinting,
laser-assisted bioprinting, stereolithography (SLA),
and digital light processing (DLP)-based bioprinting
(Li et al, 2023). Each method employs distinct
mechanisms to accurately replicate the structural
intricacies of heart tissues and vascular networks. These
innovative techniques enable precise deposition of
cells and biomaterials, facilitating the development of
functional cardiac patches and organoids for therapeutic
applications, potentially transforming the future of

cardiac tissue engineering and organ replacement.
BIOINKS

3D bioprinting enables the fabrication of functional
human tissues and organs, including the heart, liver,
skin, bones, and microfluidic models. Essential to this
process is bioink, a composite of biomaterials, living
cells, and bioactive factors. However, most biomaterials
face challenges in terms of vascularization, nutrient
and gas exchange, biocompatibility, degradation
rate, form stability, and the maintenance of tissue
function post-printing. Both natural and synthetic
polymers like alginate, gelatin, collagen, and PEG are
commonly used for their tunable and biocompatible
properties (Xu et al., 2012). Biomaterials used for
printing heart tissue and vasculature should possess
certain properties to ensure cell viability and integrity
of bioprinted construct. Bioprinting cardiac tissue

requires high resolution to replicate its complex
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microarchitecture, balancing fine layer deposition and
cell viability. Bioinks must exhibit low shear stress and
be easily crosslinkable, resistant to reflow, and suitable
for cell culture environments. Challenges like nozzle
clogging, phase transitions, and extrusion difficulties
hinder the replication of microscale features (Liu et al.,
2017). Crosslinking techniques enhance mechanical
properties of bioinks, enabling cellular function and
mimicking native tissue environments. Hydrogels
with adjustable stiffness are crucial for engineering
cardiac tissues, requiring elasticity and contractility
like natural cardiomyocytes (Lee et al., 2017,
Martina, Hutmacher, 2007). Mechanical tests, tensile,
compression, and shear, are used to assess structural
and functional fidelity. Biocompatibility is crucial
for cell adhesion, proliferation, and integration with
host tissues, influenced by material chemistry, surface
morphology, charge, and mechanical properties, and
can be improved by blending synthetic and natural
(McGill, Holland, Kaplan, 2019).
Vascularization is equally vital for tissue longevity and

components

function. Strategies such as angiogenic factor inclusion,
optimized bioreactor conditions, and bioactive
molecule delivery are employed to promote vessel
formation and function. Strategies like incorporating
angiogenic factors or bioactive molecules are being
explored to promote vascularization. To ensure long-
term performance, materials must maintain stability
under physiological conditions, degrade in sync with
tissue regeneration, and produce non-toxic byproducts.
Effective ECM remodeling by the cells is essential
for forming interconnected, densely packed cardiac
tissue (Kim et al., 2019, Serpooshan et al., 2014).
Finally, sterilization is crucial for clinical application,
and materials must tolerate at least one sterilization
method, such as autoclaving, irradiation, or chemical
treatments (Axpe, Oyen, 2016).

Bioinks typically consist of biomaterials used
to prepare hydrogel, with specific cells and certain
biofactors. The cells are either encapsulated within
the bioinks or seeded onto bioprinted constructions to

enhance the formation of heart tissue.
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Biomaterials

Biomaterials come from natural sources like
proteins and polysaccharides or synthetic ones.
Synthetic materials offer more control but may require
biocompatibility modifications. Research now focuses
on developing nanocomposite bioinks with specific
functionalities as depicted in Figure 1.

Biomaterials from natural sources

Bioinks, primarily protein-based, are ideal for
bioprinting due to their close resemblance to the
extracellular matrix. Polysaccharide-based bioinks, like
alginate, hyaluronic acid, and chitosan, are preferred
for their controllable gelation properties and inherent
biocompatibility, making them versatile materials for
various applications.

Alginate, a seaweed-derived polysaccharide, is
a versatile hydrogel used in biomedical fields due
to its biocompatibility, low cytotoxicity, and mild
gelation process. Its rapid gelation under physiological
conditions makes it an ideal bioink for 3D bioprinting,
allowing for the creation of complex structures in various
bioprinting methods (Zhang et al., 2015). Yu, et al.,
2013 utilized extrusion-based bioprinting to fabricate
vascular-like hollow tubes with enhanced mechanical
and biological features. Additionally, they employed
drop-on-demand inkjet printing to create zigzag tube
structures containing fibroblasts, achieving high cell
viability. Chitosan 1is a biocompatible, non-toxic,
and antimicrobial agent with hydrating properties. It
supports 3D tissue growth, activates macrophages, and
promotes cell proliferation. Its haemostatic properties
aid in blood clotting and pain reduction. Research by
Wang et al. 2018 demonstrated that chitosan scaffolds
improve cardiac function, contractility, reduce infarct
size, and increase vessel density in cardiac tissues,
indicating its potential for cardiac repair applications.
Collagen, a key extracellular matrix component, is
essential in cardiac tissue engineering for promoting
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cell adhesion, proliferation, and differentiation. Its
biocompatibility and ability to mimic native cardiac
environments makeitasuitable platform for cell delivery.
However, its low Young’s modulus and viscosity limit
its printability and mechanical strength (Arafa et al.,
2014). To overcome these issues, modifications such
as methacrylated type I collagen have been developed,
allowing UV-induced photopolymerization, tunable
stiffness, and incorporation of adhesion molecules.
Despite its potential, collagen is often used at low
concentrations (<10 mg/mL) due to weak mechanical
properties. When combined with hyaluronic acid, it
supports the formation of functional cardiac tissues
with aligned sarcomeres and spontaneous contractions
(Esser et al., 2023).

Fibrin, a protein essential for blood clot formation
and wound healing, has been used by histological
engineers to create high-strength hydrogels called
natural ECM. Nakamura et al. used fibrin and
alginate to fabricate bioprinted constructs exploring
inkjet bioprinter (Nakamura, et al., 2010). Scientists
developed composite bioink for cartilage tissue
engineering using fibrin and collagen, enhancing
mechanical properties. The constructs were fabricated
in three steps: electrospun PCL, encapsulated
chondrocytes in fibrin/collagen, bioprinted, and
another PCL layer deposited via electrospinning (Xu
et al., 2013). Gelatin, a natural polymer sourced
from animal tissues, is commonly used in tissue
engineering and bioprinting due to its biocompatibility,
biodegradability, low antigenicity, and affordability
(Schuurman et al., 2013). Alonzo, et al., 2019
fabricated aortic valve conduits using gelatin-alginate
hydrogels based on micro-CT scans, emphasizing
that the gelatin-to-alginate ratio was critical for
maintaining print quality and structural stability.
Wiist et al., 2014 bioprinted 3D tubular structures
with gelatin-based hydrogels, though the process
was affected by temperature-sensitive gelation. To
improve this, gelatin was modified with methacryloyl
groups (GelMA), enabling UV-induced cross-linking
and offering tunable mechanical properties, making it

Braz. J. Pharm. Sci. 2026; 62: €24966



Biofabrication breakthroughs: Towards tailor-made hearts and cardiac tissues

a promising bioink for cardiac and tissue engineering.
Hyaluronic acid (HA), a highly acidic polysaccharide
found in ECM, is a key component of connective
tissues that helps retain moisture, enables lubrication,
and supports cell-matrix interactions. Researchers
have used hyaluronic acid, combined with materials
like gelatin, to fabricate 3D bioprinted heart valve
models that mimic the natural tri-leaflet structure for
use in tissue engineering (Duan, et al., 2013).

Biomaterials from synthetic sources

Synthetic polymers are widely used as bioinks in 3D
bioprinting due to their superior mechanical strength,
stability, and printability. Their physicochemical
properties can be adjusted through molecular weight
or post-printing treatments, allowing control over
degradation rate, stiffness, and functional performance.
This adaptability and structural integrity make them
ideal for creating complex, durable tissue scaffolds with
high precision (Zacchigna, et al., 2011).

Poly ethylene glycol (PEG), a non-cytotoxic and
non-immunogenic polymer, is ideal for bioprinting
and shape maintenance due to its strong mechanical
properties. However, it struggles to attach to cell
surfaces, necessitating the use of other biologically
active hydrogels. Composites of PEG and natural
biomaterials enhance degradation
(Zacchigna, et al., 2011). Polycaprolactone (PCL) is a
biodegradable, biocompatible bioink with successful
human implantation history. It promotes tissue growth
and new formation, and has shown potential for
3D-printed heart valves due to its flexibility, mechanical
strength, and controlled degradation rates (Kabirian, et
al., 2018). Polylactic acid (PLA) is a biodegradable
polymer used in biomedical applications, particularly in
creating vascular scaffolds for cardiovascular implants.

construct

It maintains vascular movement and supports adaptive
remodelling of the arterial wall, promoting cell viability
and extending structural support. PLA is metabolized
into harmless byproducts by enzymes like hydrolase
and esterase (Puricel et al., 2015).
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Biomaterials derived from ECM

Cardiac ECM, composed of fibronectin, collagen
I, fibrillin 1, laminin, and sertain issue-specific growth
factors. Decellularized cardiac extracellular matrix
(dECM), sourced from porcine or ovine tissue, is
a biocompatible, thermos-sensitive, and printable

platform that supports adhesion, proliferation,
migration, and differentiation. In animal models, dECM
hydrogels enhance blood vessel formation, activate
cardiac-specific genes, and influence apoptosis and

fibrosis pathways (Zhu ef al., 2017).
Hybrid biomaterials

Hybrid bioinks are 3D printing materials that
combine natural and synthetic polymers, offering
support, mechanical properties, and customization
options. Research shows that grafting hydrophilic
segments onto hydrophobic biomaterials can enhance
the differentiation of neonatal human cardiac
progenitor cells (Colosi et al., 2016). Researchers
utilized microfluidic systems to print bioinks, creating
support structures and sacrificial components in hollow
constructs using PCL as a framework, fibrin-based
composite hydrogel as the bioink, and gelatin as the

sacrificial material (Wang, et al., 2018).
Novel biomaterials

Researchers developed gold nanorod-incorporated
gelatin methacrylate hydrogels that enhance mechanical
and electrical properties, improving cell function and
supporting synchronized cardiac tissue beating. Gold
nanoparticles synthesized within lysozyme nanofibrils
were integrated into gelatin-hyaluronic acid hydrogels,
enhancing their mechanical strength, conductivity, and
antioxidant activity, while maintaining injectability,
biocompatibility, and drug release capabilities for
myocardial regeneration. Combining carbon nanotubes
(CNTs) with PCL in hybrid scaffolds enhances
polymer chain alignment, elastic modulus, hardness,
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and crystallinity. PCL nanocomposites with 1% CNT
showed optimal conductivity for HOC2 cells, increasing
their proliferation in vitro (Ho et al., 2017).

Cell sources

Cell selection is critical in 3D bioprinting due
to requirements such as high proliferation, ease of
differentiation, accessibility, and pathogen resistance.
Native organ cells play a vital role in maintaining
tissue architecture and supporting the stem cell niche
(Budharaju, Subramanian Sethuraman, 2021). In cardiac
applications, primary cardiomyocytes, stem cells, and
hiPSC-derived cardiomyocytes are widely used for
regenerative therapies, disease modeling, and drug testing,
although immune incompatibility remains a concern
(Zhang et al., 2016). Adult cardiomyocytes, known for
their calcium handling and terminal differentiation, have
been used in bioprinted constructs with polycaprolactone
scaffolds to form dense, aligned cardiac fibers responsive
to pharmacological agents. Incorporation of PEVA
and homologous cells enhanced cadherin and integrin
expression, supporting cell maturation and function
(Wang et al., 2018). Stem cell types such as iPSCs, ESCs,
MSCs, and cardiac progenitors offer high proliferative
capacity and differentiation potential, along with lower
immune rejection risks. Nonetheless, they present issues
like ethical debates, immature cell states, and limited
contractility (Agarwal ef al., 2021). These cells can be
guided toward cardiac lineages using ECM proteins
like integrins that trigger key transcriptional pathways.
For instance, mouse ESCs seeded on PGA scaffolds
demonstrated improved cardiac function in ischemic
models, highlighting their therapeutic promise (Lee,
2018). Human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs) are used to create precise
cardiac models using GelMA and micro-continuous
optical printing. However, their use in adult cardiac
tissue engineering is limited due to poor alignment and
calcium handling (Ronaldson-Bouchard et al., 2018,
Yu et al., 2020). Human pluripotent stem cells (hPSCs),
including hESCs and reprogrammed hiPSCs, offer
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an alternative to primary cardiomyocytes and cardiac
progenitor cells, which are scarce. These stem cells can
differentiate into multiple cardiac cell types, making
them valuable for regenerative therapies, disease models,
and drug testing (Takahashi, Yamanaka, 2006). Native
cardiac cells like fibroblasts and endothelial cells are
crucial for myocardial function, and their incorporation
into 3D scaffolds improves cardiomyocyte performance
and viability (Arai et al., 2018).

Biofactors and Nutrients

Biofactors are essential proteins that regulate
cellular behaviors crucial for tissue regeneration. In 3D
bioprinting, their incorporation into bioinks enhances
the bioactivity and functionality of printed constructs.
Key growth factors such as Vascular Endothelial
Growth Factor (VEGF), Basic Fibroblast Growth
Factor (bFGF), and Epidermal Growth Factor (EGF)
are commonly utilized due to their roles in promoting
angiogenesis, proliferation, and tissue repair. VEGF
is particularly important for inducing blood vessel
formation, facilitating oxygen and nutrient delivery to
engineered tissues. Controlled, slow release of VEGF
within scaffolds improves vascularization and tissue
integration post-implantation (Lee et al., 2019; Mir et
al.,2023). Basic Fibroblast Growth Factor (bFGF), also
known as FGF-2, enhances cell proliferation, migration,
and angiogenesis, accelerating tissue formation and
repair. Its combination with VEGF synergistically
improves vascular network development, particularly
in thick constructs requiring deep nutrient diffusion
(Won, et al., 2024). Basic Fibroblast Growth Factor
(bFGF), also known as FGF-2,
proliferation, migration, and angiogenesis, accelerating

enhances cell

tissue formation and repair. Its combination with VEGF
synergistically improves vascular network development,
particularly in thick constructs requiring deep nutrient
diffusion (Pajooh et al., 2024). Additionally, bioinks
are formulated with essential nutrients, such as amino
acids, sugars, and vitamins, embedded in hydrogels like
alginate or GeIM A to maintain cell viability and function.
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This nutrient-rich environment supports the maturation
of bioprinted tissues for regenerative medicine, disease
modeling, and therapeutic applications.

BIOPRINTING TECHNIQUES

3D bioprinting of the heart involves obtaining
detailed imaging data from patients using techniques
like MRI or CT scans. This data is then converted into
a digital 3D model using specialized software, creating
a blueprint for the bioprinting process. The model
captures the geometry and anatomical features of the
heart, such as chambers, valves, blood vessels, and other
structures. Bioprinting requires selecting biomaterials
that mimic the properties of natural heart tissue, such as
elasticity, conductivity, and biocompatibility. Common
biomaterials include hydrogels, bioinks, and scaffold
materials. The 3D printer deposits these bioinks and
cells layer-by-layer (Chen et al., 2023). The next critical
phase in bioprinting is sourcing and culturing cells,
where cardiac cells are either harvested from the patient’s
own heart or derived from stem cells. These cells are
then cultured and combined with bioinks or scaffold
materials. During the 3D bioprinting process, advanced
techniques like extrusion-based or inkjet bioprinting are
used to layer these cell-laden bioinks with precision,
mirroring the complex architecture of cardiac tissues.
Additionally, vascular networks or supporting scaffolds
are printed to ensure structural integrity and facilitate
the supply of oxygen and nutrients. After bioprinting,
the construct matures in a bioreactor, where the cells
differentiate and organize into functional cardiac tissue
capable of synchronized contractions (Wu, Zhu, Woo,
2023). Quality control measures ensure the functionality
and fidelity of bioprinted heart tissue, which is
implanted into patients for therapeutic intervention,
drug screening, disease modeling, or further research.
Post-implantation, patients are closely monitored and
follow-up assessments evaluate the effectiveness and
long-term viability tissue (Polonchuk, Gentile, 2021).

Bioprinting, either scaffold-based or scaffold-free,
allows cells to grow on a biomaterial matrix, while
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scaffold-free methods preserve tissue functionality.
Additive manufacturing techniques like inkjet, extrusion
and laser-assisted methods are used for selective cell
and biomaterial patterning as depicted in Figure 1.

Extrusion based bioprinting

Extrusion based bioprinting is a widely used
technique where bioink is loaded into a syringe and
deposited as continuous strands through mechanical or
pneumatic pressure. This method constructs 3D tissues
layer-by-layer by extruding biomaterials in the form of
cylindrical filaments. It is highly versatile, allowing for
the printing of materials with a wide range of viscosities
(up to >6 x100] mPa/s) and offering good structural
integrity. However, higher pressure or reduced nozzle
diameter can compromise cell viability. While it is a
cost-effective platform, extrusion-based bioprinting has
lower resolution compared to other methods. Despite this
limitation, it has shown promising results in bioprinting
complex structures such as myocardium constructs, heart
valves, and blood vessels (Alonzo, et al., 2019).

The printing method involves selecting appropriate
cells and suspending them in a prepolymer solution. The
main nozzle contains a hydrogel containing cells, while
the surrounding nozzle contains bioinks like partly
crosslinked alginate or a hybrid hydrogel. A composite
strand is created using a coaxial needle, combining
the core and shell materials. A 3D human chambered
cardiac muscle was fabricated using photo-crosslinking
native extracellular matrix proteins and human induced
pluripotent stem cells (hiPSC)-laden structures allowing
continuous action-potential propagation and macroscale
beating (Mistry et al, 2017). A 3D bioprinting
technique, FRESH v2.0, was used to create a human left
ventricle model using collagen type I and hESC-CFs. It
offers promise in printing thick myocardial constructs,
heart valves, and blood vessels but still suffers from
certain challenges like its high cost, lower resolution,
slow printing speed, and low cell viability (Alonzo,
et al., 2019; Koch et al., 2018). Direct ink writing
(DIW) generates 3D architectures layer-by-layer using
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materials with specific rheological properties, with a
minimum printing resolution ranging from hundreds of
microns to sub-microns (O’Bryan et al., 2017).

Inkjet based bioprinting

Inkjet bioprinting technology has been adapted
for 3D bioprinting (3DBP) by replacing traditional ink
cartridges with biological materials and integrating an
elevator stage to enable movement along the z-axis
for layer-by-layer printing. This method supports cell
viability andis compatible witha variety ofbiomaterials.
Using inkjet printing, a non-contact process, 3D aortic
tissue constructs have been successfully created by
depositing low viscosity bioinks with viable cells onto
a substrate. Inkjet bioprinting offers advantages due
to its affordability and non-contact nature, reducing
contamination risks. Two primary techniques are used:
continuous inkjet printing, where a constant stream of
droplets is generated, and drop-on-demand (DOD)
printing, which creates droplets only as needed.
DOD bioprinting can use piezoelectric or thermal
mechanisms. Piezoelectric printers use a transducer in
a microfluidic chamber, while thermal printers apply
electric currents to vaporize bioink, pushing droplets
onto the substrate without harming cells. Factors
like nozzle size, distance, temperature, and current
frequency influence droplet size and placement,
allowing for precise multicellular patterns and
complex tissue structures (Cui, et al., 2010; Delaney,
et al., 2009; Kadarevié Z et al., 2018).

Researchers developed a cardiac patch utilizing
aerosol 3D inkjet printing, incorporating a composite
(Ti3C2Tx)
MXene and hydrogel. This patch, when seeded with

of two-dimensional titanium carbide
cardiomyocytes, demonstrated enhanced electrical
conductivity, and increased gene expression of
key cardiac markers, including MYH?7, SERCA2,
and TNNT2. These improvements suggest that
this innovative cardiac patch could be a promising
therapeutic approach for myocardial infarction

treatment (Kacarevi¢ Z et al., 2018).
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Laser assisted bioprinting

Laser-assisted bioprinting (LAB) is a non-contact,
direct-writing technique that uses a pulsed laser beam
to deposit bio-ink containing cells onto a substrate. The
process typically involves three main components: a
pulsed laser source, a ribbon coated with bio-ink, and
a receiving substrate. The bio-ink, sensitive to heat, is
layered onto a target plate, which is then coated with
natural polymers or a nutrient medium to support
deposition and promote cell growth. LAB encompasses
several methods, including Digital Light Processing
(DLP), stereolithography (SLA), and Laser-Induced
Forward Transfer (LIFT), each contributing to precision
and viability in bioprinting processes.

Digital Light Processing (DLP) bioprinting utilizes
a digital micro-mirror device (DMV) chip, consisting
of millions of micromirrors, to reflect light and project
a computer-aided design (CAD) model’s optical
pattern onto a photopolymer solution. The unique
feature of DLP is that it projects an entire plane of the
optical pattern simultaneously, significantly reducing
fabrication time. DLP outperforms other bioprinting
techniques in terms of resolution, efficiency, and print
conditions (Zhang, et al., 2020). Liu et al., 2017 used
DLP printing to encapsulate neonatal mouse ventricular
cardiac muscles in a hydrogel, demonstrating the
rapid method’s ability to create complex cardiac
tissue engineering scaffolds. They also created viable
cardiac tissue using human embryonic stem cell
derived cardiomyocytes and hydrogel, enabling in vitro
disease modeling by detecting calcium transients and
mechanical force. Similarly, human-induced pluripotent
stem cell-derived cardiomyocytes (iPSC-CMs) were
successfully bioprinted using DLP, showing expression
of mature cardiac marker genes. This indicates potential
DLP in fabricating complex, functional cardiac tissue
for research and therapeutic purposes.

Stereolithography is a high-
resolution, and high-quality method for printing
personalized structures for disease modeling, but its
slow printing speed (15 mm/s) is a limitation. Chan et

cost-effective,
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al.,2012used an SLA 3D printer to generate locomotive
bio-bots made of hydrogels and cardiomyocytes,
powered by a bimorph cantilever construction. The most
effective bio-bots used maximum contractile efforts to
overcome friction and prevent backward movement.
3D stereolithography technology has been used to
create multi-material cantilevers made from PEGDA
and acrylic-PEG-collagen mixtures, which enhance
cell adhesion and organization without altering elastic
modulus. These cantilevers can be used as mechanical
sensors and early prototypes for optimal cell-based
biohybrid actuator design (Chan et al., 2012).

Bioinks /\

Laser induced forward transfer (LIFT) is a
technique for printing biomolecules, including AFA-
LIFT and BioLP, using a laser-absorbing layer at the
ribbon-bioink interface. It is computer-controlled and
uses a CCD camera for selective cell patterning. LIFT
achieves a resolution of 10-50 pm, handles high cell
density, and maintains over 95% cell viability post-
print. It can select single cells for transfer, making it
beneficial for precision tissue construction. LIFT has
been used for cardiac regeneration and has shown that
hiPSCs are sensitive to biomaterials (Gaebel et al.,
2011; Nahmias, ef al., 2005).
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CURRENT STATUS OF 3D BIOPRINTING OF
CARDIACTISSUES, HEART VALVES AND HEART

3D bioprinting is a rapidly developing technology
with the potential to revolutionize the field of cardiac
tissue engineering. It offers a promising approach for
creating functional heart tissues and even whole hearts
for transplantation.

3D bioprinting of cardiac model

A study by Miller et al. has developed a 3D-printed
cardiac tissue that mimics the structural and functional
complexity of heart tissues. They used an in-house
micro-continuous optical printing system to create a
cantilever-based tissue scaffold with micropatterns. The
3D microtissues showed high sarcomere organization
and synchronous contraction. The force output was
quantified through the deflection of an integrated force
gauge. The 3D microtissues demonstrated the ability
to be maintained over extended durations, generating
substantial forces. Their functionality was further
validated by testing drug responses across varying
doses. This highly adaptable 3D cardiac tissue model
holds promise for future applications in high-throughput
disease modeling and drug discovery (Miller et al.,
2021). Samson et al. created a 3D printing model for
bioink extrusion, enabling the study of native cardiac
tissue patterns. The 3D printed structure allows cells
to grow and proliferate while maintaining the original
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shape (Samson, Song, 2022). The Lewis group created
engineered cardiac tissue using anisotropic organ building
blocks (aOBBs) in bioprinting. The bioinks, composed of
gelatin and fibrinogen, generate thousands of anisotropic
organoid building blocks (aOBBs) with precise control
over their aspect ratio and cellular composition. These
tissues exhibit a high cellular density and well-regulated
alignment, with cardiac macrofilaments displaying
greater alignment compared to spheroid-based controls.

Loureiro et al. (2023) explores the potential of GG/
KGM as a bioink for producing stable hydrogel matrices
that promote endothelial cell activity as shown in
Figure 2. The bioink is a simple and low-cost material-
based bioink suitable for 3D printing without toxic
solvents. The bioink conjugates two natural polymers
gellan gum (GG) and konjac glucomannan (KGM) with
complementary characteristics. GG is chosen for its
structural and thermoresponsive properties, while
KGM increases hydrogel bioactivity. The 3D structures
have a rough surface, providing numerous anchorage
points for cells, and an interconnected porous network.
The hydrogels have suitable mechanical properties,
controllable swelling and biodegradation, and
biocompatible characteristics, encouraging adhesion
to the bioprinted scaffold surface and internalization
and migration, which are crucial for cardiac tissue
formation. This emerging methodology is essential
for developing 3D living functional hydrogels that
can overcome current challenges in the cardiac tissue
regeneration field (Loureiro et al., 2023).

Extrusion based 3 printing of the scaffold

A Manufacturing of 3D printed scaffold

30 printed scaffold

Lyophilized 3D printed scaffold

FIGURE 2 - represents manufacturing, invivo-characterization and in-vivo study of lyophilized 3D printed scaffold. Figure recreated from

(Loureiro et al., 2023). (continues)
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FIGURE 2 - represents manufacturing, invivo-characterization and in-vivo study of lyophilized 3D printed scaffold. Figure recreated from

(Loureiro et al., 2023). (continuation)

3D bioprinting of heart valves

Valvular heart disease affects 3.1% of adults and is
projected to cost 23.6 million lives by 2030. The aortic
valve is the most common cause, causing 65.2% of
cases. Prosthetic valves, mechanical and bioprosthetic,
have limitations, such as lifelong anticoagulation
therapy and limited durability. 3D printed heart valves
(HVs) offer a solution to anticoagulation therapy and
could last a lifetime, but require specific cell infiltration,
differentiation, and proliferation, as well as adequate
mechanical and haemodynamic functionality. Due to
complex regulatory approvals and patient-to-patient
variability, 3D printed HVs are yet to reach clinics
(Sanz-Garcia et al., 2015; Virani et al., 2021).

Stereolithography (SL) was the first 3D printing
fabricate heart

technique successfully used to
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valves. However, subsequent efforts using light-
based bioprinting have been limited, primarily due
to challenges with material diversity and mechanical
properties. For instance, a study employed poly-ethylene
glycol-diacrylate (PEGDA) combined with GelMA
seeded with cardiac fibroblasts, achieving 80% cell
viability after 7 days. Despite this promising result,
further advancements have been stalled due to the limited
material heterogeneity and relatively low mechanical
strength, making it less suitable for broader applications
in heart valve development (Lee et al., 2019).
Extrusion-based printing can create anatomically
correct 3D printed heart valves using cell-free poly-
ethylene glycol-diacrylate (PEGDA) and porcine aortic
valve interstitial cells (PAVICs) in 21 days. Studies have
shown that both smooth muscle cells (SMCs) and human

aortic valvular interstitial cells (HAVICs) remain alive and
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show increased alpha-smooth muscle actin and vimentin
levels after 7 days (Akpek, University, 2018). The extrusion
of HAVIC onto a simplified heart valve shape influences
cell spreading, mechanical characteristics, and printability.
However, initial studies have not addressed extreme
mechanical requirements. Various methods to reinforce
cell-laden hydrogels have been explored, but none have
shown mechanical properties sufficient to match native
heart valves (Duan, et al., 2014). The freeform reversible
embedding of suspended hydrogels (FRESH) method
has been used to create 3D printed human heart valves,
allowing for the fabrication of small tissue portions to full
adult organs. These valves, made from cell-free collagen-
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based ink, have multiple anatomical structures and a tri-
leaflet design, and have been tested in a physiological flow
loop setting (Lee et al., 2019).

Rioux et al. (2022) studied and demonstrates the
feasibility of manufacturing sodium-alginate aortic
valve scaffolds with a native-like geometry using sugar
glass printed molds. This simple and low-cost method
could make personalized tissue-engineered heart valves
more accessible to patients. Further testing is needed to
ensure reliability and repeatability. Further optimizing
cell integration, developing viability protocols, and
remodelling the scaffold into a tissue-engineered heart
valve as shown in Figure 3 (Rioux, et al., 2022).
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3D bioprinting vascular channels

Blood vessels are crucial for delivering oxygen,
nutrients, and blood cells, but synthetic vascular grafts
are often used in damaged or diseased cases. However,
these grafts face challenges like low patency rates and
intimal hyperplasia, which restrict blood flow. Advances
in bioprinting and tissue engineering offer promising
alternatives to develop biocompatible, durable vascular
grafts that mimic natural blood vessel behaviour (Wadey,
et al., 2018). Researchers utilized hESC-derived early
vascular cells (EVCs) for vascular engineering in cardiac
tissues and observed that 3D bioprinting of cardiomyocytes
and endothelial-vascular cell (EVC) spheroids promoted
vascular differentiation and self-organization, leading to the
formation of functional cardiac microtissues with a well-
structured microvascular network. This approach holds
promise for cell-based treatment of in vivo myocardial
infarction testing (Liu et al., 2022). Scientists introduced
an innovative bioprinting technique called Sacrificial
Writing into Functional Tissue (SWIFT), which utilizes a
matrix composed of living organ building blocks (OBBs).
This method enables the creation of tissue structures
with a high cellular density, incorporating embedded
vascular channels that can be perfused. The research
demonstrated the ability to integrate these channels into
a variety of living matrices formed by OBBs. Researchers
have bioprinted functional endothelial-lined channels
using human umbilical vein endothelial cells (HUVECs)
using a 3D CAD model of a human heart, a method with
significant potential for advancing vascularized tissues for
regenerative medicine (Skylar-Scott et al., 2019). Wang
et al., 2022 created a double-network hydrogel bioink to
create hollow constructs mimicking vein and artery tissues.
This bioink was used in microfluidic coaxial extrusion
bioprinting, offering controllable wall thicknesses, high-
throughput production, and minimal waste.

3D bioprinting of heart

Computer-assisted 3D printing is advancing towards
the engineering of fully functional whole-heart organs.

Braz. J. Pharm. Sci. 2026; 62: 24966

CAD models of human hearts, developed using CT
and MRI scans or sourced from model libraries, are
essential tools in this process. However, fabricating a
complete 3D heart with accurate geometry remains a
challenge due to difficulties in integrating multiple cell
types and creating multi-scale structures with different
biomaterials. Recently, significant progress has been
made with Freeform Reversible Embedding (FRE)
printing, which has been used to bioprint elaborate
structures that closely replicate the macroscopic anatomy
of a heart. Full heart printing has shown promise in 3D
structures with heart shape, with high-resolution and
accurate bioink deposition. Lee ef al., 2019 successfully
utilized the FRESH (Freeform Reversible Embedding of
Suspended Hydrogels) technique to fabricate a tri-leaflet
heart valve, a neonatal-scale collagen heart, and a human
cardiac ventricle model, showcasing the precision of the
method in material deposition. The printed neonatal-
scale collagen heart featured clearly defined leaflets
and exhibited sufficient mechanical strength to be
manipulated outside of a liquid environment. Noor et al.,
2019 printed hearts using two bioinks, Cy5-labeled CMs
and ECs, revealing the integrity of the compartments and
mechanical qualities of the printed hearts. FRE printing
provides a theoretical foundation for creating intricate
crafts, making it a viable technique for printing improved
tissue scaffolds for various organ system applications.

The Biofabrication of heart tissues and organs
progresses, researchers are increasingly filing patents
that reflect breakthroughs in both printing technologies
and biomaterials. These patents offer insight into
innovative methods and bioinks being used to push
the boundaries of cardiac tissue engineering. Similarly,
clinical trials are critical steps toward validating these
innovations, assessing their safety and efficacy in real-
world medical settings. Table I presents patents related
to 3D printing of cardiac tissues and hearts, showcasing
technological advances. They highlight the growing
potential of 3D printing in addressing challenges like
organ shortages and heart tissue regeneration. The
developments in clinical trials in bioprinting of heart
and cardiac tissue is compiled in Table I1.
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TABLE | - Patents available on the 3D printing of cardiac tissue and heart (continues)

Patent No.

Title and description of the patent

CN107164318

Method for building hollow vascularized heart based on 3D biological printing technology and hollow
vascularized heart.

The invention outlines a 3D printing method for creating a hollow vascularized heart using reverse modeling, im-
porting data, and driving nozzles according to a predesigned CAD model. The ink used includes hydrogel, platelet-
-rich plasma, human umbilical vein endothelial cells, and SD rat primary cardiomyocytes.

CN109806441

3D Printing Equipment for Printing Artificial Heart and Bionic Construction Method of Artificial Heart

The invention outlines a 3D printing equipment for creating an artificial heart and a bionic construction method,
which involves scanning hospital images, pathologic analysis, model layering treatment, importing slice data, 3D
printing, and creating an organ culture environment.

CN110310364

Heart 3D printing system and printing method thereof

The invention outlines a heart 3D printing system that utilizes a computer, ultrasonic diagnostic apparatus, CT, MRI,
and 3D biological printer to create three-dimensional graphs on the heart, improving imaging precision and reducing
errors. It also enables independent 3D printing of blood vessels, improving blood pumping and synchronous con-
traction of biological cells.

CN110654028B

Three-dimensional object data layering processing method and 3D printing equipment

The application provides a layered processing method, a 3D printing method, a 3D printing device, a computer
device, and a computer-readable storage medium for three-dimensional object data. It displays color appearance
attributes, identifies objects with different parts, arranges models, performs layered processing, sets over-solidified
attributes, and over-solidifies on slices in subsequent printing. The application also uses different exposure strategies
to obtain three-dimensional objects with identifiable assembly or configuration information in one-time printing,
simplifying the production process and reducing costs.

CNI111785146A

3D Printed silica gel heart model

The invention offers a heart model that includes all venous circulatory systems and a completely right heart system.
It is anatomical three-dimensional, simulating real blood flow and heart pulsation simulations. This allows clini-
cians to achieve the same patient experience during pacemaker electrode lead implantation and biventricular pacing
electrode lead implantation operations.

CN114716694

Hydrogel capable of promoting vascularization, resisting calcification and realizing 3D printing of heart valve
The invention relates to a hydrogel for 3D printing heart valves, which promotes vascularization and prevents
calcification. The hydrogel is made from an amino-containing polymer material modified with L-arginine, oxidized
sodium hyaluronate, polyethylene glycol diacrylate, and a conductive chemical.

CN218420138

Mitral valve ring device prepared through transoesophageal three-dimensional echocardiography 3D printing
measurement.

The utility model features a 3D printed mitral valve ring device with a supporting ring, deformation groove, silica
gel middle layer, and adjusting mechanisms. A biocompatible flannelette layer is sewn on the outer side. The device
allows fine adjustment of the supporting ring’s caliber, and its uniformly distributed inner surface ensures easy
folding and efficient use.

US10842379B2

Multi-modality image fusion for 3D printing of organ morphology and physiology

A method for multi-modality fusion for 3D printing of a patient-specific organ model is proposed. This involves
fused medical images of a target organ from various imaging modalities. A holistic mesh model of the target organ is
generated by segmenting the target organ in the fused images. A spatially varying physiological parameter is estima-
ted from the fused images and mapped to the holistic mesh model. The 3D printed model includes a representation
of the estimated parameter, which can be represented using spatially material properties, color, or texture.
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TABLE | - Patents available on the 3D printing of cardiac tissue and heart (continuation)

Patent No.

Title and description of the patent

US20200316254

Three-dimensional bioprinting of cardiac patch with anisotropic and perfusable architecture

A cardiac patch for treating mammalian hearts is created using a dual 3D bioprinting technique, using stereoli-
thography for anisotropic constructs and extrusion printing for perfusion vessels. The patch provides nutrient and
oxygen-containing media for cell growth within the vessels, allowing for larger patches for treating cardiac damage
in both small and large mammalian hearts.

WO02018200753

Biocompatible Conductive Inks Based on Cellulse Nanofibrils For 3D Printing of Conductive Biomedical Devices
The invention describes a 3D-printed biomaterial made from a hydrogel containing gelatin, alginate, and cells. It
explains that this biomaterial can be used to treat damaged blood vessels and test vasoactive drugs by creating blood
vessels using 3D printer technology.

WO02023184597

Simulated Heart, Heart Simulation Device, And Heart Simulation Method
A simulated heart is a device that replicates the heart’s structure, consisting of an upper, middle, and lower part con-
nected in sequence. It is divided into separate parts for 3D printing and simulation, replicating the actual heart structure
and performing simulations based on patient clinical characteristics, making it feasible for research and clinic use.

W02019200042

Engineered Platform To Generate 3d Cardiac Tissues
Describes a system, device, methods, and compositions for generating 3-dimensional cardiac tissues, maturing
them, and maintaining their viability in culture.

W02024026023

using 3D printer technology.

Double Networked 3d-Printed Biomaterials
The text describes a 3D-printed biomaterial made from a hydrogel containing gelatin, alginate, and cells. It explains
that this biomaterial can be used to treat damaged blood vessels and test vasoactive drugs by creating blood vessels

Clinical trials

TABLE Il - Data on clinical trials available on the official website on the 3D printing of cardiac tissue and heart (continues)

NCT No. Study title Status Conditions Interventions
Implementing models for
NCT03891160 meChan.lcal circulatory Sup port . Recruiting Congenital heart disease 3D Printed Heart Model
presurgical assessment in congenital
heart disease treatment
3D printed silicone coronary artery Training on coronary
. Percutaneous coronary . .
NCT04420715 simulator for percutaneous coronary | - intervention angiography using 3D coronary
interventional training artery simulator
Surgical simulation with 3D
The effect of 3d heart modelling on Not vet zgiga?;gs:iiﬁé‘gg;egﬁliltal
NCT05852106 family quality of life and surgical e Congenital heart disease . & .
recruiting heart disease parent education

Success

booklet” and tailored 3d heart
modelling
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TABLE Il - Data on clinical trials available on the official website on the 3D printing of cardiac tissue and heart (continuation)

NCT No. Study title Status

Conditions

Interventions

3D printing in Cardiac

NCT05760365 Catheterization

Ongoing

The aim is to enhance the
effectiveness of medical
education by using 3D
printing technology to
create human anatomical
cardiovascular models,
specifically for medical
students.

3D printed educational model

The Usefulness of

Biatrial 3D Printing to Plan
Transseptal Puncture for the Left
Atrial Appendage Closure

NCT05743322 Recruiting

The study aims to evaluate
the effectiveness of pre-
procedural 3D printing

of both atria for optimal
transseptal puncture site for
left atrial appendage closure.

Device: Left atrial appendage
closure

Feasibility of 3D Printed Models
of Aortic Stenosis in Guiding TAVI
Procedure (3DP-FAST)

NCT05484713 Observational

The 3DP-FAST study
evaluates the accuracy of
replicating cardiovascular
anatomical structures using
various techniques and the
feasibility of 3D printed
models of aortic stenosis
in guiding Transcatheter
aortic valve implantation
procedures. It compares
measurements on Coronary
computed tomography

Diagnostic Test: Cardiac
imaging

Device: 3D printing of the
aortic valve

angiography (CCTA) images
with photogrammetry
measurements and evaluates
the accuracy of image
dataset processing and the
rate of valvular leak or peri-
procedural complications at
one year after enrolment.

CHALLENGES IN BIOPRINTING

3D bioprinting improvements have resulted in
efficient and cost-effective technologies, however
quality control criteria must be followed prior to
transplantation. This comprises developing models,
choosing bioink, verifying printing, maturing post-
printing, and evaluating product quality. The lack of
software for specifying cell locations complicates
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the printing process significantly (Hollister, 2005).
Creating a robust, mechanically rigid 3D framework
following transplanting is critical to promoting normal
cell development. Proper structural maintenance and
mechanical support are required for new tissues to
thrive. In vivo vascularization is also required for
bioprinted constructions used in tissue engineering to
provide growth hormones, oxygen, nutrients, and waste
elimination (Kaully, et al., 2009).
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A key challenge in 3D bioprinting of cardiac
tissue is sourcing high-quality cardiomyocytes and
directing their differentiation into various necessary
cell types for functional tissue formation. Since the
heart lacks a substantial native stem cell population,
obtaining cardiomyocytes directly from heart tissue is
difficult. Moreover, bioprinted cardiac tissue requires
a diverse range of cells, including cardiomyocytes,
endothelial cells, and smooth muscle cells, which
adds complexity. Embryonic stem cells (ESCs) and
induced pluripotent stem cells (iPSCs) offer promise
for generating cardiomyocytes, but fully maturing these
cells remains challenging. To improve maturation,
bioreactor-based methods have been explored, utilizing
mechanical, electrical, and biochemical cues to enhance
differentiation. Bioprinted cardiac constructs need
to replicate the mechanical properties of native heart
tissue, such as elasticity and contractility, to support
proper dynamic function. For effective blood pumping,
bioprinted cardiomyocytes must contract synchronously.
Balancing the structural strength and flexibility of the
tissueisakey challenge. Biomechanical testing methods,
including tensile, compression, and shear tests, are
critical for evaluating the mechanical performance of
these constructs. Additionally, personalized bioprinting
approaches must account for individual variations in
tissue stiffness, contractility, and heart geometry to
ensure optimal functionality.

3D bioprinting of hearts requires rigorous safety and
biocompatibility assessments, requiring interdisciplinary
collaboration, specialized facilities, and adherence to
Good Laboratory Practice and Good Manufacturing
Practice guidelines. Standardization and reproducibility
are crucial, but consistency across platforms and labs is
challenging. Ethical considerations, informed consent,
privacy, transparency, long-term stability, and durability
are also essential. Integrating bioprinted hearts with
existing medical practices is crucial.

Cost and accessibility pose significant challenges
in the widespread adoption of bioprinting technology, as
it remains an expensive and resource-intensive process.
To encourage broader implementation, it is essential
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to conduct comprehensive economic evaluations and
health technology assessments that compare the long-
term financial benefits of bioprinting with traditional
heart transplantation and other therapies. Engaging
stakeholders, including healthcare providers, regulatory
bodies, and patients, will also be key to addressing
cost concerns and ensuring that bioprinting solutions
are accessible. Demonstrating the cost-effectiveness
of bioprinting, particularly its potential to reduce the
reliance on scarce donor organs and minimize the
risk of rejection, could drive greater acceptance and
investment in this revolutionary technology.

FUTURE PROSPECTS

3D cardiac tissue bioprinting has the potential
to revolutionize regenerative medicine by replicating
complex myocardial architecture and constructing organ-
mimetic cellular structures. This technology can enhance
cardiac function without relying on transplants and allows
for the development of physiologically accurate blood
vessel networks (Murphy, Atala, 2014). Combining 3D
bioprinting with stem cell technologies, such as induced
pluripotent stem cells (iPSCs), allows for the fabrication of
functional, patient-specific cardiac models. These models
serve as accurate in vivo platforms for drug screening,
disease modeling, and personalized treatment strategies.
However, challenges remain, particularly regarding
tissue thickness and vascularization. Efforts are ongoing
to optimize bioinks, particularly hybrid bioinks, to ensure
printability, biocompatibility, stability,
biodegradability, and scalability. Four-dimensional (4D)

mechanical

bioprinting, an extension of 3D bioprinting, introduces
dynamic constructs that change over time in response
to stimuli, potentially leading to highly adaptive
tissue systems for therapeutic applications. Advanced
computational and imaging technologies are reshaping
cardiac research and clinical practice. The integration
of 3D-printed cardiovascular models with tools such
as Computational Fluid Dynamics (CFD) and Virtual
Reality (VR) offers novel insights into heart function,
hemodynamics, and disease progression. CFD enables
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detailed simulation of blood flow and valve dynamics,
while VR enhances visualization for surgical planning,
medical education, and patient-specific diagnostics as
shown in Figure 4 (Charalampous et al., 2023).

In conclusion, while cardiac bioprinting is

still in its developmental stages, rapid progress
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in bioink formulation, printing technologies, and
computational modeling paves the way for future
applications. These
expected to revolutionize cardiac care through

clinical advancements are

regenerative strategies, personalized therapies, and
improved diagnostic tools
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environment. Figure is recreated from (Charalampous et al., 2023).

CONCLUSION

This review has systematically examined the recent
advancements in 3D bioprinting for cardiac tissue
engineering, drawing upon an extensive selection of
studies published predominantly between 2016 and
2023. The cited literature spans a broad spectrum of
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experimental, technical, and review-based studies, with
a strong emphasis on bioprinting techniques, cardiac
tissue constructs, biomaterials, and vascularization
strategies. Most works are rooted in in vitro and in
vivo experimentation, reflecting the translational
potential of current research. The selected studies

were carefully curated based on relevance to cardiac
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tissue engineering, methodological robustness, and
technological innovation, with a clear focus on stem
cell-based constructs, scaffold design, and vascular
integration. The inclusion of both foundational and
cutting-edge research ensures a balanced representation
of the field’s evolution. This comprehensive analysis
underscores the trajectory toward clinically viable,
functional cardiac tissues and highlights the need for
continued integration of biomaterials science, stem
cell biology, and bioprinting technologies to overcome
remaining translational challenges.
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