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INTRODUCTION

A. Definition of 3D bioprinting technology

3D bioprinting is an emerging field in regenerative medicine that has gained significant
attention in recent years. It is a collection of additive manufacturing technologies that aim to
fabricate parts imitating real tissue and organ functionalities by combining both living and
non-living materials in a specific three-dimensional (3D) spatial organization structure.™
Bioprinting can provide patient-specific spatial geometry, control over cell placement, and
the ability to create complex structures that mimic the natural architecture of tissues and

organs.

The main goal of 3D bioprinting is to fabricate complex biological constructs in the field of
tissue engineering and regenerative medicine.®! It has the potential to revolutionize the field
of medicine by providing a new approach for producing cell-laden, three-dimensional
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structures to mimic bodily tissues, which has an important role not only in tissue engineering

but also in drug delivery and cancer studies.

The main 3D bioprinting techniques are described in detail in research articles, and key
limitations are highlighted. Successful cases, demonstrating the relevance of 3D bioprinting,
are also presented. However, there are still many research challenges and future perspectives
in the field of 3D bioprinting that need to be addressed.!

B. Potential benefits of 3D bioprinting in transplantation

3D bioprinting is a promising technology that has the potential to revolutionize the field of
tissue and organ transplantation. Here are some potential benefits of 3D bioprinting in tissue
and organ transplantation.>®!

1. Customization

2. Reduced waiting times
3. Improved safety

4. Reduced cost
5

Research and development

BIOPRINTING TECHNOLOGIES

3D bioprinting is a promising approach for fabricating complex biological constructs in the
field of tissue engineering and regenerative medicine.®*! It involves the controlled deposition
of bioinks, which are formulations of cells suitable for processing by an automated system.®
Bioprinting is a collection of additive manufacturing technologies that aim to fabricate parts
imitating real tissue and organ functionalities by combining both living and non-living
materials in a specific three-dimensional spatial organization structure.™ Recent advances in
3D bioprinting have led to the development of cardiac tissue, which has the potential to

address cardiovascular diseases.[”

A. Inkjet bioprinting

Inkjet bioprinting is a type of 3D bioprinting that uses inkjet technology to deposit small
droplets of bioink onto a substrate to create 3D structures.[*) The bioink is a mixture of living
cells and a hydrogel that provides a supportive environment for the cells to grow and
differentiate.'”! Inkjet bioprinting has high resolution in the <30 pm range, making it suitable

for printing complex structures such as blood vessels and capillaries.!*"
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Inkjet bioprinting has been used to print a variety of biomaterials, biomacromolecules,
DNAs, and cells.l') It has been used to create in vitro tissue models for drug screening,
disease modeling, and several other in vitro applications.®] Inkjet bioprinting has also been

used to create personalized medicines and to study disease mechanisms.t!

There are several types of bioprinters, including inkjet droplet, extrusion, laser droplet, and
stereolithography.*! The selection of bioink and the approach used (scaffold-based vs.

scaffold-free) is significantly influenced by the type of bioprinter that is going to be used.!*!

Inkjet bioprinting is one of the most widely used 3D bioprinting methods.™”

Inkjet bioprinting has limitations and challenges, such as the need for a suitable bioink that
can maintain cell viability and function during the printing process.'? However, inkjet
bioprinting has shown promise in creating complex functional tissues and organs.'* The field
of 3D bioprinting is rapidly evolving, with researchers developing new printing modalities

and improving existing ones.!

B. Extrusion bioprinting

Extrusion-based 3D bioprinting is a widely used method for producing 3D tissue
constructs.!” The process involves the controlled deposition of bioinks, which are
formulations of cells suitable for processing by an automated system.”! The bioinks are
extruded through a nozzle in a continuous form of filaments, creating a 3D structure.”®] The
extrusion-based bioprinting employs mechanical, pneumatic, or solenoid dispenser systems to
deposit bioinks.! The bioinks can be granulated in a support bath containing yield stress

hydrogels, which solidify around the extruded structure and prevent it from collapsing.!

Recent research has focused on developing advanced fabrication techniques for extrusion-
based 3D bioprinting of hydrogel biomaterials for tissue regeneration.™ Hydrogels are
widely adopted as a bioink in cell printing technologies based on the extrusion principle.**!
The crucial parameters of extrusion-based bioprinting of hydrogel biomaterials, such as
hydrogel properties, printing conditions, and tissue scaffold design, have been proposed.[14]

The methods covered include multiple-dispenser, coaxial, and hybrid 3D.1*%

The selection of hardware, software, and bioinks is critical in 3D extrusion bioprinting.”! The
printability of candidate biomaterials for extrusion-based 3D printing has been studied.
Software for bioprinting has also been developed.”! The researchers at Rensselaer are
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working with NASA to develop complex algorithms that will control the arm's movement,
[13]

enabling it to accurately transport and refuel a satellite.
C. Laser-based bioprinting

Laser-based bioprinting is a 3D printing technology that utilizes laser power to print
structures such as in SLA by a photopolymerization principle. It can also be used for precise
positioning of cells such as in laser direct-write and Laser Induced Forward Transfer (LIFT).
Laser-based bioprinting has the potential to print cells with high resolution and precision,
making it a promising technology for tissue engineering and regenerative medicine. Laser-
based bioprinting has been used to print various types of cells, including stem cells, and has

been shown to be effective in creating complex tissue structures.™

Research articles suggest that laser-based bioprinting is one of the four major governing
approaches for 3D bioprinting technologies for engineering functional human tissues and
organs that recapitulate their native prototypes. The other three approaches are droplet-based,
extrusion-based, and stereolithography bioprinting.™ Laser-based bioprinting has been used

to create complex tissue structures, including blood vessels, cartilage, and bone.™

In conclusion, laser-based bioprinting is a promising technology for tissue engineering and
regenerative medicine. It has the potential to print cells with high resolution and precision,
making it a promising technology for creating complex tissue structures. Laser-based
bioprinting has been used to create various types of cells, including stem cells, and has been

shown to be effective in creating complex tissue structures.

D. Stereolithography bioprinting

Stereolithography bioprinting is a 3D printing technology that uses a laser to solidify a liquid
photopolymer into a 3D structure. The process involves the use of a vat of liquid
photopolymer, which is selectively cured by a laser beam to create a solid structure. The laser
beam is directed by a computer-aided design (CAD) file, which controls the movement of the
laser and the curing of the photopolymer. Stereolithography bioprinting has high resolution
and can print complex structures, making it suitable for the fabrication of tissue constructs
with high precision. The development of novel photo cross linkable biomaterials with
enhanced physical and chemical properties has advanced the field of stereolithography
bioprinting.l***® Stereolithography bioprinting has been used for the fabrication of human

corneal stroma equivalent, hydrogel scaffolds, and tissue and organ regeneration.*® The
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research on stereolithography bioprinting is progressing, and it is an emerging technology

with tremendous potential to revolutionize modern medicine and healthcare.[**®!

MATERIALS USE FOR BIOPRINTING

3D bioprinting is a technology that involves the printing of bioinks mixed with living cells to
construct natural tissue-like three-dimensional structures. Bioinks are made of natural or
synthetic biomaterials that can be printed layer by layer to create a 3D structure that mimics
the behavior and structures of natural tissues. The materials used for 3D bioprinting are

critical to the success of the process.

Hydrogels, bioinks, and decellularized extracellular matrix (dECM) are some of the most
commonly used materials for 3D bioprinting.!”! Hydrogels are three-dimensional networks of
hydrophilic polymers that can absorb large amounts of water. They are commonly used as a
scaffold for cell growth due to their biocompatibility and ability to mimic the extracellular
matrix (ECM).”? Bioinks are hydrogels that are specifically designed for 3D bioprinting.
They are composed of a mixture of cells and biomaterials that can be printed layer by layer to
create a 3D structure. dECM is created by removing the cells from natural tissues, leaving
behind the ECM. This dECM can then be used as a scaffold for cell growth.™

3D bioprinting can be used for several biological applications in the fields of tissue
engineering, bioengineering, and materials science. It has the potential to revolutionize the
field of regenerative medicine by producing cell-laden, three-dimensional structures to mimic
bodily tissues.” 3D bioprinting can provide patient-specific spatial geometry, which is

important not only in tissue engineering but also in drug delivery and cancer studies.™

A. Hydrogels

Hydrogels are three-dimensional networks of hydrophilic polymers that can absorb large
amounts of water and biological fluids, making them ideal for use in 3D bioprinting.l*”
Hydrogels have a soft structure and porosity that closely resembles living tissues, making
them an excellent material for creating scaffolds for 3D cell cultures.[*®! Hydrogels can be
designed as an artificial extracellular matrix scaffold for providing spatial orientation and

promoting cellular interactions with surroundings.!®!

Hydrogels can be composed of natural or synthetic polymers, and can be crosslinked either
through covalent bonds or held together via physical intramolecular interactions.™ The
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choice of hydrogel material is critical to the success of 3D bioprinting, as it can affect the

biocompatibility, mechanical properties, and printability of the final product.™

Recent research has focused on the development of hydrogels with improved mechanical
properties, such as increased stiffness and toughness, to better mimic the natural environment
of living tissues.!*% Microsphere-containing hydrogel scaffolds have also been developed for
tissue engineering applications, which can provide a more controlled release of growth

factors and other bioactive molecules.!*”!

B. Bioinks

Bioinks are the materials used to contain cells when bioprinting tissues. They provide
structure for the bioprinted tissue and support and promote cell growth and differentiation.?”
Bioinks can be distinguished into two categories: bioinks and biomaterial inks. Bioinks
contain living cells and are mainly composed of hydrogels, while biomaterial inks do not
contain living cells and are mainly composed of synthetic or natural polymers.’Y) The
selection of appropriate cells for 3D bioprinting is crucial for ensuring the success of any

fabricated construct.l??

Hydrogels are the most commonly used materials for bioinks in 3D bioprinting. They are
biocompatible, have high water content, and can mimic the extracellular matrix of natural
tissues. Gelatin methacrylate (GelMA), collagen, and alginate are some of the most
commonly used hydrogels for bioinks.!””! GelMA is a photocrosslinkable hydrogel that can be
easily modified to control its mechanical properties and degradation rate. Collagen is a
natural protein that is abundant in the extracellular matrix of many tissues and can promote
cell adhesion and proliferation. Alginate is a natural polysaccharide that can form a gel in the

presence of divalent cations such as calcium ions.”!

Multicellular and stem cell-based bioinks are also being developed for 3D bioprinting
applications. These bioinks can promote cell differentiation and tissue formation, and can be
used to fabricate complex structures with multiple cell types.[zz] However, further research is
needed to optimize the properties of these bioinks for specific tissue engineering applications.
One of the challenges in 3D bioprinting is the development of a bioink that maintains a low

viscosity, which allows for the precise deposition of cells and biomaterials.?*!
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C. Decellularized extracellular matrix (dECM)

Decellularized extracellular matrix (dECM) has emerged as a promising material for 3D
bioprinting due to its ability to maintain both mechanical and biological properties.l***!
dECM is produced by removing all cellular components from natural biomaterials such as
collagen, gelatin, and hyaluronic acid while preserving the composition and integrity of the
native ECM.®?%1 The resulting dECM retains the native extracellular matrix structure and
composition, which can provide a suitable microenvironment for cell growth and
differentiation.””? Many researchers believe that 3D bioprinting decellularized ECM is a
promising strategy for a regenerative scaffold.?®! dECMs have demonstrated excellent utility
as bioscaffolds in recapitulating the complex biochemical microenvironment.””? Printing
three-dimensional tissue analogues with dECM is the best choice, as no natural or man-made
material can recapitulate all the features.[?®! However, the widespread use of dECM-based
bioprinting is currently limited due to the high cost, difficulty of large-scale production, and
tissue specificity of dECM from different tissues. Further research is required to make dECM
a viable option for 3D bioprinting applications. The development of new decellularization
methods and the optimization of dECM properties for bioprinting applications are areas of
active research. The combination of dECM with other biomaterials such as hydrogels and
synthetic polymers can also improve the mechanical and biological properties of the resulting
constructs.®! Overall, dECM-based bioinks have great potential for the fabrication of

complex tissue constructs for regenerative medicine applications.

TISSUE AND ORGAN ENGINEERING

Tissue engineering and regenerative medicine are rapidly evolving fields that aim to solve the
challenges of conventional tissue engineering methods by precise and controlled layer-by-
layer assembly of biomaterials in a desired 3D pattern.®” 3D bioprinting has emerged as a
promising approach for fabricating complex biological constructs in the field of tissue
engineering and regenerative medicine.”! 3D bioprinting is widely used in synthesizing tissue
and organs, making it highly promising for regenerative medicine. Availability of donors for
organ transplantation is limited, and 3D bioprinting offers a potential solution to this problem.
The 3D bioprinting of cells, tissues, and organs Collection at Scientific Reports brings
together a myriad of studies portraying the capabilities of different bioprinting modalities.?
The collection amalgamates research aimed at 3D bioprinting organs for transplantation, as
well as in-vitro tissue models for drug screening, disease modeling, and several other in-vitro

applications.” 3D bioprinting is an extended application of additive manufacturing that
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involves building a tissue or organ layer-by-layer.l’”” Advances in 3D bioprinting of
tissues/organs for regenerative medicine have been made, and the technology is evolving into
an unparalleled multidisciplinary technology for engineering 3D biological tissue.®! The
applications of 3D bioprinting technology on the construction of various representative tissue
and organs, including skin, cardiac, bone, and cartilage, have been demonstrated.l”! The steps
involved in each of those tissues/organs printing have been highlighted, and the challenges
and opportunities for future research have been discussed.[’? Overall, 3D bioprinting has great
potential for the fabrication of complex tissue constructs for regenerative medicine
applications, and further research is needed to optimize the technology and develop novel
materials and techniques for the advancement of tissue engineering and regenerative

medicine.

A. Scaffolds

Tissue engineering is a multidisciplinary research field aiming at the regeneration,
restoration, or replacement of damaged tissues and organs.*? Scaffold-based developmental
tissue engineering is a classical approach that combines scaffolds, cells, and soluble factors to
fabricate constructs mimicking the native tissue to be regenerated.®® The scaffold provides
the necessary support for cells to attach, grow, proliferate, and maintain their differentiated
function.*! The scaffold serves as a three-dimensional template for initial cell attachment

and subsequent tissue formation both in vitro and in vivo.B”

Different procedures for fabricating sponge-like and fibrous scaffolds using a variety of
technologies have been developed. These methods include electrospinning and microfluidic-
based methods, among others.®™ Researchers are also working on developing TE 3D
scaffolds for teeth, hair follicles, and salivary and lacrimal glands, with particular focus on
the selection of biomaterials and cell culture configurations.*”

Regenerative medicine is a vast and highly topical theme with many important aspects to
consider. Scaffold technology, tissue, and organ engineering are new horizons in surgery. The
ability to regenerate a function of cells and tissues has never actually been exploited until
today.*? Revolutionary technologies such as biomaterials, biology, and nanotechnology in

tissue engineering are being used to bio-fabricate virtually every human tissue or organ.*"

Polymers are the primary materials for scaffolds in various tissue engineering applications,

including bone and other tissues. The choice of polymer depends on the specific application
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and the desired properties of the scaffold. The development of scaffolds for tissue fabrication
is an active area of research, with new materials and fabrication methods being developed to

improve the performance of scaffolds in tissue engineering applications.!**!

B. Cell seeding

Cell seeding is a crucial process in tissue engineering to achieve functional tissue
regeneration. Seeding three-dimensional scaffolds with suitable cells is an approved
technique for rapid blood vessel ingrowth into transplanted constructs, which represents the
key requirement for successful tissue engineering. Conventionally, high-concentration cell
delivery is a significant process in bone tissue engineering to attain functional bone
regeneration. Researchers have investigated the incorporation of cell-seeded poly-L-lactide-
co-glycolide scaffolds in hypertensive and non-hypertensive mice, and the results showed
that seeding approved scaffolds with organ-specific or pluripotent cells is a promising

technique for tissue engineering in hypertensive organisms.**

The semi-dynamic seeding and dynamic perfusion seeding methods resulted in more
homogeneous cell distribution than static seeding. The semi-dynamic seeding method
combines the high seeding efficiency of static seeding and satisfactory distribution
homogeneity of dynamic seeding while circumventing their disadvantages, which may
contribute to improved outcomes of bone tissue engineering. Researchers have also
investigated the influence of scaffold design on the distribution of adhering cells after
perfusion cell seeding.!

Cells were seeded at a density of 10° cells/well in 200 pL growth medium, after 2 h of
incubation, the medium was replaced with fresh medium, and the cells were cultured for 24

h4. The method of cell seeding onto the scaffolds is illustrated in Figure 1.5°!
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Figure 1. Method of cell seeding onto the scaffolds.

C. Growth factors

Growth factors play a crucial role in tissue engineering by stimulating cell proliferation,
differentiation, and division. Growth factors are soluble secreted proteins that can affect a
variety of cellular processes.” Controlled release of growth factors is essential in many
tissue engineering applications, as it leads to appropriate cell responses such as proliferation,
differentiation, and angiogenesis.*® However, the application of growth factors in clinics
remains limited due to the lack of robust delivery systems and biomaterial carriers. Clinically
approved therapies involving growth factors utilize some sort of a biomaterial carrier for
growth factor delivery, suggesting that biomaterial delivery systems are extremely important
for successful usage of growth factors in regenerative medicine. Researchers have developed
delivery systems for multiple growth factors in tissue engineering, which can enhance the

regeneration of various tissues.’*”’

For example, local controlled release of VEGF and PDGF from a combined brushite-chitosan
system enhances bone regeneration. Growth factor delivery-based tissue engineering can
regulate the response of cells to growth factors by cell-cell signaling, affecting cell
proliferation, differentiation, and angiogenesis.®® Insulin-like growth factors (somatomedins)
stimulate growth by mediating the secretion of growth hormone from the circulation in order
to generate cells that can be harvested and used for autologous bone marrow transplant. The
abnormal production and regulation of growth factors can play a role in the progression of
disease, such as vascular endothelial growth factor inducing endothelial cells to penetrate a

tumor nodule and begin the process of angiogenesis.
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D. Comparison of tissue and organ engineering approaches

Tissue engineering and organ engineering are multidisciplinary research fields aiming at the
regeneration, restoration, or replacement of damaged tissues and organs.*® Tissue
engineering approaches combine scaffolds, cells, and soluble factors to fabricate constructs
mimicking the native tissue to be regenerated.™® Organ engineering approaches use
scaffolds, cells, and growth factors to regenerate or replace the entire organ. Tissue
engineering has been used in skin grafts, cartilage repair, small arteries, and bladders in
patients. Scaffold technology has been used to develop acceptable replacements for breast-
operated patients using new materials, even in complex medical conditions.®? The source of
cells is an important choice for scaffolds, and a range of cell types can now be combined with
scaffolds to regenerate tissues.*” The advantages and disadvantages of different scaffolds
have been studied to develop materials that focus on the regeneration process of living
tissues.[*!! Therefore, both tissue and organ engineering approaches have their advantages and
disadvantages, and the choice of approach depends on the type of tissue or organ to be

regenerated.!*"!

BIOPRINTING APPLICATIONS

Bioprinting is a promising technology for tissue engineering, which involves the rapid
printing of bio-functional materials and their supporting components in a layer-by-layer form.
Bioprinting has been applied to various tissue engineering applications, including skin, bone,
cartilage, liver, heart, and lung tissue engineering.[’? Bioprinting of skin tissue engineering
constructs has been achieved using a combination of keratinocytes and fibroblasts.[”
Bioprinting of bone tissue engineering constructs has been achieved using a combination of
osteoblasts and hydroxyapatite.*?! Bioprinting of cartilage tissue engineering constructs has
been achieved using a combination of chondrocytes and hydrogels.**! Bioprinting of liver
tissue engineering constructs has been achieved using a combination of hepatocytes and
endothelial cells." Bioprinting of heart and lung tissue engineering constructs is still in the
early stages of development.l”! Therefore, bioprinting is a promising technology for tissue
engineering, and its applications in skin, bone, cartilage, liver, and other tissues are being
actively researched.!424344]

A. SKin tissue engineering

3D bioprinting is a cutting-edge technology that allows for the precise layer-by-layer
construction of complex cell models and tissue types with high precision, repeatability, and
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reproducibility.* In skin tissue engineering, 3D bioprinting has shown potential for wound
repair and regeneration.*”! Scaffold-based tissue engineering methods have been used to
reconstruct skin tissue by seeding and cultivating cells in bioactive, printed scaffold
templates.[*! However, techniques that print cell-laden hydrogels or bioinks have been

developed to create more complex skin structures.™®!

Recent research has focused on the development of 3D bioprinted skin substitutes that
resemble human skin and its wound healing process.[*! For example, 3D inkjet bioprinting
was used to print full-thickness skin equivalents, using alternating layers of a printable and
cytocompatible bioink and a dermal fibroblast cell suspension that showed high viability after
printing. Keratinocytes were seeded onto the dermal cell construct and allowed to

differentiate into a stratified epidermis.[*®!

Another promising application of 3D bioprinting in skin tissue engineering is the
development of vascularized skin substitutes. 3D bioprinting can be customized for skin
shape with cells and other materials distributed precisely, achieving rapid and reliable
production of bionic skin."" In a recent study, researchers used 3D bioprinting to create a
vascularized skin substitute that was implanted onto a mouse model. The results showed that
the 3D bioprinted skin substitute was able to integrate with the host tissue and form
functional blood vessels.[**!

B. Bone tissue engineering

3D bioprinting technology allows for flexibility in both material choice and design paradigm,
making it an excellent alternative for bone tissue engineering.®® 3D bioprinting has become
an attractive method that allows the direct deposition of small units of biomaterials,
biochemicals, and living cells, which are positioned precisely with functional components to
fabricate tissue-like 3D structures. Compared to the conventional use of 3D printing to form
cell-free scaffolds, 3D bioprinting requires different technical approaches to construct 3D
structures with mechanical and biological properties. Recent advances in 3D bioprinting for
tissue engineering have covered the medical applications of biomaterials and cell sources for
3D bioprinting.”™ The use of 3D bioprinting and stem cell technology holds much promise in
bone tissue engineering. Scaffold-based tissue engineering methods have been used to
reconstruct bone tissue, by seeding and cultivating cells in bioactive, printed scaffold
templates.[*) Therefore, 3D bioprinting is a cutting-edge technology that can provide an

excellent alternative for bone tissue engineering and regeneration.
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C. Cartilage tissue engineering

Recent research has focused on the development of bioinks and 3D bioprinted constructs for
cartilage tissue engineering. The 3D bioprinting process allows for the production of complex
porous structures, making it an excellent technique for cartilage tissue engineering.®? The
use of 3D bioprinting and stem cell technology holds much promise in cartilage tissue
engineering, as it allows for the development of viable grafts that are clinically relevant.
Scaffold-based tissue engineering methods have been used to reconstruct cartilage tissue, by
seeding and cultivating cells in bioactive, printed scaffold templates. However, techniques
that print cell-laden hydrogels have shown more promise in the development of cartilage
tissue.l*®! Therefore, 3D bioprinting is a cutting-edge technology that can provide an excellent

alternative for cartilage tissue engineering and regeneration.

D. Liver tissue engineering

3D bioprinting technology allows for flexibility in both material choice and design paradigm,
which is useful in the context of tissue engineering.’” The aim of tissue engineering with 3D
bioprinting technology is to construct fully functional and viable tissue and organ
replacements for various clinical applications, including liver tissue engineering. 3D
bioprinting allows for the precise layer-by-layer construction of different complex cell
models and tissue types with high precision, repeatability, and reproducibility. The
incorporation of developmental biology, cell biology, regenerative medicine, and
bioengineering, specifically tissue engineering, provides a platform for the development of
liver tissue engineering using 3D bioprinting.!**!

E. Heart and lung tissue engineering

Recent research has focused on the development of bioinks and 3D bioprinted constructs for
cardiac tissue engineering. 3D bioprinting has attracted much attention due to its ability to
integrate multiple cells within printed scaffolds with complex 3D structures, and many
advancements in utilizing composite bioinks have been made.® 3D bioprinting can be used
to create 3D structures that are key to bridging the gap between current cell culture and
natural tissues. 3D bioprinting is a technology that could facilitate the construction of in vitro
tissue to meet both goals. The introduction of the third dimension and the possibility of
depositing cells in a controlled manner on engineered supports are advantages of 3D

bioprinting.>¥
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Bioprinting Challenges

Despite the potential benefits of 3D bioprinting, there are several challenges that need to be
addressed. One of the main challenges is the development of bioinks that can support cell
growth and differentiation while maintaining their structural integrity.[55] Another challenge is
the need for vascularization, which is essential for the survival of large tissue constructs.”
The mechanical properties of the printed constructs are also a challenge, as they need to be
strong enough to withstand the forces of the surrounding environment. The lack of
standardization in 3D bioprinting techniques and the need for optimization of printing
parameters are also challenges that need to be addressed.®® Additionally, the cost of 3D
bioprinting technology and the availability of suitable biomaterials are also challenges that
need to be overcome.[* Therefore, while 3D bioprinting holds great promise for tissue
engineering and regenerative medicine, there are several challenges that need to be addressed

to fully realize its potential.

A. Biocompatibility

One of the most important challenges in 3D bioprinting is to find suitable printing materials
with excellent printability, biocompatibility, and mechanical properties.®® The
biocompatibility of the materials used in 3D bioprinting is critical to ensure that the printed
constructs are not rejected by the body's immune system.”® The biomaterials used in 3D
bioprinting must provide crucial physical and chemical signals and can have significant
impacts on cell activities, such as adhesion, metabolism, proliferation, and differentiation.
The choice of biomaterials must be carefully made based on the tissue of interest.”® The
mechanical properties of the printed constructs are also a challenge, as they need to be strong
enough to withstand the forces of the surrounding environment.’® Therefore, the
development of biocompatible materials with suitable mechanical properties is a critical
challenge in 3D bioprinting. While significant progress has been made in this area, further
research is needed to fully address this challenge and realize the full potential of 3D
bioprinting in tissue engineering and regenerative medicine.®”!

B. Scalability

Scalability is a significant challenge in 3D bioprinting, as the technology needs to be able to
produce large quantities of tissue constructs to meet the demands of clinical applications. The
current limitations of 3D bioprinting technology include the inability to produce large,
complex structures with high resolution and accuracy.”™ The scalability of 3D bioprinting is
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limited by the size of the printing bed, the speed of the printing process, and the availability
of suitable biomaterials. The development of new printing technologies and the optimization
of printing parameters are needed to improve the scalability of 3D bioprinting. Additionally,
the cost of 3D bioprinting technology and the availability of suitable biomaterials are also
challenges that need to be overcome to improve scalability.’® Therefore, while 3D
bioprinting holds great promise for tissue engineering and regenerative medicine, there are

several challenges that need to be addressed to fully realize its potential, including scalability.

C. Ethical considerations

The development of 3D bioprinting technology raises several ethical considerations that need
to be addressed. One of the main ethical concerns is the potential for the commercialization
of 3D bioprinted tissues and organs, which could lead to unequal access to healthcare and
exacerbate existing health disparities.”®® Another ethical concern is the use of 3D bioprinting
for non-medical purposes, such as cosmetic enhancements or performance enhancement in
sports.® The use of 3D bioprinting for research purposes also raises ethical concerns, such
as the use of human cells and tissues in research and the potential for the creation of
chimeras.®% Additionally, the use of 3D bioprinting for personalized medicine raises ethical
concerns related to privacy and informed consent. Therefore, while 3D bioprinting holds
great promise for tissue engineering and regenerative medicine, there are several ethical
considerations that need to be addressed to ensure that the technology is used in an ethical

and responsible manner.

Applications Of 3d Bioprinting In Tissue And Organ Transplantation

3D bioprinting is a revolutionary technology that has the potential to transform the field of
tissue and organ transplantation. Here are some applications of 3D bioprinting in tissue and
organ transplantation:

1. Tissue Engineering: 3D bioprinting has been used to create living tissues such as cartilage,
skin, and heart valves. The technology enables the creation of tissue constructs with
heterogeneous compositions and complex architectures.”) This has contributed to many
breakthroughs in the preparation of tissue engineering scaffolds.®!

2. Organ Transplantation: With a global shortage of organs suitable for transplant into
critically ill patients, some researchers are looking at 3D printing of living tissue as a

potential solution. 3D bioprinting can be used to create functional organs such as liver,
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kidney, and heart. This technology can also be used to create personalized organs that are
tailored to the specific needs of individual patients.

3. Drug Testing: 3D bioprinting can be used to create tissue models that mimic the structure
and function of human organs. These models can be used to test the efficacy and toxicity of
drugs before they are tested on humans.[”? This can help to reduce the number of animals used

in drug testing and improve the accuracy of drug testing.

Future Directions

A. Hybrid bioprinting approaches

The future of 3D bioprinting lies in hybrid bioprinting approaches that combine different
printing techniques to create complex structures. This approach involves combining different
types of bioinks, cells, and materials to create functional tissues and organs. Hybrid
bioprinting can also be used to create structures with multiple materials, such as soft and hard

tissues, which is not possible with traditional bioprinting techniques.®”

B. Advancements in material science

The development of new biomaterials is crucial for the advancement of 3D bioprinting. The
use of advanced materials such as hydrogels, nanomaterials, and biodegradable polymers can
improve the mechanical properties of printed tissues and organs. The use of these materials
can also improve the biocompatibility of printed structures, which is essential for their
integration into the human body.!*!

C. Use of artificial intelligence

The use of artificial intelligence (Al) in 3D bioprinting can improve the accuracy and
precision of printed structures. Al can be used to optimize the printing process, predict the
behavior of cells and tissues, and design complex structures. Al can also be used to analyze
large amounts of data generated during the printing process, which can help researchers to

identify new biomaterials and optimize the printing process./*?

CONCLUSION

3D bioprinting has emerged as a promising approach for engineering functional tissues and
organs by layer-by-layer precise positioning. The current state of the art in 3D bioprinting
involves the use of advanced biomaterials, such as hydrogels, nanomaterials, and
biodegradable polymers, to improve the mechanical properties of printed tissues and organs.

However, there are still several challenges that need to be addressed, such as the need for
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more advanced printing techniques, the development of new biomaterials, and the need for
more accurate cell and tissue modeling. The future of 3D bioprinting lies in hybrid
bioprinting approaches, advancements in material science, and the use of artificial
intelligence to improve the accuracy and precision of printed structures.

3D bioprinting has the potential to revolutionize tissue and organ transplantation by enabling
the creation of functional tissues and organs that can be transplanted into patients without the
risk of rejection. 3D bioprinting can also be used to create personalized implants and
prosthetics that are tailored to the specific needs of individual patients. Additionally, 3D
bioprinting can be used to create in vitro models of human organs, which can be used for
drug testing and disease modeling. However, there are still several challenges that need to be
addressed before 3D bioprinting can be used for clinical applications, such as the need for
more advanced printing techniques, the development of new biomaterials, and the need for

more accurate cell and tissue modeling.
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