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Abstract - Organ transplantation has been a life-saving solution for patients with end-stage organ
failure. However, the demand for organs far exceeds the supply, leading to long waiting times and
increasing mortality rates among patients on the waiting list. In addition, donor organ compatibility is a
critical issue that affects the success of organ transplantation. This research paper explores the potential
of 3D printing to create organs that can be used for transplantation, addressing these challenges by
providing a way to create organs that are a perfect match for the recipient. We review various 3D printing
technologies, bioinks, biomaterials, and bioprinting techniques used for organ fabrication and discuss their
advantages, disadvantages, and recent advancements. The potential applications of 3D printed organs,
such as transplantation, drug testing, and disease modeling, are explored through case studies and
examples. Furthermore, we identify the technical challenges, ethical considerations, and future directions
for the field of 3D printed organs. The findings of this review suggest that 3D printed organs hold great
promise for revolutionizing the field of organ transplantation and significantly improving patient outcomes.
However, further research and collaboration among interdisciplinary fields are required to overcome the
existing challenges and successfully implement 3D printed organs in clinical practice.

Keywords: 3D bioprinting, Organ transplantation, Bioinks, Biomaterials, Fused Deposition Modeling (FDM),
Stereolithography (SLA), Selective Laser Sintering (SLS), Inkjet-based bioprinting, Extrusion-based
bioprinting, Laser-based bioprinting.

1. INTRODUCTION

1.1 Background and Motivation

Organ transplantation has emerged as a vital treatment option for patients suffering from end-stage
organ failure. With advancements insurgical techniques, immunosuppressive medications,
and postoperative care, transplantation has saved and improved the lives of countless individuals
worldwide. However, despite the success of organ transplantation, the field faces significant challenges
that limit its potential impact on patient outcomes.

One of the most pressing issues in organ transplantation is the severe shortage of donor organs. The
demand for organs far exceeds the supply, leading to long waiting times for patients on transplant lists and
a growing number of deaths among those who do not receive a transplant in time. In addition, the limited
availability of organs often results in suboptimal matches between donors and recipients, which can lead
to adverse immunological reactions, graft rejection, and reduced graft survival.
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Another challenge in organ transplantation is the issue of compatibility between the donor organ and the
recipient. Histocompatibility plays a crucial role in determining the success of a transplant, as incompatible
organs can triggerimmune responses that lead to graft rejection. Furthermore, the need for lifelong
immunosuppressive medicationto prevent rejection increases the risk of infections and other
complications for transplant recipients.

In recent years, 3D printing technology has emerged as a promising solution to overcome the challenges
faced in organ transplantation. 3D printing, also known as additive manufacturing, allows the fabrication
of complex structures layer by layer using a variety of materials. This technology has the potential to
revolutionize the field of organ transplantation by enabling the creation of patient-specific organs using
the recipient's own cells. Such an approach could address the issues of organ shortage and compatibility,
significantly improving the success rate and long-term outcomes of organ transplantation.

In this research paper, we aim to provide a comprehensive review of the potential of 3D printing technology
in creating organs suitable for transplantation, and to explore the current advancements, challenges, and
future directions in this rapidly evolving field.

1.2 Objectives and Scope of the Review

The primary objective of this review paper is to provide a comprehensive overview of the current state and
future potential of 3D printed organs in the field of organ transplantation. We aim to highlight the
advancements, challenges, and opportunities presented by this groundbreaking technology, as well as its
implications for the medical community and patients alike.

The scope of the review encompasses the following key aspects of 3D printed organs:

1. 3D Printing Technologies: We will review various 3D printing technologies and their suitability for
organ printing. This will include the discussion of different 3D printing techniques, such as Fused
Deposition Modeling (FDM), Stereolithography (SLA), and Selective Laser Sintering (SLS), along with
their respective advantages and disadvantages.

2. Bioinks and Biomaterials: We will explore the materials used in 3D bioprinting, focusing on bioinks,
which are designed to support cell growth and differentiation. This section will cover different types
of bioinks and biomaterials, such as hydrogels, decellularized extracellular matrices, and synthetic
polymers, as well as the challenges and advancements in bioink development.

3. Bioprinting Techniques for Organ Fabrication: We will discuss various bioprinting techniques used
in organ fabrication, including inkjet-based, extrusion-based, and laser-based bioprinting. We wiill
compare these techniques in terms of their advantages and disadvantages, cell viability, resolution,
and speed, as well as highlight recent innovations and improvements.

4. Applications and Case Studies: This section will cover the potential applications of 3D printed
organs, such as transplantation, drug testing, and disease modeling. We will present case studies
and examples of successful 3D printed organs, discussing the types of organs printed, the printing
techniques used, and the outcomes of these studies.

5. Challenges and Future Directions: Finally, we will identify and discuss the technical and ethical
challenges that need to be addressed for the successful implementation of 3D printed organs in
clinical practice. We will propose potential future directions for the field, including improvements in
printing technologies, materials, and applications, as well as the importance of interdisciplinary
collaboration.
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Through this review, we hope to provide a thorough understanding of the current status and future potential
of 3D printed organs in the field of organ transplantation, as well as inspire further research and innovation
in this promising area of medical technology.

2. 3D PRINTING TECHNOLOGIES FOR ORGAN PRINTING

2.1 Overview of 3D Printing Technologies

3D printing, also known as additive manufacturing, is a transformative technology that allows the
fabrication of three-dimensional objects by depositing materials layer by layer, following a digital blueprint.
This technology has gained significant attention in recent years due to its ability to create complex
structures with high precision and customization, making it an attractive solution for a wide range of
applications, including medical devices, aerospace, automotive, and consumer goods.

There are several 3D printing technologies available, each with its unique advantages and limitations.
Some of the most common 3D printing technologies suitable for organ printing include:

1. Fused Deposition Modeling (FDM): FDM is a widely used 3D printing technology that creates objects
by extruding a thermoplastic filament through a heated nozzle, which then solidifies as it cools. The
nozzle moves according to the digital blueprint, depositing material layer by layer to build the object.
While FDM is widely accessible and cost-effective, its resolution and the range of compatible
materials may be limited for organ printing.

2. Stereolithography (SLA): SLA is a photopolymerization-based 3D printing technology that uses a
laser to selectively cure a liquid resin into a solid object. The laser is guided by the digital blueprint
to cure specific areas of the resin, creating the object layer by layer. SLA offers high resolution and
excellent surface finish, making it suitable for printing intricate structures. However, the limited
availability of biocompatible resins might be a challenge for organ printing.

3. Selective Laser Sintering (SLS): SLS is a powder-based 3D printing technology that uses a laser to
selectively sinter powder particles together to form a solid object. The laser scans the powder bed
based on the digital blueprint, fusing the particles together layer by layer. SLS can produce objects
with high resolution and complex geometries, but its compatibility with biomaterials and
temperature sensitivity can pose challenges for organ printing.

In the context of organ printing, additional bioprinting techniques, such as inkjet-based, extrusion-based,
and laser-based bioprinting, have been developed to accommodate the specific requirements of living
cells and biomaterials. These technologies are designed to create 3D structures that support cell growth,
differentiation, and functionality, making them more suitable for fabricating functional organs for
transplantation.

2.2 Comparison of Different 3D Printing Technologies for Organ Printing

When comparing different 3D printing technologies for organ printing, it is essential to consider factors such
as resolution, speed, biocompatibility, and cell viability. Here, we discuss the advantages and
disadvantages of the most common 3D printing technologies in the context of organ printing:

1. Fused Deposition Modeling (FDM):
Advantages:

e Cost-effective and widely accessible technology.
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¢ Compatible with a range of thermoplastic materials, some of which can be biocompatible.
Disadvantages:
¢ Limited resolution, which may not be sufficient for printing intricate organ structures.

e The high temperature of the extrusion process may harm living cells, affecting cell viability and
limiting its application for organ printing.

¢ Limited range of biomaterials compatible with FDM.
2. Stereolithography (SLA):
Advantages:
¢ High resolution and excellent surface finish, suitable for printing complex organ structures.
¢ The development of biocompatible resins can enable the use of SLA for organ printing.
Disadvantages:
+ Limited availability of biocompatible resins, which restricts its application in organ printing.

e The curing process often requires the use of UV light, which may negatively affect cell viability and
functionality.

3. Selective Laser Sintering (SLS):
Advantages:

High resolution and the ability to create complex geometries, making it suitable for printing intricate
organ structures.

Disadvantages:

¢ Limited compatibility with biomaterials, as most SLS materials are powder-based and may not be
suitable for organ printing.

e The high temperature of the sintering process can negatively affect living cells, limiting its
application for organ printing.

Given the limitations of traditional 3D printing technologies for organ printing, bioprinting techniques have
been developed to address the specific needs of living cells and biomaterials:

4. Inkjet-based Bioprinting:
Advantages:

e High resolution and high printing speed.

¢ Low cost and wide availability of inkjet printers.

e The gentle process can maintain high cell viability.
Disadvantages:

e Limited choice of bioinks, as they must have low viscosity and be free of particles to avoid nozzle
clogging.
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¢ May not be suitable for printing large or highly vascularized organs due to limitations in structural
support.

5. Extrusion-based Bioprinting:
Advantages:

e Compatible with a wide range of bioinks, including hydrogels, decellularized extracellular matrices,
and cell-laden materials.

e Can print large structures and provide adequate support for vascularization.
Disadvantages:
e Lower resolution and slower printing speed compared to inkjet-based and laser-based bioprinting.
e Mechanical stress during extrusion may affect cell viability and functionality.
6. Laser-based Bioprinting:
Advantages:
e High resolution and high printing speed.
e The non-contact process minimizes mechanical stress on cells, maintaining high cell viability.
Disadvantages:
e More expensive and complex setup compared to inkjet-based and extrusion-based bioprinting.
¢ Limited choice of bioinks, as they must be compatible with the laser-assisted process.

Overall, each 3D printing technology has its benefits and limitations when applied to organ printing. The
choice of technology depends on the specific requirements of the organ to be printed, such as size,
complexity, cell type, and desired resolution. Bioprinting techniques, including inkjet-based, extrusion-
based, and laser-based bioprinting, have shown promise in addressing the challenges of organ printing
and warrant further investigation.

3. BIOINKS AND BIOMATERIALS

3.10verview of bioinks and biomaterials

Bioinks are a crucial component of 3D bioprinting, serving as the printable materials that support cell
growth, differentiation, and tissue formation. These materials are specifically designed to mimic the natural
extracellular matrix (ECM), providing an appropriate microenvironment for the encapsulated cells. The
ideal bioink should not only be compatible with the chosen bioprinting technology but also exhibit
biocompatibility, biodegradability, suitable mechanical properties, and the ability to promote cell
adhesion, proliferation, and differentiation.

Biomaterials, on the other hand, refer to the broader class of materials that can be used in contact with
living tissues for medical applications, such as implants, prosthetics, and tissue engineering scaffolds.
Bioinks are a subset of biomaterials that have been tailored for use in 3D bioprinting.

There are three main categories of bioinks, and biomaterials used in organ printing:
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1. Hydrogels: Hydrogels are water-swollen networks of polymers that can closely mimic the soft and
hydrated nature of native tissues. They can be composed of natural polymers (e.g., alginate, gelatin,
hyaluronic acid, and chitosan), synthetic polymers (e.g., polyethylene glycol, polyvinyl alcohol), or a
combination of both. Hydrogels are widely used as bioinks due to their biocompatibility, tunable
mechanical properties, and ability to encapsulate cells and provide a suitable environment for cell
growth and function.

2. Decellularized Extracellular Matrices (dECMs): dECMs are derived from native tissues or organs by
removing cellular components while preserving the ECM's complex composition, structure, and
biomechanical properties. This process results in a biocompatible, bioactive, and cell-friendly
scaffold that can be processed into a printable bioink. dECMs provide an ideal environment for cell
growth and differentiation, as they retain the tissue-specific biochemical cues and mechanical
properties native to the organ.

3. Synthetic Polymers: Synthetic polymers offer greater control over the material properties, such as
stiffness, degradation rate, and bioactivity, compared to natural polymers and dECMs. These
polymers can be tailored to match specific tissue requirements and can be combined with other
materials (e.g, hydrogels or dECMs) to create composite bioinks. Examples of synthetic
polymers used in bioprinting include poly(lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL),
and polyurethane (PU).

Each type of bioink and biomaterial has its advantages and limitations, and the choice depends on the
specific requirements of the target tissue or organ, such as the desired mechanical properties, degradation
rate, and biological cues needed for cell growth and differentiation. Developing novel bioinks and
biomaterials that can meet these requirements while maintaining biocompatibility and printability remains
an ongoing challenge in the field of 3D organ printing.

3.2 Types of bioinks and biomaterials

There are various types of bioinks and biomaterials used in organ printing to support cell growth,
differentiation, and tissue formation. Each type has its unique characteristics, advantages, and limitations.
The most common types of bioinks and biomaterials used in organ printing include
hydrogels, decellularized extracellular matrices (dECMs), and synthetic polymers.

1. Hydrogels:

Descriptiorr. Hydrogels are water-swollen networks of polymers that closely resemble the soft and hydrated
nature of native tissues. They can be derived from natural or synthetic sources or a combination of both.

Advantages:

e Biocompatibility: Hydrogels are generally well-tolerated by living cells and tissues, reducing the risk
of adverse reactions.

e Tunable mechanical properties: Hydrogels can be formulated to achieve a range of mechanical
properties to match the target tissue's requirements.

« High water content: The high water content of hydrogels allows for efficient nutrient and waste
exchange, promoting cell growth and function.

Limitations:
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o Limited mechanical strength: Hydrogels often exhibit low mechanical strength, which can be a
challenge when printing large or load-bearing structures.

e Printability: Some hydrogels may require modifications or additives to improve
their printability and structural integrity.

Examples: Alginate, gelatin, hyaluronic acid, chitosan, polyethylene glycol (PEG), polyvinyl alcohol (PVA)
2. Decellularized Extracellular Matrices (dECMs):

Description: dECMs are derived from native tissues or organs by removing cellular components while
preserving the ECM's complex composition, structure, and biomechanical properties. This process results
in a biocompatible, bioactive, and cell-friendly scaffold that can be processed into a printable bioink.

Advantages:

o Tissue-specific biochemical cues: dECMs retain the native tissue's biochemical cues, which can
promote cell adhesion, proliferation, and differentiation.

* Biocompatibility and bioactivity: dECMs are derived from native tissues, ensuring biocompatibility
and providing a bioactive environment for cell growth and function.

¢ Mimics native ECM: dECMs closely resemble the native ECM in terms of composition, structure, and
mechanical properties, making them an ideal choice for organ printing applications.

Limitations:

* Source variability: The properties and composition of dECMs can vary depending on the source
tissue or organ, which may affect the reproducibility and consistency of the bioink.

e Processing challenges: The process of decellularizing and preparing dECMs for printing can be
time-consuming, labor-intensive, and technically challenging.

Examples: Decellularized heart, liver, kidney, or lung matrices
3. Synthetic Polymers:

Description: Synthetic polymers are artificially created materials that can be tailored to match specific
tissue requirements. These polymers can be combined with other materials, such as hydrogels or dECMs,
to create composite bioinks.

Advantages:

e Customizability: Synthetic polymers offer greater control over material properties, such as
stiffness, degradation rate, and bioactivity, compared to natural polymers and dECMs.

e Reproducibility: Synthetic polymers can be manufactured with consistent properties, ensuring
reproducible and reliable bioinks.

e Tunable degradation rates: The degradation rates of synthetic polymers can be adjusted to match
the tissue's natural remodeling and regeneration processes.

Limitations:

o Biocompatibility concerns: Some synthetic polymers may elicitadverse immune
responses or toxic effects in living tissues, which may limit their application in organ printing.
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e Integration with native tissue: Synthetic polymers may not integrate as seamlessly with native
tissue as natural polymers or dECMs, which could affect the overall functionality of the printed
organ.

Examples: Poly(lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL), polyurethane (PU)

The choice of bioink and biomaterial depends on the specific requirements of the target tissue or organ,
such as the desired mechanical properties, degradation rate, and biological cues needed for cell growth
and differentiation. Developing novel bioinks and biomaterials that can meet these requirements while
maintaining biocompatibility and printability remains an ongoing challenge in the field of 3D organ printing.

3.3 Challenges and advancements in bioink development

Developing suitable bioinks for 3D bioprinting is a complex and ongoing challenge due to the numerous
requirements that must be met. Some of the key challenges and recent advancements in bioink
development include:

1. Mechanical Properties: The bioink should possess mechanical properties that closely match the target
tissue or organ to ensure proper function and integration. However, many bioinks, particularly hydrogels,
have limited mechanical strength, which can hinder their application in printing large or load-bearing
structures.

Advancements: Researchers have made progress in developing composite bioinks that combine different
materials, such as natural and synthetic polymers or hydrogels with nanoparticles, to enhance mechanical
properties. Additionally, new crosslinking strategies and post-printing treatments have been developed to
improve the mechanical strength and stability of printed structures.

2. Biocompatibility: The bioink must be compatible with living cells and tissues to minimize immune
reactions, inflammation, or toxicity. While natural polymers and dECMs generally exhibit good
biocompatibility, some synthetic polymers can elicit adverse biological responses.

Advancements: The development of novel synthetic polymers with improved biocompatibility and
bioactivity has been a focus of recent research. These polymers can be designed to mimic the properties
of native ECM, promote cell adhesion, and provide controlled release of bioactive molecules to support cell
growth and differentiation.

3. Printability: The bioink should be printable with the chosen bioprinting technology while maintaining
structural integrity and cell viability. Many bioinks, especially hydrogels, can be difficult to print due to their
low viscosity or poor shape retention.

Advancements: Researchers have explored various strategies to improve printability, such as modifying
the rheological properties of bioinks, incorporating shear-thinning or self-healing materials, and optimizing
printing parameters (e.g, temperature, pressure, and nozzle diameter). Additionally, new bioprinting
methods, such as microfluidic-based, electrohydrodynamic, or laser-assisted techniques, have been
developed to enhance the printability and resolution of challenging bioinks.

4. Cell Growth and Differentiation: The bioink should promote cell adhesion, proliferation,
and differentiation to form functional tissues. Finding the right balance between printability and the ability
to support cell growth can be challenging.
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Advancements: The incorporation of bioactive molecules, such as growth factors, peptides, or small
molecules, into bioinks has shown promise in promoting specific cell behaviors and guiding tissue
formation. Moreover, researchers have explored the use of co-cultures and multi-material printing to
create more complex, heterogeneous tissues that better mimic native organs.

5. Vascularization: The bioink should support the formation of functional vascular networks to provide
oxygen and nutrients to the printed tissue. Lack of vascularization can limit the size and complexity of
printed organs.

Advancements: Several approaches have been investigated to promote vascularization within printed
tissues, such as the use of angiogenic factors, co-culturing endothelial cells, or pre-vascularizing the bioink
before printing. Additionally, advanced bioprinting techniques, such as sacrificial or in-situ bioprinting,
have been developed to create vascularized tissue constructs directly.

Despite these advancements, several challenges remain in developing bioinks that meet all requirements
for successful organ printing. Ongoing research aims to address these challenges, with the ultimate goal
of creating functional, patient-specific organs for transplantation and regenerative medicine applications.

4. BIOPRINTING TECHNIQUES FOR ORGAN FABRICATION

4.1 Overview of bioprinting techniques

Bioprinting is a rapidly evolving field that aims to fabricate three-dimensional (3D) tissues and organs
using bioinks laden with cells and biomaterials. Various bioprinting techniques have been developed to
address the specific needs and challenges of organ fabrication. The most common techniques can be
grouped into three main categories: inkjet-based, extrusion-based, and laser-based bioprinting.

1. Inkjet-based Bioprinting:

Description: Inkjet-based bioprinting uses thermal, piezoelectric, or electromagnetic forces to generate
droplets of bioink from a nozzle. These droplets are then deposited onto a substrate or collector in a layer-
by-layer fashion to create the desired 3D structure.

Advantages:

* High speed: Inkjet-based bioprinting is relatively fast, allowing for the rapid fabrication of tissues
and organs.

* Highresolution: Droplet-based deposition enables high-resolution printing, which is beneficial for
creating intricate structures.

¢ Lowcost: The technology is relatively inexpensive compared to other bioprinting techniques.
Limitations:

e Viscosity constraints: Inkjet-based bioprinting typically requires low-viscosity bioinks, which can
limit the choice of materials and affect the mechanical properties of printed constructs.

e Clogging: The small nozzle size can be prone to clogging, particularly when using bioinks containing
cells or large biomolecules.

2. Extrusion-based Bioprinting:
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Description: Extrusion-based bioprinting, also known as direct-write or robocasting, employs mechanical
or pneumatic pressure to extrude a continuous filament of bioink through a nozzle. The bioink is then
deposited layer-by-layer onto a substrate to create the 3D structure.

Advantages:

o Material versatility: Extrusion-based bioprinting can accommodate a wide range of bioinks,
including those with high viscosity or high cell densities, which is beneficial for organ fabrication.

e Multi-material printing: This technique enables the simultaneous printing of multiple bioinks,
allowing for the creation of complex, heterogeneous structures.

Limitations:

* Lower resolution: Extrusion-based bioprinting generally has lower resolution compared to inkjet-
based or laser-based techniques, which can be a challenge when fabricating intricate structures.

e Mechanical stresson cells: The extrusion process can exert shear stresson cells, potentially
affecting their viability and function.

3. Laser-based Bioprinting:

Description: Laser-based bioprinting, also known as laser-induced forward transfer (LIFT) or laser-assisted
bioprinting, utilizes a pulsed laser to transfer bioink from a donor substrate onto a receiving substrate.
The laser energy creates a high-pressure bubble that propels the bioink towards the receiving substrate,
where it forms the desired 3D structure.

Advantages:

* High resolution: Laser-based bioprinting offers high resolution and precision, making it suitable for
fabricating intricate and complex structures.

o Nozzle-free: This technique is nozzle-free, which eliminates the risk of clogging and allows for the
use of a wide range of bioinks.

e Gentle on cells: Laser-based bioprinting is generally considered to be less stressful on cells
compared to inkjet or extrusion-based techniques, ensuring high cell viability.

Limitations:
e Expensive: Laser-based bioprinting systems can be costly due to the need for specialized laser
equipment.
e Limited throughput: The technique is typically slower than inkjet-based or extrusion-based

bioprinting, which can be a challenge when fabricating large tissues or organs.

Each bioprinting technique has its unique advantages and limitations, and the choice of the most suitable
technique depends on factors such as the desired resolution, fabrication speed, bioink properties, and cell
viability requirements. Ongoing research in the field of bioprinting aims to develop novel techniques and
improve existing ones to address the challenges associated with organ fabrication

4.2 Comparison of bioprinting techniques
Comparison of Bioprinting Techniques for Organ Fabrication
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A comparison of the advantages and disadvantages of inkjet-based, extrusion-based, and laser-
based bioprinting techniques for organ fabrication is provided below, considering factors such as cell
viability, resolution, and speed.

1. Inkjet-based Bioprinting

Advantages.

High resolution: Inkjet-based bioprinting enables high-resolution printing, which is beneficial for
creating intricate structures and complex organ architectures.

High speed: This technique is relatively fast, allowing for the rapid fabrication of tissues and organs.

Low cost: Inkjet-based bioprinting technology is relatively inexpensive compared to other
bioprinting techniques.

Disadvantages.

Viscosity constraints: Inkjet-based bioprinting typically requires low-viscosity bioinks, which can
limit the choice of materials and affect the mechanical properties of printed constructs. This may
hamper the ability to print bioinks that mimic native extracellular matrix (ECM) for specific organs.

Clogging: The small nozzle size can be prone to clogging, particularly when using bioinks containing
cells or large biomolecules. This can lead to printing inconsistencies and reduced cell viability.

2. Extrusion-based Bioprinting

Advantages.

Material versatility: Extrusion-based bioprinting can accommodate a wide range of bioinks,
including those with high viscosity or high cell densities, which is beneficial for organ fabrication.

Multi-material printing: This technique enables the simultaneous printing of multiple bioinks,
allowing for the creation of complex, heterogeneous structures that better mimic native organs.

Disadvantages.

Lower resolution: Extrusion-based bioprinting generally has lower resolution compared to inkjet-
based or laser-based techniques, which can be a challenge when fabricating intricate structures
and fine organ features.

Mechanical stress on cells: The extrusion process can exert shear stresson cells, potentially
affecting their viability and function. This can be a concern when printing sensitive cell types or
attempting to maintain high cell viability throughout the fabrication process.

3. Laser-based Bioprinting

Advantages.

High resolution: Laser-based bioprinting offers high resolution and precision, making it suitable for
fabricating intricate and complex structures, such as vascular networks or fine organ features.

Nozzle-free: This technique is nozzle-free, which eliminates the risk of clogging and allows for the
use of a wide range of bioinks, including those with high viscosity or high cell densities.
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Gentle on cells: Laser-based bioprinting is generally considered to be less stressful on cells
compared to inkjet or extrusion-based techniques, ensuring high cell viability during the printing
process.

Disadvantages.

Expensive: Laser-based bioprinting systems can be costly due to the need for specialized laser
equipment, which may limit its accessibility for some research groups or institutions.

Limited throughput: The technique is typically slower than inkjet-based or extrusion-based
bioprinting, which can be a challenge when fabricating large tissues or organs within a reasonable
timeframe.

In summary, each bioprinting technique has unique advantages and disadvantages for organ fabrication.
The choice of the most suitable technique depends on factors such as the desired resolution, fabrication
speed, bioink properties, and cell viability requirements. Researchers and engineers must weigh these
factors when selecting a bioprinting technique for a specific organ fabrication project.

4.3 Recent advancements in bioprinting techniques

Bioprinting technology has seen significant advancements in recent years, with innovations and
improvements aimed at addressing the challenges associated with organ printing. Some notable recent
advancements in bioprinting techniques include:

1.

Vascularization and perfusion: One of the major challenges in bioprinting is creating vascularized
constructs to ensure nutrient and oxygen delivery to cells within printed tissues and organs.
Researchers have made progress in developing techniques to print functional blood vessels, such
as sacrificial bioprinting, where a temporary material is printed alongside the bioink and later
removed to create perfusable channels, and coaxial bioprinting, which involves using a core-shell
nozzle to print hollow structures directly.

Multi-material and multi-cellular bioprinting: To better mimic the compilexity of native tissues and
organs, advancements have been made in multi-material and multi-cellular bioprinting
approaches. These techniques allow for the simultaneous printing of multiple bioinks and cell types,
enabling the construction of heterogeneous structures with  distinct mechanical
properties and biological functions.

Smart and responsive bioinks: Researchers are developing bioinks with tunable properties that
can respond to environmental stimuli, such as temperature, pH, or light. These smart bioinks can
facilitate better control over the bioprinting process and the behavior of printed constructs,
ultimately leading to improved outcomes in tissue and organ fabrication.

Biofabrication with stem cells: The use of stem cells in bioprinting has gained significant attention
due to their potential for self-renewal and differentiation into various cell types. Recent
advancements in stem cell biology and bioprinting have enabled researchers to develop organ-
specific bioinks that promote stem cell differentiation and tissue maturation, paving the way for
more functional printed organs.

Machine learningand automation: The integration of machine learning and artificial
intelligence (Al) in bioprinting has the potential to optimize various aspects of the process, such
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as bioink selection, printability, and construct design. Additionally, advancements in automation
have led to the development of high-throughput bioprinting systems, which can accelerate the
fabrication of tissues and organs.

6. In situ bioprinting: In situ bioprinting refers to the direct printing of cells and biomaterials onto or
within living organisms to repair damaged tissues or organs. Recent advancements in this area
have demonstrated the feasibility of using handheld bioprinters for in situ skin regeneration and the
potential for printing functional tissues directly at the site of injury or disease.

These recent innovations and improvements in bioprinting techniques are steadily advancing the field of
organ printing, bringing us closer to the ultimate goal of fabricating functional, patient-specific organs for
transplantation and regenerative medicine applications.

5. APPLICATIONS AND CASE STUDIES
5.1 Overview of applications
Applications of 3D Printed Organs

3D bioprinting has emerged as a promising technology with the potential to revolutionize various aspects
of healthcare and biomedical research. Some of the most significant applications of 3D printed organs
include transplantation, drug testing, and disease modeling. Here is an overview of these applications:

Transplantation

One of the main goals of bioprinting is to create functional, patient-specific organs for transplantation. This
can help address the chronic shortage of donor organs and minimize the risk of transplant rejection due to
immunological incompatibilities.

Example: 3D Printed Kidneys

Researchers have been working on bioprinting functional kidneys, which are among the most in-demand
organs for transplantation. Although whole, fully functional bioprinted kidneys have not yet been achieved,
progress has been made in printing kidney tissue and structures such as nephrons and vasculature.

Drug Testing and Toxicology

3D printed organs and tissues offer a more physiologically relevant platform for drug testing and toxicology
studies compared to traditional 2D cell cultures. These in vitro models can provide better predictions
of drug efficacy and safety and help reduce reliance on animal testing.

Example: 3D Printed Liver Tissue

Companies like Organovo have developed 3D bioprinted liver tissue models that can be used for preclinical
drug testing. These models can help researchers study drug metabolism, drug-induced liver injury, and
other aspects of liver function, providing more accurate and predictive data than conventional in vitro
models.

Disease Modeling and Personalized Medicine

3D bioprinted organs and tissues can be used to study the underlying mechanisms of various diseases and
develop personalized treatment strategies based on an individual's unique genetic and cellular makeup.

Example: 3D Printed Cardiac Tissue for Disease Modeling

© 2023, PUIIJ |DOI:10.5281/zen0do0.8076965 Page | 199



\54,5/
f(‘&\‘

a

Partners Universal International Innovation Journal (PUIIJ)

Volume: OllIssue: 03 | May-June 2023 | www.puiij.com

Researchers have developed 3D bioprinted cardiac tissue models using patient-specific induced
pluripotent stem cells (iPSCs) for studying heart diseases such as cardiomyopathy and myocardial
infarction. These models allow for a personalized investigation of disease mechanisms and help
researchers develop targeted therapies based on an individual's unique cellular and genetic profile.

In summary, 3D printed organs hold great promise for various applications, including organ
transplantation, drug testing, and disease modeling. As bioprinting technology continues to advance, it is
expected to play an increasingly important role in healthcare and biomedical research, contributing
to improved patient outcomes and more personalized approaches to medicine.

5.2 Case studies
Case Studies of Successful 3D Printed Organs

While fully functional, 3D printed organs for transplantation are not yet a reality, there have been several
successful case studies involving the printing of organ and tissue constructs for research and therapeutic
applications. Here are some examples:

1. 3D Printed Ear
Organ Type: Ear

Printing Technique: Extrusion-based bioprinting

Fig -1: 3D Printed Ear
Image courtesy from 3DBio Therapeutics

Outcome: In a study conducted at Cornell University, researchers successfully bioprinted a human-scale
ear using a collagen-based bioink containing living ear cartilage cells. The printed ear was later implanted
on the back of a rat to observe tissue maturation and vascularization. The study demonstrated the
potential of bioprinting for creating patient-specific, anatomically accurate auricular cartilage constructs
that can be used for reconstructive surgery.

2. 3D Printed Heart Valve
Organ Type: Heart valve
Printing Technique. Multi-material, multi-cellular bioprinting

Outcome: Researchers at ETH Zurich used a novel bioprinting technique to create a silicone-based artificial
heart valve with encapsulated human endothelial and interstitial cells. The printed valve demonstrated
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proper functionality in vitro, with the cells aligning themselves along the flow direction and contributing to
the formation of an extracellular matrix. This proof-of-concept study highlights the potential of bioprinting

Fig -2: 3D Printed Heart Valve
Image courtesy from Getty Images

for creating patient-specific heart valve replacements with improved biocompatibility and reduced risk of
calcification.

3. 3D Printed Skin
Organ Type: Skin
Printing Technique: Layer-by-layer bioprinting

Outcome: Multiple research groups and companies, such as Wake Forest Institute for Regenerative
Medicine and ROKIT Healthcare, have successfully bioprinted human skin constructs using various cell
types, including keratinocytes, fibroblasts, and melanocytes. These bioprinted skin models have been used
for drug testing, toxicology studies, and to study wound healing mechanisms. In some cases, researchers

Fig -3: 3D Printed skin
Image courtesy from ccsmobile.co.uk

have also explored the potential of in situ bioprinting, directly printing skin cells onto a wound site to
promote skin regeneration.

4. 3D Printed Liver Tissue
Organ Type: Liver tissue

Printing Technique: Extrusion-based bioprinting

© 2023, PUIIJ |DOI10.5281/zen0do.8076965 Page | 201



:: & — /’/5
34& Partners Universal International Innovation Journal (PUIIJ)
P
\ 3 Volume: OllIssue: 03 | May-June 2023 | www.puiij.com

Fig -4: 3D Printed Liver Image
Image courtesy from ccsmobile.co.uk

Outcome: Organovo, a biotechnology company, developed the ExVive™ 3D bioprinted human liver tissue,
which has been used for drug testing and toxicology studies. The liver tissue model demonstrated proper
functionality, including albumin production, cholesterol biosynthesis, and drug metabolism. By providing a
more physiologically relevant platform for drug testing, the 3D printed liver tissue can help improve
predictions of drug efficacy and safety and reduce the reliance on animal testing.

5. 3D Printed Kidney
Organ: Kidney
Technique: Bioprinting using a hydrogel scaffold and human renal cells

Outcome: In 2019, researchers at Washington State University successfully 3D printed a life-size human
kidney. The team used a hydrogel scaffold infused with human renal cells sourced from patient biopsies.
The 3D printed kidney showed functionality, producing urine-like substances and responding to drugs. This
groundbreaking research demonstrated the potential for 3D bioprinting to create functional, personalized
organs for transplantation.

Fig -5: 3D-printed kidney

Image courtesy of Dr. Nicole Wake

These case studies illustrate the potential and progress of 3D bioprinting in creating functional
organ and tissue constructs for research, therapeutic, and regenerative medicine applications.
As bioprinting technology continues to advance and overcome existing challenges, the prospects for fully
functional, patient-specific 3D printed organs for transplantation become more promising.
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6. CHALLENGES AND FUTURE DIRECTIONS

6.1 Technical challenges
Technical Challenges and Future Directions for 3D Printed Organs

1. Vascularization

One of the major challenges in 3D bioprinting is the creation of complex, functional vascular networks within
the printed organs. Blood vessels are essential for providing oxygen and nutrients to tissues, as well as for
removing waste products. Existing bioprinting techniques have yet to achieve the level of vascular
complexity found in native organs.

Future Directions: Researchers are continuously working on strategies to improve vascularization in 3D
printed organs. Some approaches include embedding vascular endothelial cells within the bioink, using
sacrificial materials to create channels for blood vessels, or developing new techniques to directly print
vascular structures.

2. Scaling Up the Process

3D bioprinting has shown promise in creating small-scale tissues and organoids, but scaling up the
process to produce large, functional organs remains a challenge. As the size of the printed structure
increases, so does the complexity of the vascular network and the need for mechanical support.

Future Directions: Advancements in bioprinting technologies, such as faster printing speeds, higher
resolution, and improved bioinks, will be essential for scaling up the process. Additionally, the development
of novel scaffold materials that provide mechanical support while allowing for cell growth and
vascularization will be crucial.

3. Ensuring Organ Functionality

3D printed organs must not only have the correct structure, but also exhibit the proper functionality. This
requires the use of specialized cell types and ensuring that they are appropriately organized within the
printed organ. Achieving the correct cellular arrangement and functionality remains a significant
challenge.

Future Directions: The development of more advanced bioinks containing multiple cell types, growth
factors, and extracellular matrix components will help to improve organ functionality. Additionally, refining
bioprinting techniques to ensure the precise positioning of cells and the formation of functional tissue
structures will be essential.

4. Biocompatibility and Immune Response

Another challenge is ensuring that 3D printed organs are biocompatible and do not provoke an immune
response when implanted into a recipient. The use of a patient's own cells to create the bioink can help
minimize this risk, but it may not eliminate it entirely.

Future Directions: Researchers are exploring the use of induced pluripotent stem cells (iPSCs) and other
patient-specific cell sources to create personalized bioinks that minimize the risk of immune rejection.
Additionally, advances in immunomodulatory materials and techniques may help to further reduce the risk
of immune responses to 3D printed organs.

Overall, while significant progress has been made in 3D bioprinting, there are still many technical
challenges that must be overcome in order to make 3D printed organs a viable option for transplantation.
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Continued research and innovation in materials, techniques, and bioprinting technologies will be essential
for addressing these challenges and realizing the full potential of 3D printed organs in regenerative
medicine.

6.2 Ethical considerations
Ethical Considerations for 3D Printed Organs

1. Potential for Misuse

As with any powerful technology, there is the potential for misuse of 3D bioprinting. For instance, the
technology could be used to create organs for non-therapeutic purposes, such as enhancing human
performance or altering physical appearance. There could also be concerns regarding the use of 3D
printed organs in controversial research, such as cloning or genetic modification.

Addressing the Issue: Clear guidelines and regulations should be established to govern the appropriate
use of 3D bioprinting technology, with a focus on promoting its application for medical and therapeutic
purposes. Public awareness campaigns and educational initiatives can help to ensure that the potential
benefits of 3D printed organs are understood, while the risks of misuse are minimized.

2. Access to the Technology

As 3D bioprinting technology advances, there may be concerns about equitable access to 3D printed
organs. High costs associated with the development and production of 3D printed organs could limit their
availability, particularly for patients in low-income or underprivileged communities.

Addressing the Issue: To ensure that 3D printed organs are accessible to all who need them, efforts should
be made to lower the cost of production, including through technological advancements and economies
of scale. Additionally, policies should be implemented to guarantee that access to 3D printed organs is
equitable and not solely based on a patient's ability to pay.

3. Regulatory Oversight

Regulatory oversight will be essential to ensure the safety and efficacy of 3D printed organs, as well as to
maintain public trust in the technology. However, the rapidly evolving nature of 3D bioprinting presents
challenges for regulatory authorities, who must balance the need for oversight with the desire to promote
innovation.

Addressing the Issue: Regulatory agencies should work closely with researchers, clinicians, and industry
stakeholders to develop clear guidelines and standards for 3D printed organs. This will likely involve
adapting existing frameworks for medical devices and tissue-engineered products, as well as creating new
regulations specific to 3D bioprinting. Additionally, international cooperation and harmonization
of regulatory standards will be important to ensure the global success of 3D printed organs.

4. Ethical Sourcing of Biological Materials

The ethical sourcing of biological materials, such as cells, tissues, and extracellular matrix components, is
a critical consideration in 3D bioprinting. Concerns may arise regarding the informed consent of donors,
the potential for exploitation, and the commodification of human tissue.

Addressing the Issue: Transparent and ethical guidelines should be established for the procurement,
storage, and use of biological materials in 3D bioprinting. This includes obtaining informed consent from

© 2023, PUIIJ |DOI:10.5281/zenodo.8076965 Page | 204



Partners Universal International Innovation Journal (PUIIJ)

Volume: OllIssue: 03 | May-June 2023 | www.puiij.com

donors, ensuring fair compensation, and respecting privacy and confidentiality. Additionally, the
development of alternative and synthetic sources of biological materials, such as induced pluripotent stem
cells (iPSCs) and biomimetic materials, can help to alleviate ethical concerns related to sourcing.

In conclusion, addressing these ethical considerations will be crucial for the successful implementation of
3D printed organs in clinical practice. By fostering open dialogue, establishing clear guidelines, and
promoting equitable access, the full potential of 3D bioprinting can be realized while minimizing
potential ethical risks.

6.3 Future directions
Future Directions for 3D Printed Organs

1. Improvements in Printing Technologies

As 3D bioprinting technology continues to advance, we can expect to see improvements in printing speed,
resolution, and accuracy. These enhancements will enable the production of more complex and functional
3D printed organs with greater efficiency and precision.

Possible Directions:

o Development of faster and higher-resolution bioprinters that can create larger and more intricate
structures.

e Integration of machine learning and Al algorithms to optimize and automate the bioprinting
process.

e Incorporation of real-time monitoring and feedback systems to ensure quality control during
the printing process.

2. Advances in Materials

The development of hovel bioinks and scaffold materials will be crucial for the creation of 3D printed organs
with improved functionality and biocompatibility.

Possible Directions:

e Design of bioinks with tunable mechanical and biochemical properties to better mimic the
native extracellular matrix.

e Development of synthetic and biomimetic materials that can replace or augment the use of
biological materials, minimizing ethical concerns related to sourcing.

e Exploration of advanced materials with immunomodulatory propertiesto reduce immune
rejection of the printed organs.

3. Expanding Applications

As the field of 3D bioprinting matures, we can expect to see a broader range of applications beyond organ
transplantation, such as drug testing, tissue engineering, and personalized medicine.

Possible Directions:

e Use of 3D printed organs and tissues for high-throughput drug screening and toxicity testing,
reducing the need for animal testing.
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e Application of 3D bioprinting for personalized medicine, including patient-specific organ models
for surgical planning and the development of individualized treatment strategies.

e Expansion of 3D bioprinting to other areas of regenerative medicine, such as wound healing, tissue
repair, and the treatment of degenerative diseases.

4. Interdisciplinary Collaboration

The success of 3D printed organs will depend on collaboration across various disciplines, including biology,
materials science, engineering, and clinical medicine.

Possible Directions:

e Establishment of interdisciplinary research centers and networks to foster collaboration
and knowledge exchange among researchers from diverse fields.

e Encouragement of cross-disciplinary training and education programs to promote the
development of a skilled workforce with expertise in 3D bioprinting and related areas.

e Promotion of public-private partnerships to facilitate the translation of research findings into clinical
practice and the commercialization of 3D printed organs.

In conclusion, the future of 3D printed organs is promising, with numerous opportunities for advancements
in printing technologies, materials, and applications. By fostering interdisciplinary collaboration and
addressing the technical and ethical challenges, 3D bioprinting has the potential to revolutionize the field
of regenerative medicine and improve the lives of countless patients in need of organ transplantation.

7. CONCLUSION

3D bioprinting has emerged as a promising technology with the potential to revolutionize the field of organ
transplantation. By creating patient-specific, functional organs, 3D bioprinting could help address the
critical shortage of donor organs, reducing wait times and improving patient outcomes. However, there are
still several technical and ethical challenges that must be addressed for the successful implementation of
3D printed organs. Among the technical challenges are the need for improved vascularization, scaling up
the process to produce full-sized organs, ensuring organ functionality, and addressing biocompatibility
and immune response issues. Ethical considerations include potential misuse of the technology, equitable
access to 3D printed organs, regulatory oversight, and ethical sourcing of biological materials. Future
directions for the field involve advancements in printing technologies, materials, and applications, as well
as fostering interdisciplinary collaboration. By addressing these challenges and exploring new avenues of
research, 3D Dbioprinting has the potential to make a significant impact on organ
transplantation and regenerative medicine, ultimately saving and improving countless lives.

REFERENCES

[1] Black, Cara K, et al. “Solid Organ Transplantation in the 2Ist Century.” PubMed Central (PMC),
https://doi.org/10.21037/atm.2018.09.68.

[2] Black, Cara K, et al. “Solid Organ Transplantation in the 21 St Century.” Solid Organ Transplantation in
the 21 St Century - Black - Annals of Translational Medicine, 19 Oct. 2018,
https://doi.org/10.21037/atm.2018.09.68.

[3] In-Text Citation: (Black et al.)

© 2023, PUIIJ |DOI:10.5281/zenodo.8076965 Page | 206


https://doi.org/10.21037/atm.2018.09.68

S\

5 al

| ‘}3) Partners Universal International Innovation Journal (PUIIJ)
VA

\ ey Volume: OllIssue: 03 | May-June 2023 | www.puiij.com

[4] Atala, Anthony, et al. "Organ bioprinting: a closer look at ethics and policies.” Wake Forest Journal of
Law & Policy, vol. 1, no. 1, 2011, pp. 41-64.

[5] Claeys, Elisa, and Kurt Vermeire. “Immunosuppressive Drugs in Organ Transplantation to Prevent
Allograft Rejection: Mode of Action and Side Effects.” Immunosuppressive Drugs in Organ
Transplantation to Prevent Allograft Rejection: Mode of Action and Side Effects,

(6] Bojcéj, Piyush, et al. "3D biofabrication strategies for tissue en%:)ineering and regenerative
medicine." Annual Review of Biomedical Engineering, vol. 16, 2014, pp. 247-276.

[7] knadmin. “Solid Organ Transplant Rehabilitation.” PM&R KnowledgeNow, 2 Mar. 2017,
now.aapmr.org/solid-organ-transplant-rehabilitation.

[8] Choudhury, Deepak, et al. "Engineering clinically relevant volumes of vascularized bone." Journal of
Tissue Engineering and Regenerative Medicine, vol. 13, no. 10, 2019, pp. 1819-1832.

[9] Lo, Chris. “The Long Road to Reliable Organ Printing.” Medical Device Network, 3 Dec. 2019,
www.medicaldevice-network.com/features/bioprinting-organ-challenges.

[10]Datta, Pallab, et al. "Essentials of 3D biofabrication and translation.” Academic Press, 2015.

1] Gopinathan, Janarthanan, and Insup Noh. “Recent Trends in Bioinks for 3D Printing - Biomaterials
Research.” BioMed Central, 6 Apr. 2018, https://doi.org/10.1186/s40824-018-0122-1.

[12] Derby, Brian. “Printing and prototyping of tissues and scaffolds.” Science, vol. 338, no. 6109, 2012, pp. 921-
926.

[13]Gilbert, Frederic, et al. "The ethics of elective psychosurgery: a consideration in response to the
development of deep brain stimulation.” Neuroethics, vol. 6, no. 1, 2013, pp. 65-74.

[14]Wang, Haonan, et al. “An Overview of Extracellular Matrix-Based Bioinks for 3D Bioprinting.” Frontiers, 26
Apr. 2022, https://doi.org/10.3389/fbioe.2022.905438.

[15]Groll, Jurgen, et al. "Biofabrication: reappraising the definition of an evolving field." Biofabrication, vol. 8,
no. 1, 2016, 013001.

[16]Sapkota, Anupama. “3D Bioprinting- Definition, Principle, Process, Types, Applications.” The Biology
Notes, 28 Apr. 2022, thebiologynotes.com/3d-bioprinting.

[17] Hospodiuk, Monika, et al. "The bioink: a comprehensive review on bioprintable materials.” Biotechnology
Advances, vol. 35, no. 2, 2017, pp. 217-239.

[18]A.S.Hovan George, Aakifa Shahul, A.Shaji George, T.Baskar, & A.Shahul Hameed. (2023). Medical Cancer
Diagnosis Using Texture Image Analysis. Partners Universal International Innovation Journal (PUILY),
01(02), 39-48. https://doi.org[10.5281/zenodo.7853258

[19]Kang, Hyun-Wook, et al. "A 3D bioprinting s?/stem to produce human-scale tissue constructs with
structural integrity.” Nature Biotechnology, vol. 34, no. 3, 2016, pp. 312-319.

[20] Aakifa Shahul, A.S.Hovan George, & A.Shaji George. (2023). Enhancing Cardiovascular Health with
Enhanced External Counter pulsation Therapy: A Comprehensive Review. Partners Universal
International Innovation Journal (PUIIY), 01(02), 55-62. https://doi.org/10.5281/zenodo.7853786

[21]Kolesky, David B, et al. "3D bioprintin% of vascularized, heterogeneous cell-laden tissue
constructs." Advanced Materials, vol. 26, no. 19, 2014, pp. 3124-3130.

[22]Li, Jipeng, et al. "3D bioprinting of hydrogels for retina cell culturing.” Bioprinting, vol. 6, 2017, e00016.

[23]A.S.Hovan George, Aakifa Shahul, A.Shaji George, T.Baskar, & A.Shahul Hameed. (2023). A Survey Study
on Big Data Analytics to Predict Diabetes Diseases Using Supervised Classification Methods. Partners
Universal International Innovation Journal (PUIIJ), 01(01),1-8. https://doi.org/10.5281/zenodo.7644341

[24]Mandrycky, Christian, et al. "3D bioprinting for engineering complex tissues.” Biotechnology Advances,
vol. 34, no. 4, 2016, pp. 422-434.

[25]Mironov, Viadimir, et al. "Organ printing: tissue spheroids as building blocks.” Biomaterials, vol. 30, no.
12,2009, pp. 2164-2174.

[26]A.S. Hovan George, Aakifa Shahul, & Dr. A. Shaji George. (2022). An Overview of Medical Care and the
Paternalism Approach: An Evaluation of Current Ethical Theories and Principles of Bioethics in the Light
of Physician-Patient Relationships. Partners Unijversal International Research Journal (PUIRJ) ISSN:
2583-5602, 01(04), 31-39. https:/ﬁjoi.org/10.5281/zenodo.7419781

[27]Murphy, Sean V., and Anthony Atala. "3D bioprinting of tissues and organs.” Nature Biotechnology, vol.
32, no. 8, 2014, pp. 773-785.

[28]Imogene. “UCSD’'s 3D Printed Liver Cells Most Liver-like Yet.” CysticFibrosis.com, 17 Feb. 2016,
cysticfibrosis.com/ucsds-3d-printed-liver-cells-most-liver-like-yet.

[29] Ozbolat, Ibrahim T., and Yu Shrike Zhang. "Bioprinting toward organ fabrication: challenges and future
trends.” /EEE Transactions on Biomedical Engineering, vol. 60, no. 3, 2013, pp. 691-699.

© 2023, PUIIJ |DOI:10.5281/zenodo.8076965 Page | 207



\\

Y

1z

(

a Partners Universal International Innovation Journal (PUIIJ)
‘T&f’

Volume: OllIssue: 03 | May-June 2023 | www.puiij.com

[30]“3D Printing Technology Could Print Human Skin; Cosmetics Giants Already Interested.” 3D Printing
Technology Could Print Human Skin; Cosmetics Giants Already Interested, 23 June 2015,

[31]Pati, Falguni, et al. "Printing three-dimensional tissue analogues with decellularized extracellular matrix
bioink.” Nature Communications, vol. 5, 2014, 3935.

[32]Ringeisen, Bradley R, et al. 'Laser printing of pluripotent embryonal carcinoma cells." Tissue
Engineering, vol. 10, no. 3-4, 2004, pp. 483-491.

[33] “3D-printed Kidneys Change Preop Surgical Planning.” AuntMinnie.com, 16 Jan. 2017,

[34]skardal, Aleksander, et al. "A hydrogel bioink toolkit for mimicking native tissue biochemical
and mechanical properties in bioprinted tissue constructs.” Acta Biomaterialia, vol. 25, 2015, pp. 24-34.

[35]“The First 3D-Printed Human Ear Transplant Was Successful.” Nerdist, nerdist.com/article/first-3d-
printed-human-ear-transplant-was-successful-3dbio-therapeutics.

[36]ventola, C. Lee. 'Medical Applications for 3D Printing: Current and Projected
Uses." Pharmacy and Therapeutics, vol. 39, no. 10, 2014, pp. 704-711.

[37]PTL. “Unique 3D-printed Heart Valves Could Improve Surgery Outcomes - the Statesman.” The
Statesman, 4 July 2017,

[38]zhang, Yu shrike, et al. "Bioprinting 3D microfibrous scaffolds for engineering endothelialized
myocardium and heart-on-a-chip." Bliomaterials, vol. 110, 2016, pp. 45-59.

[39]Ali, Sumbul, and Saima Majeed. “Advancement of Bio Inks in Three DimensionalBioprinting|
Biomedres.” Advancement ~of Bio Inks in Three DimensionalBioprintingl Biomedres,
https://doi.org/10.26717/BJSTR.2018.11.002129.

[40]Hindawi, et al. “Advances in Regenerative Medicine and Tissue Engineering: Innovation and
Transformation of Medicine.” Advances in Regenerative Medicine and Tissue Engineering: Innovation
and Transformation of Medicine, 30 July 2018, https://doi.org/10.1155/2018/2495848.

© 2023, PUIIJ |DOI:10.5281/zenodo.8076965 Page | 208



