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Abstract

The pharmaceutical sector is fueled by novel, high-value products that result from
research and development. We can all agree that the pharmaceutical sector is the
heart of the medical sciences, everything from nourishment to necessary
medications, paracetamol to corona vaccine, are all related to the pharmaceutical
industry. A relatively new but rapidly developing technique, bioprinting is mostly
employed in tissue engineering and regenerative medicine. The advantages of
modifying preset tissue forms and architectures with computer assistance and the
creation of extracellular matrix (ECM)-like habitats for cells are combined in 3D
bioprinting techniques. The main use of bioprinting is to regenerate or restore
wounded and damaged tissues by creating implantable organs and tissues. The
medical and cosmetic sectors stand to gain greatly from the technique. The ability
of bioprinting has not yet been thoroughly examined in fields like patient-specific
cell placement and bio-robotics. But the question arises, with the right application
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of bioinks and other methodologies, can bioprinting change biomedicine and
biomedical engineering, or is it only useful in research settings. This comprehen-
sive study covers current approaches and potential future developments in
bioprinting, with a focus on the potential application of 3D bioprinting in other
medical disciplines and regenerative medicine. In this chapter, potential uses for
experimental systems and techniques that are currently being developed for drug
delivery, cancer research, and the bioprinting of various types of tissues are
examined. This assessment also explores potential future opportunities for the
efficient redesign of technical and medical procedures through the use of
bioprinting.
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12.1 Introduction

With the advent of bioprinting technologies, tissue engineering has merged science
fiction and reality in the modern era of automation and technology [1]. Bioprinting is
an adaption of additive (3D) printing that uses layer-by-layer deposition of
biological materials and biologically active substances, such as cells, growth
hormones, and other substances. This technique allows for the creation of 3D models
of tissues and organs that closely resemble their human counterparts in terms of
structure [2]. By setting up preset places and structures in computer-aided design
software (CAD), the architecture is methodically finished. How effective the
bioprinting method is can be determined by the value of the structures produced.
The three primary factors to take into account while creating a product are cellular
interactions, bioactive chemicals, and the bioprinting apparatus [3]. The primary
biomaterial used in 3D printing, called bioink, is formed of cells that are meant to be
deposited. These cells are often contained in a carrier matrix that attempts to replicate
the physical and biochemical environment of native tissues in order to improve cell
adhesion, proliferation, and differentiation [4].

In the last 10 years, the bioprinting sector has made tremendous achievements,
and 3D bioprinting is currently one of the most intriguing and promising
technologies with the potential to have a significant impact on a range of medical
applications. If scientists could use bioprinting technology to create living, de novo
organs like the heart, liver, kidneys, lungs, and skin, the need for organ transplants
would be decreased. Taking cells directly from the patient would also prevent
immune system assault and organ rejection. Another creative industrial use of 3D
bioprinting is found in the pharmaceutical industry. The market for 3D bioprinting is
anticipated to reach USD 1647 million [4] by 2024 as a result of the development of
3D bioprinters and biomaterials as well as their use in the pharmaceutical and
cosmetics sectors [5, 6]. We briefly addressed the most cutting-edge bioprinting
techniques in this chapter, along with other essential elements important to the
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application of 3D bioprinting to construct 3D tissues and organs. With a focus on the
potential for creating in vitro models as tools for drug discovery in the pharmaceuti-
cal industry, we also discuss some of the significant challenges and fascinating
opportunities that 3D bioprinting technologies present for developing realistic tissue
and organs across a variety of market segments.

12.2 History

The concept of 3D-printed organs and bioprinting was first explored in 1996. When
Dr. Gabor Forgacs discovered that biological components adhere together and have
liquid-like qualities during experiments with Charles Hull (who later founded 3D
Systems), the general public started to exhibit interest in bioprinted items that use
ingredients extracted directly from patient tissues. Early studies employed synthetic
scaffolds, but after investigation into a new technique called Dynamic Optical
Projection Stereolithography (DOPsL), it was discovered that biological tissues,
like blood cells, could be printed in a matter of seconds.

12.2.1 Which Organs Have Been Previously Bioprinted?

There have not been any additional reports of 3D-printed organs since the first
human blood vessel was made. Minor components such as arteries, bones, cartilage,
tissues, and veins may have been printed for implantation, but since regenerative
medicine professionals prefer to have a thorough understanding of the technology
before moving forward, they are currently waiting for new case studies before
thinking about printing more complex organs.

12.3 3D Bioprinting

Using a suitable imaging tool, such as computed tomography (CT) or magnetic
resonance imaging (MRI), to ascertain the anatomical makeup of the target tissue is
the first stage in the bioprinting process. The picture is then transformed using
specialist software into a CAD drawing of cross-sectional layers so that the printing
machine may add the layers one at a time. The bioprinting device then uses a specific
printing method, such as inkjet 3D bioprinting, micro-extrusion 3D bioprinting,
laser-assisted 3D bioprinting, or stereolithography, along with a combination of
printing materials, such as scaffold and bioink, and other additive factors to produce
the tissue (Fig. 12.1). Precision, stability, and tissue viability vary via various
methods. In order to replicate the in vivo conditions required to maintain tissue
viability during the maturation process, the generated tissue is then further processed
in a bioreactor.
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Fig. 12.1 Schematic representation of the bioprinting process [7]

12.3.1 Techniques for 3D Bioprinting

The basis for 3D bioprinting technology was laid by conventional 2D printing on
paper and then by 3D printing of non-biological materials. Therefore, it is not
surprising that the engineering component has more advanced technology than
bioink material technology. However, because bioink was first developed for print-
ing on non-biological materials, each printing method still has a number of
limitations regarding material compatibility when using other building materials
instead of bioink [8—10].

12.3.1.1 Micro-Extrusion 3D Bioprinting

It is a regularly used pressure-assisted technique for printing non-biological
materials. Typically, a computer-controlled robotic arm uses a pneumatic or
mechanical (piston or screw-driven) approach to provide pressure to a nozzle in
order to disperse the selected bioinks for the bioprinting process. Most frequently, a
glass or plastic cartridge is used to hold the bioinks. The bioink is ejected via the
nozzle in the form of a thin filament and deposited on the substrate based on a CAD
design that regulates the location and course of nozzle movement to produce the
tissue in the required 3D shape. This technology, which developed from conven-
tional 3D printing, has been demonstrated to be the most efficient approach to
manufacture large-scale constructs because of its structural soundness, making it
more suitable for scaling up for organ manufacturing [11]. Rapid printing also allows
for the use of a wide variety of bioinks, including both scaffold-based and scaffold-
free bioinks. The resolution of this technique is just 100 m though [12]. Due to the
relatively high extrusion pressure via the nozzle, the bioink components are
subjected to experience extreme shear stress, which might induce cellular viability
loss and tissue structure deformation [13].
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12.3.1.2 Inkjet 3D Bioprinting
Because of its structural soundness, this technology, which evolved from traditional
3D printing, has been shown to be the most effective method for producing large-
scale structures, making it more ideal for scaling up for organ manufacturing
[11]. Additionally, a range of bioinks, including scaffold-based and scaffold-free
bioinks, can be used with rapid printing. However, this method only has a 100 m
resolution [12]. The bioink components are subjected to significant shear stress as a
result of the relatively high extrusion pressure through the nozzle, which could result
in cellular viability loss and tissue structural distortion. Eventually, the vapor bubble
swiftly bursts and expels a bioink droplet as a result of the pressure-induced
expansion it experiences [14]. These temperature changes have little effect on the
survival of cells since the processes only last a few microseconds. It has been
determined if the bioprinted cells can keep their genetic, phenotypic, and functional
characteristics [15]. In contrast, a voltage pulse in a piezoelectric inkjet bioprinter
causes the piezoelectric actuator to change form. Then, the volume of the fluid
chamber containing the bioink abruptly changes, releasing a droplet [16]. The
viability of the cells could be maintained even after the surgery without any issues
[17]. Similar principles govern how electrostatic actuators work. When an electrical
pulse is supplied between the pressure plate and an electrode, the pressure plate
flexes. About 80-95% yield in the cells created utilizing the thermal, piezoelectric,
and electrostatic inkjet bioprinting techniques demonstrated a robust cell viability.
After the voltage pulse is stopped, the pressure plate reverts to its original form,
expelling a bioink droplet.

Inkjet bioprinting techniques show promise since they enable high-resolution
printing and have fine control over the ejection of droplets and pico-liter sized ink
droplets.

12.3.1.3 Laser-Assisted 3D Bioprinting (LAB)

Laser-assisted 3D bioprinting (LAB) is another non-contact printing technique. The
laser-assisted bioprinter’s ribbon has an absorbent coating, such as gold, on it. When
alaser pulse is directed and travels through the transparent ribbon, a hydrogel droplet
is induced and eventually transmitted to the receiving substrate. The final structure is
constructed layer by layer by repeating this process utilizing laser pulses to form a
jet. This technology, which enables cells to be deposited at a density of up to
108 cells/mL. with a single-cell resolution and at a high pace, enables high-
throughput cell and biomaterial patterning [18-20]. Additionally, cell transfer and
selection are made possible by the real-time cell monitoring offered by laser-assisted
printing. However, the extreme heat generated by the laser beam might damage the
printed tissue’s cells and reduce their vitality.

12.3.1.4 Stereolithography-Based Bioprinting (SLB)

Photopolymerizable liquid polymers are utilized in stereolithography-based
bioprinting (SLB). A predefined pattern of laser or UV light is focused on the
polymers, causing the polymers to cross-link and harden. Each polymerization
cycle generates a little layer of the structure, and this polymerization cycle is then
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Table 12.1 Advantages and disadvantages of major 3D bioprinting techniques

Bioprinting
techniques Advantages Disadvantages Refs.
Micro-extrusion The ability to print tissues High shear stress from the [21, 22]
3D bioprinting with extremely high cell pressure-driven dispensing

densities and scaffold-free has a negative impact on the

bioink, as well as the ability cells’ survival and resolution,

to print high-viscosity bioinks | making it impossible to build

by altering the driving a microcapillary network

pressure, all contribute to the

creation of organs and tissues

with good structural integrity
Inkjet 3D Non-contact based, lowering | Needs bioink with low [23, 24]
bioprinting the possibility of viscosity (0.1 Pa s,

contamination non-uniform droplet size.

Integration of multiple This makes it more

printing heads for diverse challenging to install very

tissue architectures. Enables viscous hydrogel ECM

fabrication of a vasculature components

like structure and high-speed

printing
Laser-assisted 3D | Bioprinting of micro- The heat produced by laser [25]
bioprinting patterned peptides, DNA, and | energy may have an impact

cells with single-cell on cell survival

resolution is made possible

by the printed structures’

great precision and

resolution. The capacity to

print tissues with extremely

high cell densities and

without restrictions due to

viscosity
Stereolithography- | Good resolution with no Takes a strong radiation to [26, 27]
based bioprinting clogging during printing cross-link molecules, which
(SLB) is a lengthy process
Acoustic Convenient, cost effective, — [28]
bioprinting and biocompatible method

for patterning

repeated to create the 3D structure layer by layer. The main advantages of this
technique over alternative methods are its high resolution and lack of extremely high
shear stress. Cells can be harmed by the cross-linking process, which exposes them
to strong UV light (Table 12.1).

12.3.1.5 Acoustic Bioprinting

The acoustic bioprinting process shields the biomaterials from destructive stress,
such as heat, high voltage, high pressure, and any kind of shear stress. Droplets are
released through a nozzle using a gentle acoustic field [29]. Mild acoustic waves,
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however, cannot expel viscous or highly cell-concentrated bioink droplets. Few
research have been conducted on this methodology.

12.4 Bioinks

The most challenging obstacle still standing in the way of the advancement of 3D
bioprinting technology is the production of printing biomaterials, sometimes referred
to as “bioink,” which is a crucial component of this technology. The ideal properties
for bioink must meet both the physical and biological material criteria in order to
enable cellular activity comparable to that observed in real creatures, such as cellular
proliferation, differentiation, migration, and maturation. The physical properties
include viscosity, structural toughness, printing ability, degradation, and functional-
ity. Examples of biological properties include bioactivity, cytocompatibility, and
biocompatibility [30]. The most crucial aspect of the bioprinting procedure, the
bioink viscosity, needs to be constantly tuned in order to regulate the bioink flow,
cell encapsulation efficiency, and tissue structure stability. To meet the requirements
of various printing processes, there were several bioink formulas available.
Hydrogels are intriguing possibilities for the creation of bioinks due to their bio-
compatibility, low cytotoxicity, hydrophilicity, and ability to build networks of
polymers that allow them to adopt ECM with a similar structure [31]. Self-
organizing systems exist in organs and tissues. During the embryonic development
process, cells engage in biological self-assembly and self-organization without the
use of external guidance or guiding structures [32]. In contrast, the complexity of the
cell microenvironment is greatly decreased or absent in vitro, which causes distinct
cell fusion and delayed aggregation. In bioprinting, biocompatible scaffolds are
frequently used to give structural support for cells to attach, grow inside, differenti-
ate into, and eventually produce the tissue on (Fig. 12.2).

Studies revealed that a scaffold’s integrin configuration has a significant impact
on stem cell development [34]. Replicating a certain tissue type’s natural environ-
ment encourages stem cells to differentiate into that lineage. The use of appropriate
biomaterials to support the biological components is essential for the creation of 3D
heterogeneous tissue architectures. The most popular biomaterials for live-cell
printing are hydrogels, because of their biocompatibility and capacity to take on a
structure resembling that of the ECM [35]. The ultimate goal of bioprinting-based
tissue engineering is to somewhat replicate the tissue/organs that grow during
embryonic development. However, this unique strategy is still too far from the
in vivo equivalents’ level of complexity, which is produced by many specialized
cells and dynamic extracellular matrix (ECM) composition [36]. In order to print
tissue constructions, bioink is a solution of one biomaterial or a combination of many
biomaterials (for example, in the form of a hydrogel). Bioink encapsulates the
appropriate cell types throughout the printing process. Natural or artificial
biomaterials, or a combination of the two, are used to create bioinks (Table 12.2).

In order to create tissue that closely matches it is in vivo counterpart in terms of
both form and function, it is crucial to maximize the biological, mechanical, and
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Table 12.2 Bioink material building blocks [37]

Bioink
material Overview Advantages Disadvantages
Chitosan Polysaccharide derived from Extremely biocompatible | Slow pace of
the shellfish’s exoskeleton and shows bacterial gelation
(e.g., shrimp). Fungal resistance
fermentation can produce
chitosan that is not produced
from animals
Fibrin/ High biological relevance Quick gelation Only partially
fibrinogen | insoluble protein produced printable
during blood coagulation
Gelatin Is a protein compound created | Extremely biocompatible | Lack of stiffness;
when some collagen is partially | high solubility in water, and inflexible
hydrolyzed thermally reversible
gelation
Graphene | Carbon-based material that can | Flexible and electrically- | Small biological
be viewed as a one atom thick | conductive significance
sheet of graphite
Alginate Brown algae-derived natural Mild cross-linking (Ca®*) | Dynamics of slow

biopolymer

conditions, quick gelation
extremely biocompatible

deterioration;
inadequate cell
adhesion
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rheological properties of bioinks. For diverse uses and cell types, several bioinks can
be required. There are a number of basic qualities that should be considered while
choosing a bioink, including the following:

12.4.1 Viscosity

The bioink matrix should fit in all bioprinting stages, both as a fluid during cell
encapsulation and as a solid following dispensing, according to the bioprinting
procedure [38].

12.4.2 Gelation and Stabilization Processes

The viability and print resolution may be affected by how the bioink solidifies after
extrusion. The bioink should be cell-safe and still have tissue-matching qualities
after printing, and the process should be rapid. Ionic, thermal, stereocomplex,
photocrosslinking, enzymatic, and click chemistry are just a few of the gelation
techniques that may be used, and the characteristics and composition of the bioink
material can also affect these techniques [39, 40].

12.4.3 Biocompatibility

Hydrophilic and cell-adhesive materials encourage cell survival and growth. Fur-
thermore, the use of natural or synthetic bioinks has a significant influence on how
biological interactions proceed. There is batch-to-batch variability even though
natural-based bioinks can endure challenging manufacturing conditions (such high
temperatures and organic solvents). On the other hand, batch-to-batch unpredictabil-
ity is solved by synthetic polymers, which have a tremendous potential for large-
scale manufacturing but lack the natural cell attachment sites [41].

12.4.4 Mechanical Characteristics

When the mechanical properties of their surrounding environment, such as matrix
elasticity are altered, cells can adapt their behavior [42]. The ability to control cell
activity inside the printed tissue construct, such as their form and rate of prolifera-
tion, is therefore possible by modifying the mechanical characteristics of bioinks.
This is important for the growth of a functional tissue. Another important mechanical
property is shear-thinning, a non-Newtonian property that implies a reduction in
viscosity as the shear rate increases and leads to rearrangement of the polymer chain.
For instance, Chen et al. [43] combined a shear-thinning hybrid bioink which was
created by combining hard gellan gum, flexible sodium alginate, bioactive thixotro-
pic magnesium phosphate-based gel, and thixotropic TMP-BG. The mechanical,
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rheological, and bioactive characteristics of the bioink were improved for printability
and cell survival.

A number of organic and synthetic biomaterials have been employed as bioinks.
Bioink has recently been created using materials that are sensitive, dynamic, and
supramolecular. Morgan et al. provide a comprehensive summary of the most recent
discoveries in bioinks, including their mechanical properties and dynamic nature
[44]. The potential for modifying synthetic polymers to increase bioactivity is
enormous. However, when they decay, they may emit toxic byproducts and lose
mechanical properties. Furthermore, self-assembling peptides are prospective
biomaterials for constructing 3D scaffolds with structural and mechanical properties
similar to extracellular matrices. Cofino et al. [45], for example, optimized methyl-
cellulose and RADI16-I-based biomaterials to build 3D predefined structures to
generate bioink with controllable viscosity. The resulting objects have exceptional
shape fidelity and stability. Standardized bioink formulations are desperately needed
to enable usage in a variety of bioprinting applications.

12.5 Applications of 3D Bioprinting (Fig. 12.3)

12.5.1 Organ Transplantation Using 3D Bioprinting

Building on the huge success of printing industrial prototypes for prostheses and
surgical equipment, 3D bioprinting makes excellent progress in generating thick live

cellular structures as a transitional stage toward organ-level complexity. Despite the
problems associated with the linked biology and engineering, bioprinting offers

organ blue prj,
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Fig. 12.3 Applications of 3D bioprinting [7]
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huge potential in whole-organ printing with an excellent hierarchical organization of
cells and creating tissue blocks in a 3D microenvironment. Cells from either patient
or adult stem cells are employed to make a bioink capable of producing live tissues.
These components are held together by a dissolvable gel or scaffold that may support
cells and mold them into the correct form to achieve the intended function. Current
advanced imaging technology, like as CT, permits the development of exact CAD
models for 3D printing to ensure a flawless fit into the targeted tissue [46, 47]. There
have been reports in recent years of the development of several types of thick tissues
in a range of forms, with the eventual objective of printing full organs or body parts
for organ donation.

Long donor search durations and immunological rejection of the transplanted
organ can be avoided by extracting stem cells from transplant recipients and printing
them into replacement organs. Recent advances in 3D tissue bioprinting have
resulted in organ-level structures such as bone, cornea, cartilage, hearts, and
skin [48]. Zhou et al. [49] produced a patient-specific ear-shaped cartilage using
expanded microtia chondrocytes and a biodegradable scaffold. Five individuals with
microtia had their cartilage 3D-printed, and the results were satisfactory in terms of
appearance. Researchers have demonstrated thick, vascularized cardiac patches as
well as a cellularized human heart with natural architecture. Pluripotent stem cells
were generated from omental tissue samples of patients and subsequently
differentiated into cardiomyocytes and endothelial cells. The bioink was made by
mixing the two cell types separately with hydrogels for the heart tissue and blood
vessels. The functionality of functional vascularized patches was demonstrated to
work in line with the patient’s anatomy (Fig. 12.4). In order to replace damaged
(such as burnt) skin and heal skin ulcers and wounds, much study was undertaken on
the skin among the many human tissues. Baltazar et al. [5S0] described an implantable
multilayered vascularized 3D-printed skin transplant. The dermis of the skin was
created using a bioink composed of human foreskin dermal fibroblasts, human
endothelial cells, and human placental pericytes suspended in rat-tail type I collagen.
After that, the epidermis was generated by printing with a second bioink that
included human foreskin keratinocytes. In this arrangement, while endothelial
cells and pericytes self-assembled into linked microvascular networks, keratinocytes
formed a multilayered skin barrier that seemed to speed keratinocyte development.

12.5.2 Organ Models Printed in 3D for Drug Discovery

The translational medical research community is actively attempting to move its
focus away from animal models and toward more complex human qualities and
circumstances. Unfortunately, while traditional in vitro models are robust and well
suited for high-throughput research due to their simplicity, they have little biological
relevance to the intricate biological tissues of the human body, resulting in a
significant technological difference between lab models and industry/clinic adopt-
able models. Bioprinting using high-resolution vascularized tissue opens the door to
the production of biomimetic habitats and structures that facilitate in vivo
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Fig. 12.4 3D printed human
organs: making future
transplant wait list shorter [48]

interactions between cells and their environs. Bioprinted tissue would be a useful
tool for developing physiologically correct in vitro human organ models for drug
toxicity studies and disease modeling that precisely reproduce the physiologically
complicated human. Because it requires a significant number of distinct cell types to
make a medically relevant heterotypic tissue, organotypic bioprinting is often a
costly technology for large-scale and high-throughput experiments. Furthermore, a
hypoxic environment may develop in the artificial tissue due to inadequate delivery
of cell nourishment into the tissue’s core in the absence of high-resolution vasculari-
zation, which ensures long-term survival. These disadvantages can be solved by
creating small in vitro tissue models, sometimes known as “organs-on-a-chip,” by
combining bioprinting and microfluidic technology. Different organotypic tissues,
for example, can be printed concurrently on a segmented microfluidic chip and
linked via a vascular network (perfusion channels) to create a “human-on-a-chip”
with numerous organs. It is becoming commonly accepted that 3D tissue models are
better than 2D counterparts and more biologically relevant. These tissue models are
also immune from rigorous ethical issues, making them an appealing choice for
many associated industries. They have not yet been adequately verified for toxicity
prediction. Systemic validation and standardization are required to guarantee that
these powerful models have the potential benefit for high-throughput drug develop-
ment. Several companies and start-ups have created 3D tissue in vitro models for
toxicity assessment and disease modeling in recent years. Organovo Inc., for
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example, created a customizable bioprinting method to manufacture tissues in
various shapes, such as microscale tissues on multi-well tissue culture plates. For
example, human primary hepatocytes, hepatic stellate cells, and endothelial cells
were used to bioprint liver-like tissue architectures. The liver damage that leads to
fibrosis was one of the effects of amethotrexate and thioacetamide exposure that was
monitored using a tissue model [51]. To learn more about Kupffer cells’ impact on
the injury/fibrogenic response to cytokine and pharmacological stimuli, they were
added to a separate study [52].

The rapid advancement of bioprinting technology and the widespread use of 3D
bioprinter modalities have generated unprecedented interest in using this technology
to produce in vitro models for pharmacological research. To develop a neuronal
micro-physiological system, Bowser and Moore [53] employed 3D bioprinting
technology based on spheroid and magnetic spheres. Spinal cord spheroids made
of magnetic nanoparticles are arranged in a three-dimensional hydrogel framework
using magnetically assisted bioprinting. The structures had long-range projections
that mimicked the architecture observed in vivo as well as small-scale cell-to-cell
interactions. Zhuang et al. [54] used an integrated ultraviolet (UV) curing system
with extrusion-based bioprinting to allow layer-by-layer UV curing of bioprinted
photo-curable GelMA-based hydrogels. By using this technique, cell-laden
structures with a high aspect ratio and stability may be made without the need of
reinforcing elements like poly(—caprolactone) (PCL) polymer. The research by
Heinrich et al. also shown how to construct miniature brains consisting of glioblas-
toma and macrophages to test therapeutic approaches that focus on the interaction
between these two cell types. A hybrid 3D cell-printing system that uses both inkjet-
and extrusion-based dispensing modules was developed in order to manufacture a
3D facsimile of human skin inside a transwell system. Polycaprolactone was utilized
to produce a collagen-based construct by extrusion-based printing, and keratinocytes
were equally distributed across the engineered dermis using an inkjet-based dispens-
ing module. In addition, to mimic the composition and functioning of the original
intestinal tissue, human primary intestinal epithelial cells, and myofibroblasts were
employed to bioprint 3D intestinal tissue. The tissue model showed significant
morphological and physiological characteristics, including a polarized epithelium
with close connections and the expression of CYP450 enzymes.

Although many tissues and organ models have been created, the complexity
needed to produce replacement tissues and organ models that are medically correct
has not yet been obtained or sufficiently characterized. A range of cell types
participate in homeostasis and tissue development in vivo in biological systems
with linked tissues and organs. Due to the inherent complexity of these systems,
simulating the structure and physiology of interrelated human tissues and animal
models to enable tracking the physiological processes is difficult. To accomplish
differentiation into the needed phenotypes, it is still unknown how much biomimicry
of human physiology is necessary or whether all cellular subpopulations must be
utilized. Recent advancements in 3D bioprinting technology may provide definite
answers to these crucial questions. For example, multimaterial deposition systems
may be employed to create intricate heterogeneous cellular architectures. This makes
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it possible to incorporate vascular and neuronal networks into the in vitro models’
structure, accurately simulating the complexity of numerous tissue and organ
systems. However, to achieve this ambitious aim, further in-depth study is needed.
In addition, combining bioprinting methods with other technologies such as imag-
ing, bioreactor technology, organs-on-a-chip (OOC), artificial intelligence (Al), and
semiconductors would enhance tissue engineering’s capabilities and speed up the
field’s progress toward the production of organs and tissues for a variety of
applications.

12.5.3 Tumor Modeling

A tumor microenvironment must be produced via 3D bioprinting so that tumor cells
may interact with adjacent stromal cells including endothelium and fibroblasts as
well as an extracellular matrix in order to appropriately study tumor growth,
monitoring, and therapy response. The conventional techniques for mimicking
tumors or cancer are monolayer cell cultures or animal models. However, the
complicated connections observed in live tissue are absent from monolayer cultures.
On the other hand, animal models could respond and react differently from human
tissue. Analysis of intracellular molecular interactions, intercellular connections,
enzyme kinetics, changes in protein expression, metastatic progression, etc. may
be done using a bioprinted tumor model for specific tissues. Zhou et al. examined the
dissemination of breast cancer in bone tissue by fabricating biomimetic bone
structures using a table-top commercial stereolithographic printer. In order to estab-
lish a 3D structure of bone tissue and examine the relationships, breast cancer cells
(BrCas) were planted in vitro in this work [55]. Another study used a bioprinted
mini-brain to display how glioblastoma multiforme developed in terms of
interactions between glioblastoma cells and glioblastoma-associated macrophages
[56]. The results of this study indicated that drugs may be developed to stop the
communication between these cells in order to inhibit tumor development.

One of the most difficult elements of cancer modeling is simulating the angio-
genesis of tumor cells in the absence of vascular networks. Angiogenesis is a pivotal
step in the development of cancer because it is essential for the transportation of
nutrients and oxygen to the cells [57]. Vasculature can be created via bioprinting
techniques, as was previously said, if the right bioinks and growth factors are used.
Using patient-derived GBM cells and human endothelial cells in a collagen matrix,
Lee et al. may have printed a physiological glioma-vascular niche model to better
understand cell—cell interactions and the effects of microenvironmental factors on
glioblastoma multiforme [58]. Gelatin and collagen were used to make fluidic
vascular channels. In a recent research, Suarez-Martinez et al. examined cancer
cell migration, proliferation, and function during microvascular network growth
using a bioprinted tumor microenvironment model of mouse breast cancer cells
[59]. A bioprinted hydrogel-based vascular flow device was created by Hynes et al.
[60] in another recent work as a unique approach to comprehending the progression
of cancer. Bone marrow suppression, gastrointestinal distress, liver toxicity, urinary
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system toxicity, renal toxicity, cardiotoxicity, and neurotoxicity are among the
adverse effects of widely recommended cancer therapies. Heterotypic drug
interactions were performed on macrophages inside the channels and bioprinted
breast cancer cells covered in peptide-conjugated alginate fibers to evaluate the
therapeutic effectiveness and toxicity. HER2-positive breast cancer cells embedded
in adipose-derived mesenchymal stem cells (ADMSCs) were employed in a new
bioprinted model to assess doxorubicin and look into treatment resistance.

On the basis of a biomimetic ECM consisting of adipose cells, endothelial cells,
and mammary fibroblasts produced from MSCs, the chemotherapeutic effects of
tamoxifen on breast cancer were evaluated. To gauge the effectiveness of the
medication, the adenosine triphosphate (ATP) Iuciferase test was utilized.
Temozolomide (TMZ), an anti-cancer drug, and the angiogenic inhibitor sunitinib
were both studied in a tumor microenvironment.

The printed tissue was multicellular tumor spheroids of glioblastoma cells on a
blood artery layer composed of fibroblasts and endothelial cells. Sun et al. employed
HepG2 cells to construct a model of hepatocellular carcinoma in a different recent
work to carry out pharmacological pharmacodynamics research [61]. As bioprinting
technology develop, it may soon be possible to construct more intricate biological
systems and examine how diseases interact with surrounding tissue as well as at the
cellular level.

12.6 In Situ Bioprinting

One of the intriguing applications of 3D bioprinting is the direct patterning of de
novo tissue onto the appropriate location of the body, such as chronic skin wounds or
bone abnormalities. Medical imaging may be used to adjust the architecture of
printed tissue to match the wound or defect, allowing heterotypic cellular structures,
hydrogels, and soluble components to be correctly deposited inside the faults. This
procedure, also referred to as in situ bioprinting or intraoperative bioprinting (IOB),
would shorten the distance between the host and implant interfaces and provide
clearly defined structures within areas of irregular topographies during the healing
process, which can successfully recruit desired cells from surrounding tissues where
the patient’s body acts as a natural bioreactor [62]. There have been fewer attempts
than with the other apps mentioned above. In a recent proof-of-concept work,
Albana et al. [63] precisely distributed autologous/allogeneic dermal fibroblasts
and epidermal keratinocytes into a damaged region in mice, resembling the layered
skin structure. Excisional wounds that were bioprinted using layers of autologous
dermal fibroblasts and epidermal keratinocytes in a hydrogel carrier showed faster
re-epithelialization, reduced contraction, and rapid wound closure. These results
showed that in situ skin bioprinting is viable and revealed potential applications
for it in the regeneration of various body parts. Successful in situ bioprinting
techniques that enable cell extraction from a small biopsy might dramatically
accelerate cell therapy-based healing. Zhao and Xu [64] developed a micro-
bioprinting technology that was linked to an endoscope to enable bioprinting within
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the human body. In order to print tissues with extreme accuracy, they also employed
printed circuit micro-electro-mechanical system methods. Using gelatin-alginate
hydrogels, human gastric epithelium, and smooth muscle cells as bioinks,
two-layer tissue scaffolds were printed in a stomach model to reproduce the
anatomical structure of the stomach. Researchers patterned endothelial cells into a
mouse calvaria bone defect that was filled with mesenchymal stem cells that
contained collagen and vascular endothelial growth factor using laser-assisted
bioprinting (LAB). This method allowed for organized microvascular networks to
enter bone defects and has a promising vascularization rate for in situ
pre-vascularization that aids bone regeneration.

In situ bioprinting, as opposed to in vitro printing, is a contact-based technique
that necessitates close consideration of bioink properties, bioprinter setup, and
cleaning. For instance, in extrusion-based bioprinting, the printing tip could interfere
with the region around the fault and result in collateral damage. The bioinks used for
in situ bioprinting often need to be biocompatible with fast cross-linkability in order
to allow for shorter operating times and to retain the integrity of bioprinted
constructs. Numerous biomaterials show great potential for these applications,
including collage, fibrinogen, gelatin methacrylamide (GelMA), hyaluronic acid
methacrylate (HAMA), and poly (ethylene glycol). Since it takes living tissue
more than 10 days to go through angiogenesis, vascularization is a highly challeng-
ing process, particularly for in situ bioprinting. Utilizing oxygen-generating
biomaterials or oxygen-filled microparticles that may be bioprinted inside of the
bioink might give a temporary oxygen supply prior to angiogenesis. Another
technique creates sacrificial porosity structures inside the bioprinted tissue using
mesh filaments.

12.7 Microfluidics and Organ-on-a-Chip Converge
with Bioprinting

Recent bioprinting research has taken use of well-proven microfluidic technology to
develop bioprinting devices that allow precision dispensing of low-viscosity bioink
in a well-defined template under very controlled circumstances [65, 66]. Microfluidic
dispensing technique is used in several commercial bioprinters. As an example,
Aspect Biosystems developed the RX1TM bioprinter, which has precise motion and
pressure control as well as high-speed microscale resolution. The RX1TM bioprinter
was used to create 3D neural tissues using hiPSC-derived neural aggregates,
according to Abelseth et al. [67]. The exact manipulation of the microstructures
and microarchitecture of tissue constructs would be made feasible by complex
3D-shaped scaffolds, enabling the development of various tissues and organs as
in vitro drug discovery models. As a bottom-up strategy, organ-on-a-chip and
organoids are miniature in vitro models of human organs that are produced by
spatially immobilizing various types of living cells to produce heterogeneous func-
tional structures within a prefabricated chip and scaffold. Multiorgans-on-a-chip,
which are more complex heterogeneous tissue structures, might also be made using
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Fig. 12.5 Steps for 3D-bioprinting organ-on-a-chip [68]

this technique. Tissue engineering might significantly benefit from the use of 3D
printing technology in this specific discipline. Other tiny organ models, such as those
of the heart, kidney, liver, and vasculature, have recently been realized (i.e., printed).
Human cell-derived organoids are efficient instruments for disease modeling, drug
screening, and individualized treatment. By employing these organoids as the
building blocks for 3D bioprinting, it would be able to scale up the deposition of
these tissue structures. Maloney et al. described an immersion printing technique to
bioprint tissue organoids in 96-well plates (Fig. 12.5) [68, 69].

To maintain a spherical shape, a hydrogel made of hyaluronic acid and collagen is
bioprinted into a viscous gelatin solution. This prevents the bioink from interacting
with the well walls. Reid et al. [70] created tumoroid arrays using 3D bioprinting to
study the carcinogenesis and microenvironmental redirection of breast cancer cells.
It has been shown that the formation of tumoroids in 3D collagen gels is much
improved by the use of bioprinting technology. This technique also makes it possible
to precisely create tumoroid arrays and co-print cancer cells with epithelial cells to
create chimeric organoids. By merging 3D bioprinting, 3D cell culture,
microfluidics, and organ-on-a-chip, it offers a great lot of promise to enable the
integration of several organoids inside a single system with tiny footprints and
greater biosensing capacity.
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12.8 3D Bioprinting for Meat without Animals

It has been shown that the formation of tumoroids in 3D collagen gels is much
improved by the use of bioprinting technology. This technique also makes it possible
to precisely create tumoroid arrays and co-print cancer cells with epithelial cells to
create chimeric organoids. By merging 3D bioprinting, 3D cell culture,
microfluidics, and organ-on-a-chip, it offers a great lot of promise to enable the
integration of several organoids inside a single system with tiny footprints and
greater biosensing capacity. However, because to high production costs, public
neophobia may restrict its economic viability in the near future [71]. Skeletal
muscles, together with adipocytes, fibroblasts, and endothelial cells that provide
the meat its nutritional value, make up the majority of typical edible meat.
Myosatellite cells, which serve as the primary adult stem cells for muscle, have
emerged as the most promising cell type for the in vitro process of developing
muscle tissues [72]. Myosatellites are separated from a biopsy taken from a suitable
animal, and they are cultivated in the best culture conditions with a consistent supply
of nutrients and growth hormones to encourage the development of multinuclear
myotubes. Myotube maturation, ongoing differentiation, and further development
by fusing new myoblasts result in the formation of muscle fibers (Fig. 12.6). A
scaffold that encourages cell development is a crucial part of tissue engineering.
Similar to this, a pliable scaffold that is easy to detach from the completed meat
product, enables contraction, and optimizes medium diffusion is required for myo-
blast development [73]. Alternatively, the scaffolding material needs to be composed
of natural ingredients and be eatable. Finding low-cost, large-quantity food-grade
culture medium is a big challenge for IVM. Animal-derived sera have long been a
standard component of cell culture medium. While using this system, concerns over
rules and morality are raised. Alternately, plant-based growth medium might take the

§ Stem cells
(Myoblasts)

Fig. 12.6 Schematic of the in vitro meat production process [7]
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place of the divisive animal-based growth media. For in vitro meat to be accepted by
consumers, its nutritional value must be on par with or higher than that of regular
meat. It should be emphasized that in vitro meat can be supplemented with necessary
elements like vitamins and minerals [74].

The primary technological challenge facing the IVM sector is scaling up the
product for commercialization. Since lab-grown beef is currently fairly pricey, its
marketability is diminished. The advancement of bioreactor technology, however,
has caused prices to decline in recent years, which is optimistic for commercializa-
tion. The primary obstacles keeping the IVM technology from scaling up are the
high cost of the microcarriers and culture medium as well as the absence of an
adequate large-scale bioreactor for mass manufacturing. Finally, before the general
public embraces IVM, regulatory standards and laws that reassure customers and
reduce mistrust among start-ups functioning in the field are required.

12,9 Limitations and Challenges of 3D Bioprinting Technology

The ultimate aim of 3D bioprinting is to develop a method that can generate intricate,
functioning organs in 3D, which may subsequently be utilized as a source for tissue
grafts, organ transplants, and drug testing models as an alternative for using animals.
This technology is still in its early stages, but it is progressing swiftly because of the
extensive research being done in areas like printing engineering, tissue engineering,
and cell sciences. The scaling up of bioprinting structures to functional tissues is still
hampered by a number of significant barriers, despite the significant developments
and countless discoveries. The ultimate aim of 3D bioprinting is to develop a method
that can generate intricate, functioning organs in 3D, which may subsequently be
utilized as a source for tissue grafts, organ transplants, and drug testing models as an
alternative for using animals. This technology is still in its early stages, but it is
progressing swiftly because of the extensive research being done in areas like
printing engineering, tissue engineering, and cell sciences. The scaling up of
bioprinting structures to functional tissues is still hampered by a number of signifi-
cant barriers, despite the significant developments and countless discoveries
[75, 76].

The current limitation of 3D printing resolution, which is 20 m, whereas the blood
capillary can be as small as 3 m, makes it difficult to fabricate blood capillaries. To
generate vascularized human tissue, several potential techniques are being used. For
instance, adding angiogenic growth factors to bioinks to encourage the formation of
blood vessels after printing. Benmeridja et al. suggested using micro-vascularized
units as building blocks in conjunction with 3D bioprinting [48]. In this study,
human umbilical vein endothelial cells (HUVEC) and adipose-derived stem cells
(ADS) were cocultured to produce dense, viable adipose tissue spheroids with a
capillary-like network. Using a microfluidic device, vasculogenesis was promoted in
anew way, although the hydrogels used to do so do not support cell—cell interactions
and have an effect on the stability of phenotypic traits. It is still not viable to create
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functioning vasculature in time to sustain the bioprinted tissue because of the
vascular network’s complexity and small size.

Biomaterials are essential in 3D bioprinting because they support the structural
and functional properties of the printed tissue and preserve structural integrity and
biocompatibility during tissue printing and maturation. The printed materials now
available on the market, however, cannot completely replicate the original ECM
compositions that support the cellular structure. It is crucial to develop novel
printable biomaterials that can be handled mechanically by cells and can be pro-
duced with living cells. Finding enough cells is a challenging undertaking since
tissue printing requires a large number of cells. Since bioprinting would affect stem
cell development at various stages of the process, a stem cell source would be the
most promising choice. Another limitation at the moment is the 3D bioprinting
industry’s low throughput and high cost. All current approaches need manual cell
seeding and bioink loading, which is essential for high-throughput manufacture of
3D objects. 3D organoids will probably be used in future large-scale drug discovery
technologies. To create organoids, however, microscopic tissue culture plates are
still employed.

12.10 Conclusion and Outlook for the Future

Enormous of developments in tissue engineering, it is now possible to regenerate de
novo tissue or organs in vitro for the first time in the history of medicine. Despite
many challenges, the successful demonstration of printed tissue architectures over
the past 10 years points to a very exciting and promising technique that deserves
additional study in a number of medical and industrial application areas. As tissue
engineering is multidisciplinary, systematic research on bioink optimization, biore-
actor engineering, and cell culture environment by engineers, scientists, and doctors
is crucial to enabling high-throughput production that is connected to efficient
screening tests. It is vital to develop printing systems that can swiftly print hybrid
materials (bioinks) with sustained biocompatibility and repeatability since the struc-
ture of live tissue and organs is so intricate. Combining bioprinting technologies
with other enabling techniques such as 3D cell culture, bioreactor technology,
microfluidics, and organ-on-a-chip may be able to achieve this. With the help of
this technology, now the vast gap between the lab and the factory can someday be
reduced, allowing for the fulfillment of clinical and industrial demands as well as the
advancement of regenerative medicine and enhanced drug development
[77]. Advanced bio-fabrication technologies underpin this technology. 3D
bioprinting might signal a paradigm shift for the twenty-first century in a number
of biological sectors. To accelerate the development of this technology and realize
this ambition, the scientific and technical communities must effectively collaborate
to exchange information.
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