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Preface

This book is intended to provide an introduction to bioprinting, including bioprint-
ing technologies, bioinks, and applications of bioprinting. This book is composed of
seven chapters contributed by experts in their fields.

Chapter 1 focuses on the in-depth understanding of the bioprinting technologies,
including extrusion-based bioprinting, droplet-based bioprinting, and bioprinting
achieved through directed application of energy. A detailed discussion on the
strengths and weaknesses of these techniques is given. This chapter also summa-
rizes advances in bioprinting to address challenges in bioprinting technologies.

Chapter 2 outlines the major concepts in the design and formulation of bioinks,
including key parameters important in material selection to expand the range of
bioink and, hence, bioprinted construct properties for desired applications.

Chapter 3 gives an overall summary of potential clinical applications of bioprint-
ing, followed by Chaps. 4-6, each focusing on a specific application. Chapter 4
discusses bioprinting of vascularized constructs and their utilization as scaffolds in
tissue regeneration and as platforms for drug discovery and testing. In Chap. 5, the
focus is on the applications of bioprinting in the clinical cardiovascular medicine,
including surgical models, cardiac patches, computational and theoretical models,
heart valves, and stents as well as in vitro tissue models. Chapter 6 summarizes
bioprinting of in vitro bone models for understanding cancer cell behavior and
microenvironment.

Chapter 7, the final chapter, aims to address the ethical, safety, and regulatory
aspects of bioprinting, specifically related to bioprinting technology, bioinks, and
bioprinted constructs.

Newark, NJ, USA Murat Guvendiren
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Chapter 1
3D Bioprinting Technologies

Christopher B. Highley

Abstract Bioprinting technology offers capabilities for the design and fabrication of
biological and tissue structures. Some of the field’s products are already impacting
human health. Research to increase the complexity and functionality of bioprinted
structures through innovation in bioprinting hardware, techniques, and materials contin-
ues to expand, with the aim of ultimately producing patient-specific tissue constructs.
This chapter offers an introduction to the field, first by considering the emergence of
bioprinting in relationship to enabling technologies. Because of the intense interest and
continuing growth of the bioprinting, specific terminology and potential points of con-
fusion across academic publications are discussed. The three main classes, or modali-
ties, of bioprinting technologies are covered—extrusion-based bioprinting, droplet-based
bioprinting, and bioprinting achieved through directed application of energy, such as
light, to a bioink. The strengths and weaknesses of these techniques are discussed next,
to highlight the potential of varying approaches and to point to opportunities for
advances. Finally, some recent advances in bioprinting that are addressing challenges
that exist in the three modalities are introduced to highlight innovative approaches that
have and will continue to advance the field beyond limitations in the processes used.

Keywords 3D bioprinting - Bioprinting technology - Bioink - Historical perspective

1.1 Introduction

A motivating vision for work within the field of bioprinting is realizing medical
technology that seems fantastic, and describing it sounds like excerpting an idea
from a work of science fiction. In this vision, bioprinting would yield a machine

The original version of this chapter was revised. The correction to this chapter is available at
https://doi.org/10.1007/978-3-030-23906-0_8
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with the capability to create patient-specific, living tissue on demand. The patient
might be someone who has experienced organ failure, a soldier or a civilian in a war
zone who has suffered a traumatic loss of large volumes of tissue, or an individual
undergoing treatment for a disease that required a significant resection surgery. At
the site of treatment, a patient-specific 3D computer model of the lost tissue would
be created from images of the injury, and this 3D model would be transmitted to 3D
bioprinting hardware, which would then—as if out of nothingness—create a living
organ or tissue replacement. From the machine would come a fully functional bio-
logical organ or tissue system, which would be compatible with, and a perfect fit for,
the patient in need (Fig. 1.1).

Presently, this remains a vision. But given adequate control over how cells and
biomaterials are positioned in 3D space, and sufficient knowledge of what struc-
tures need to be established to yield a functional volume of cells and materials act-
ing in concert to perform the physiological functions of tissue—given these things,
it stands to reason that we would be able to fabricate a living system that can aug-
ment or replace lost tissue or even build living tissue itself. Bioprinting is one tech-
nology that allows us to position cells and materials with high resolution in 3D
space, an important prerequisite for achieving this goal. Complementary efforts in
basic science and in engineering and applied science, often using biofabrication
technologies, will yield advances in technology and fundamental science that occur
simultaneously, and often synergistically. For example, by allowing us to create
systems where we can ask how cells respond to given features of their microenvi-
ronments, new technologies enable us to address questions within the realms of
medicine and fundamental science [2—4]. In turn, this knowledge will inform the
development of bioprinting and related technologies, allowing us to understand
what materials and cells we want to print and to specify technical parameters, such
as at what resolution a bioprinting technology must be able to print cells and materi-

Fig. 1.1 (a) A patient-specific injury can be scanned and turned into a 3D computer model (see
zoomed object that would fill the bony defect in the mandible), which (b) in turn is used to generate
print commands (here, three different colored print paths—see zoomed inset—indicate where
three different inks will be printed), (¢) resulting in a bioprinted replacement tissue (adapted from
Kang et al. Nat Biotech 2016 [1])
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als throughout a given tissue construct to yield appropriate structure and function in
the final product.

Some of the biggest questions facing bioprinting do not belong to bioprinting
alone. Understanding the many factors that influence cellular organization into
functional tissue and how this dictates control of structure and positioning of cells
and materials within tissue constructs represent big questions that are central to
efforts in broader fields of tissue engineering and regenerative medicine. The attrac-
tion of, and excitement surrounding, bioprinting as means of fabricating tissue engi-
neering structures is due in part to its capabilities and potential as a technology for
addressing these big questions. Even its current capabilities enable the fabrication
of tissue engineering constructs with complexity that allows us to probe fundamen-
tal biological and physiological questions, while continuing advances are bringing
us closer to solving grand biomedical challenges.

1.2 Contributing Technologies and a Historical Perspective
on 3D Printing, Tissue Engineering, and Bioprinting

Bioprinting has emerged at the intersection of larger fields: additive manufacturing,
tissue engineering + regenerative medicine, and biofabrication (Fig. 1.2a). In par-
ticular, additive manufacturing (AM) and tissue engineering (TE) technologies

a
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Fig. 1.2 (a) A Venn diagram illustrating the relationships between the fields of TE, AM, and bio-
fabrication (circle sizes are arbitrary and not representative of any attribute of the fields). (b)
Schematic illustration of general features of an SLA process. (¢) Schematic illustration of general
features of inkjet printing. (d) Schematic illustration of general features of FDM fabrication((a)
adapted from Groll et al. Biofabrication 2016 [5], (b—d) adapted from Moroni et al. Nat Rev Mater
2018 [6])



4 C. B. Highley

together largely define bioprinting, and both emerged in the late 1980s and through
the 1990s, with work at the interface of AM and TE occurring almost from the out-
set. While both AM and TE have roots in work predating the late 1980s [7, 8], the
first patent for a AM technology—stereolithography—where ultraviolet light was
used to cure one layer of a polymer on top of another using a computer-controlled
light beam and hardware, was issued in 1986. At roughly the same time, the laser-
based sintering of select regions of a layer of powder, followed by the repeated
application of successive layers of powder and sintering to establish a 3D structure
was developed, including using metal powders. Fused deposition modeling (FDM),
where heat was used to extrude filaments of thermoplastic or metal, layer upon
layer, to print a 3D structure was also patented at the turn of the decade [8]. Inkjet
printing had been established for decades at this point, and so by the end of the
1980s, the foundations were laid for extrusion-, energy- (light-), and droplet-based
printing techniques commonly used in bioprinting today (Fig. 1.2b—d).

Efforts to apply engineering to create living tissues are viewed as having begun
in earnest in the late 1980s [7] and reached broader awareness in the early 1990s,
with a paradigm for engineering tissues being established. This paradigm, which
remains central to TE, and also bioprinting efforts, describes the use of biomaterial
scaffolds designed to support relevant cell types toward the regeneration of a defi-
cient tissue in a patient [9]. Cells might be placed on (or within, in the case of
hydrogels) the scaffold structure in vitro, and the scaffold might include biochemi-
cal signals or other cues to direct cells associating with it toward regenerative phe-
notypes. Ultimately, the cell-material construct would be implanted into the patient
which would develop into, or guide the development of, a new tissue. The chal-
lenges surrounding identifying and creating structures with the correct cells, materi-
als, and signals necessary to achieve a regenerative outcome remain central to
research. Fully functional engineered tissue replacements are still lacking for most
tissue types; however, TE technology and fundamental research understanding cel-
lular behaviors have had synergistic relationships, and technologies associated with
TE are important in drug screening platforms [10, 11], stem cell and organoid
research [12], and commercial products [13-15].

Though tissue engineering was in its infancy as a field in the late 1980s and the
use of printing technologies to create 3D structures of cells within hydrogels was
also more than a decade away, there is one remarkable paper describing not only
two bioprinting modalities, but the concept of “micropositioning cells” to create
“two- and three-dimensional synthetic tissues” [16, 17]. Before tissue engineering
or biofabrication existed as fields, this paper not only foresaw but demonstrated
advanced tissue engineering technologies that are still in use today. Capabilities to
position cells at high resolution were demonstrated with inkjet printing of a bioink
and through the use of stereolithographic modification of a substrate. A method of
creating multiple layers of cells was all described, although it would be many years
before any of these techniques would see broad use (Fig. 1.3).

The 1990s continued to see the development of AM and TE technologies both
independently of each other, though with preliminary steps in bioprinting. In AM,
application and refinement of newly established technology occurred alongside the
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Fig. 1.3 (a) An inkjet printhead adapted for the printing of biofunctional molecules (e.g., fibro-
nectin) from the front (left) and side (right) where a hole cut into the side to remove the original
ink bladder and replace it with a silicone tube into which the fibronectin solution was fed. (b)
Photolithographic patterning of cell adhesive regions. (¢) Construction of a 3D tissue formed by
layers of cells, patterned on thin collagen sheets using inkjet methods, and then “glued together”
with collagen. This work was done in 1988 (adapted from Klebe Exp Cell Res 1988 [16])

continued expansion of AM methods. Robocasting [18, 19] was developed, and it
has since been distinguished with respect to other extrusion-based techniques, in
that it has employed materials that would undergo flow and stabilization simply
through the application and cessation of flow-driving forces. Two-photon, femto-
second laser-based technology was also identified as a microfabrication technology
[20]—a method that would enable additive manufacturing approaching the smallest
of scales, including below the diffraction limit of light [21].

It should be noted that usage of the term AM throughout this chapter is chosen
over 3D printing (3DP), despite the modern usage of 3DP, which often equates the
two. This choice is made because in the historic origins of AM technology, 3D
printing referred specifically to technology that deposited binders onto sequential
layers of powders, and AM and solid freeform fabrication (SFF) and rapid prototyp-
ing were more general terms that encompassed a broad cross section of technolo-
gies [22,23]. SFF, for example, is also a general term and encompasses all techniques
that deposit material and/or direct energy to material to be cured or otherwise bound
together to manufacture an object [24]. According to the terminology that defined
3D printing as the deposition of binders onto powders—and that was contempora-
neous to fused deposition modeling’s emergence—FDM was an SFF technique, but
FDM was not 3D printing [22]. In modern usage, 3DP practically equates to the
historic term, SFF, and thus FDM is considered a type of 3DP. This can be confus-
ing, and we will aim to use precise terminology in this chapter. However, it is
unlikely that the common usage of “3D printing” to refer to a broad cross section of
AM technologies will disappear, especially given that the hardware that creates a
3D object is often referred to as a “printer,” and the term “bioprinting” (discussed
more in the next section) encompasses a broad range of technologies to “bioprint”
3D objects that extend well beyond the original “3D printing.”

It bears mentioning here that descriptions of direct write or direct ink writing
(DIW) technologies historically carry meaning very similar [25-27] to SFF. Direct
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write/DIW technologies enable the fabrication of structures without masks [26] (in
contrast to lithography approaches) and around the time in which these technologies
were emerging, the original 3DP technology was a specific technique that was a sub-
set of DIW- or SFF-type technologies [23, 25]. However, in literature, DIW has not
always been viewed as a broad set of technologies similar to SFF, but instead either
equated with a technique called robocasting [28] or, alternatively, listed as a separate
technology from robocasting where both are subtypes of extrusion-based methods
[22, 24]. This can be another source of confusion within AM terminology, given that
robocasting is regarded elsewhere as one subtype among many DIW technologies.
Clearly, terminology evolves, for better or worse, and varies depending on source.

Focuses of TE research in the 1990s included scaffold processing and different
tissue targets [29]. Toward bioprinting, initial work was undertaken by pioneers that
bridged the still young fields of tissue engineering and SFF. For example, in some
of the earliest work on what would now be considered bioprinting, the 3DP-based
(“3DP” in its original meaning) deposition of a chloroform binder onto sequential
poly(lactic acid) powder layers yielded scaffolds for drug release [30] or bone
regeneration [31]. In forward-looking work, this technology was also used to spa-
tially control regions where cells might adhere within a scaffold, toward controlling
the arrangements of multiple cell types within microarchitectured scaffolds [32].
Selective laser sintering of hydroxyapatite and calcium phosphate particles coated
with a polymeric binder yielded a potential bioceramic for orthopedic implantation
[33]. Stereolithography was used to fabricate a scaffold from a slurry consisting of
hydroapatite particles, low viscosity acrylate, and a photoinitiator. FDM [34] depo-
sition of poly(caprolactone), a common material in TE scaffolds, to create a porous
construct which could be seeded with cells for TE, followed soon after. Innovative,
non-SFF approaches to TE at the microscale were pioneered during this time, and
microfabrication began to come into its own [35], including, for example, influential
demonstrations of multiple cell types arranged by lithography-based techniques
[36] and of the critical importance of features of cellular microenvironments [37].
Consideration of how technology would enable microscale engineering would
remain prominent in the development biofabrication and bioprinting technology to
come. The printing of cells using a laser-guided process, similar to optical/laser
tweezers, was demonstrated in 1999 [38].

The early 2000s saw the continued development of AM capabilities, often
through innovation on the material (as opposed to hardware) side of AM technology
that expanded possibilities for AM and bioprinting. For example, new capabilities
were demonstrated enabling the printing soft hydrogel materials [39] and the use of
fugitive inks in AM to print complex channel structures [40]. In the mid-2000s, the
patent on FDM expired [8], which would be important for the spread of AM and
positively influence activity in bioprinting as an area of research in recent years.
After the patent expiration, popular (non-specialist) open source AM hardware
movements were initiated—in general discussion, these technologies were often
referred to as open source 3DP, contributing to the blurring of the meaning of the
term 3D printing. The term open source referenced a software (non-AM) movement
that emerged among computer programmers and software developers in the 1990s.
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Proponents of open source software aimed to democratize computer technology,
particularly through open—i.e., collaborative and public—sharing and develop-
ment of source code for software. That ethos was shared by those initiating and
participating in open source AM movements, where a central goal was disseminat-
ing this powerful manufacturing technology, which would allow digital sharing and
subsequent fabrication of physical products and tools with anyone, anywhere on the
planet.

The open source RepRap and Fab@Home projects, which originated at the
University of Bath and Cornell University [41, 42], respectively, were successful in
spreading affordable kits and catalyzing the formation of communities of “makers”
who continue to engage with and expand these open source technologies online.
Many now working with AM technology (often referred to as “3D printers” or “3D
printing” in popular, but historically confusing, usage) and bioprinters, in academic
as well as commercial and entrepreneurial settings, first experienced AM through
do-it-yourself kits or participate in Makerspaces that bring together people within
communities who are interested in these technologies. The accessibility of the hard-
ware and communities, both online and in person, has helped enable researchers
whose experience might be more heavily based in tissue engineering or biomaterial
research to begin experimenting and innovating with AM hardware [43].

During this same time, research efforts in tissue engineering were expanding
understanding and possibilities for engineering extracellular factors that influence
cell fate. Work focused on controlling extracellular complexity to influence cell
phenotypes within cell-material constructs increased, as did research in related
areas, such as at the interface of TE and stem cell biology [44]. In an example of the
synergistic relationship between fundamental and applied science, fundamental
insights into how mechanical factors influence stem cell fates [45] led to rapid
expansion of research in mechanobiology and consideration of mechanical factors
in tissue engineered constructs [46]. Dynamic materials for TE and regenerative
medicine became more sophisticated [47], and technologies converged, for exam-
ple, in enabling stem cell-based constructs where temporal control over material
properties modified cellular phenotypes [48].

At the interface of fabrication and TE, new techniques were invented to assemble
tissue constructs, often toward the goal of using technology to control cellular
microenvironments in cell-material constructs [6, 49, 50]. Techniques included
those to position cells within hydrogels [51] and to assemble individual hydrogel
[52] or cellular [53] components into larger constructs [54] in bioassembly [5]
approaches. During this decade, increasing interest and excitement surrounding
bioprinting technology was thus related to broad interest in biofabrication approaches
to address challenges within TE [29].

Considering bioprinting- and SFF-type technologies applied to TE specifically,
trailblazing work in early 2000s would lead establishing bioprinting as an area of
research within the broader field of biofabrication. An expansion of techniques,
including SFF technology [55] that had thus far seen limited or no use in TE or soft
material applications, such as robotic dispensation [56, 57], were used in the cre-
ation of biofunctional or bioactive scaffolds for TE. Efforts also began to focus
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around the concept of bioprinting tissues and organs. In place of polymer-rich
materials as inks, in the early 2000s, cell aggregates and spheroids were used as
bioinks, deposited initially using a modified inkjet printer fitted with luer-lock nee-
dles [39, 58] in a hybrid droplet-based technology that pointed toward the eventual
use of extrusion-based technologies in spheroid printing. The printing of cell spher-
oids was introduced as an approach to tissue and “organ printing” [58, 59], where
high cell numbers would be required to achieve cell densities seen in vivo. This cell
aggregate-based approach to formulating and printing inks eventually led to the
founding of the company Organovo. The idea that cells might be printed was
explored using an aerosol-based technique, with the idea that it might be used to
seed cells into a 3D scaffold for 3D tissue [60]. A laser-based droplet formation
technique (laser-induced forward transfer) was shown to be able to print cells on a
2D surface [61, 62].

Other biofabrication technologies were also introduced in the early 2000s with
biomedical (e.g. TE) applications in mind at their inception, reflecting biomedical
need motivating adaptations of SFF processes. For example, new capabilities for
extruding hydrogel materials were introduced in a specialized form of extrusion
called bioplotting [57]. A BioAssembly Tool, similar to what might now be consid-
ered a custom built extrusion-based printer, demonstrated both pneumatic and
plunger-driven extrusion of multiple cell-containing bioinks [63, 64]. Other extru-
sion-based methods for AM of tissue scaffolds were explored as well, both with and
without cells [65], including early uses of alginate-based bioinks [66, 67].
Lithographic approaches progressed from patterning multiple cell types without a
printer [68] and printing hydrogels without cells [69] to first attempts using SLA to
fabricate cell-containing scaffolds [70]. During this time, the strengths of two-pho-
ton laser-based lithography were harnessed to modify cellular microenvironments
to control cell behaviors [71-74].

While advances in material development for bioprinting will be covered in more
detail in the next chapter, it is worth noting that soft, hydrogel materials, which are
important TE [75], are also particularly important in the bioprinting of cell-
containing inks. Progress in the development of new and existing methods for the
extrusion and droplet-based printing of these materials was, and remains, an impor-
tant focus of bioprinting research. In the 2000s, inkjet printing was demonstrated in
printing hydrogels and cell-containing bioinks [76—79], and reports on the extrusion
of hydrogel-based bioinks followed from the expanding field. However, translating
many hydrogel systems developed for TE to bioprinting remained challenging
owing to printing requirements of flow and rapid stabilization, and this remains an
enduring challenge in bioprinting [80, 81]. Hydrogels that could undergo rapid
cross-linking in the presence of a chemical or thermal cue—in particular alginate
[66, 67] and gelatin [82], respectively—became well-established as important bio-
inks in bioprinting research.

In the beginning of the 2010s, bioprinting was well-established, and the field
grew [83] alongside other applications of AM in science and engineering. Each
bioprinting technology (e.g., extrusion, droplet-based, and light-based, to name
some major categories) has inherent strengths and limitations, and researchers have
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worked to address challenges toward realizing bioprinting’s potential, as will be
discussed in sections specific to the technologies below. Progress continues to be
made in applications of bioprinting technology to address major challenges in TE
and regenerative medicine—achieving functional tissue structures, or using the
technologies for printing vasculature, for example. These areas of application of the
technology will also be discussed in greater depth in later chapters, and they repre-
sent significant research efforts undertaken as bioprinting technologies have
advanced. In terms of the emergence of new bioprinting modalities, toward address-
ing the challenge of attaining increasing control over resolution and microscale, the
emergence in recent years of melt electrowriting [84, 85] is noteworthy. Melt elec-
trowriting offers unique strengths through combining strengths of AM with electro-
spinning, enabling deposition at microscale resolution of filaments with diameters
possible in the 10s of microns to single micron range.

Looking forward, the continued, synergistic development of hardware and mate-
rial technology has been seen in recent years. Adaptations will be made to hardware
and the printing process to facilitate the printing of bioinks that do not have ideal
print properties, and vice versa—materials will be modified to render them printable
within using existing AM technologies. Within existing bioprinting technology, we
now have multiscale capabilities—high-resolution capabilities in addressing 3D
space and the ability to address that space across macro-length scales—that even the
least expensive printers can achieve, but which remain as yet not fully utilized.
Identifying materials, or formulations of materials, with properties useful for print-
ing will continue to represent an important direction for ongoing research.
Combining bioprinting modalities will similarly offer opportunities to design pro-
cesses that bring multiple tools to bear on complex problems, where a single tech-
nology might not be optimal for all facets of a problem. The strengths of SFF/AM
approaches in application to TE challenges have not become any less attractive
since the technologies’ invention, and—as will be discussed in this book—these
strengths will continue to address challenges within TE [29, 86] in order to advance
the field’s capabilities to design and build functional tissue structures.

1.3 What Defines Bioprinting Among Related Technologies?

With time, technologies capable of positioning cells and materials in 3D space toward
creating tissue constructs of defined compositions have become increasingly sophis-
ticated and diverse. Thus, defining bioprinting among related technologies is impor-
tant not only in the context of this chapter but more broadly within research
communities, especially in terms of communicating results and ensuring that the
meanings behind terminology used can be broadly understood [5, 87, 88]. Moreover,
with respect to the history of bioprinting, the potential confusion surrounding the
terms 3D printing, solid freeform fabrication, direct ink writing, robocasting, and
extrusion-based printing was discussed. Difficulties with understanding distinctions
that are drawn through word choice adds to challenges in understanding the field’s
work, especially for scientists and engineers new to AM and bioprinting technology.
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According to current proposed definitions, bioprinting is a subset of biofabrication
technology, where biofabrication is defined as “the automated generation of biologi-
cally functional products with structural organization from living cells, bioactive
molecules, biomaterials, cell aggregates such as micro-tissues, or hybrid cell-material
constructs, through Bioprinting or Bioassembly and subsequent tissue maturation
processes” [S]. Bioprinting specifically refers to fabrication using “computer-aided
transfer processes for patterning and assembling living and non-living materials with
aprescribed 2D or 3D organization in order to produce bioengineered structures serv-
ing in regenerative medicine, pharmacokinetic and basic cell biology studies” [5, 89].
Bioassembly refers therefore to non-bioprinting techniques used to assemble a larger
cell-material construct from smaller components [5, 55, 90, 91].

According to this terminology, fabrication by bioprinting includes using AM tech-
nology to print cells, biomaterials, and bioactive molecules, but it does not require
that printed material include cells. An acellular construct could therefore be the prod-
uct of bioprinting if the intended use is biological, where, for example, cells that are
seeded onto—or infiltrate—the construct would be directed by the printed scaffold to
organize into a biological structure or achieve a biological outcome. It is worth noting
that bioprinted materials can therefore include both biomaterial inks and bioinks.
Biomaterial inks are quite simply biomaterials that are designed to be processed
using AM technologies. Biomaterial inks might include soft hydrogel materials
deposited using extrusion or droplet-based printing [92]—or bioactive hydroxyapa-
tite-based scaffolds fabricated from powders using printed binders and sintering [93].
Bioinks refer specifically to a cell-containing material deposited through an AM pro-
cess [77, 87, 94, 95]. In fact, a bioink may be composed almost exclusively of cells
with no other material component—historically the term bioink emerged in conjunc-
tion with technology for printing cell aggregates [96]. Thus, while bioprinting does
not always employ a bioink, an AM process using a bioink will be bioprinting.

Defining bioprinting as AM processes that can use biomaterial inks that do not
contain cells (as long as the final application is biological), but bioinks as printed
materials that must include cells, is a potential point of confusion. These terms are
grounded in the historic evolution of the field. Research in using of AM technologies
toward biological applications—for example, in the creation of early, acellular TE
scaffolds—had been ongoing for a number of years by the early 2000s when both the
terms bioprinting and bioinks came into use. Notably, neither “bioink™ nor “bioprint-
ing” was used by some of the field’s pioneers in a 2003 publication describing “organ
printing” [97], but in 2004 both terms were in use as these early researchers, and
others, met in a first international workshop in forward-looking efforts to “consoli-
date this new direction in bioengineering” and to build scientific community around
it [76]. The term bioink, which emerged around this time, was deliberately designed
to indicate a printable ink that consisted of a biomaterial and cells or that contained
only cells—differentiating this innovation from acellular approaches in use at that
point. Again, owing to potential confusion surrounding the prefix “bio-,” there may
exist a need for further definition and standardization of terminology. But more recent
acellular printing examples that would be considered bioprinting include work on the
droplet-based printing of a hydroxyapatite scaffold directly into a cranial defect to
apply additive manufacturing technology directly in a medical application [98].
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This chapter focuses on bioprinting technology for the printing of cell-containing
structures and bioinks, which should comply with all usage of the term bioprinting
elsewhere and remain relevant should an official standard emerge. Because of the
potential for confusion, and given the lack of an industry standard definition, such as
established by ASTM, it remains important to be careful to pay attention to mean-
ings and methods when reading literature in the field of bioprinting. It is important
to be aware of efforts to define a standard nomenclature [5, 87, 99], and this chapter
aims to adhere to those definitions but tries to be clear in stating when a particular
bioprinting approach is acellular. Should standard terminology eventually be defined,
the reader is advised that certain techniques now considered “bioprinting”—here
and elsewhere—may fit under an alternate category of biofabrication in the future.

1.4 Bioprinting Workflow

In AM, a physical object is created through a process that translates a digital repre-
sentation of a physical object into a tangible product. In bioprinting, the process is
generally the same, although there might be technical considerations surrounding the
use of soft materials or bioinks that would have to be considered [55]. In a typical
AM process, a 3D computer representation or model of the final product is created
using computer-aided design (CAD) software or generated from imaging data.
Next—in the case of layer-by-layer approaches, which represent the majority of AM,
printing-type, processes—this model would be computationally sectioned into lay-
ers (or sliced). Based on the structure of each layer, a series of commands would be
generated that describe how the printer should move, and how material should be
deposited during these movements. These commands are then transferred to a printer,
which would then process them to actuate movements of printheads, build surfaces,
and other hardware components, thereby depositing layer upon layer of material(s),
according to the print commands, until the desired structure is achieved (Fig. 1.4a).
As described above, when a product is being manufactured from a computer
design, that object must first be constructed in silico as 3D model. CAD software
might be used to first model a part, although, in bioprinting, the goal is often a substi-
tute or replacement for native biology. In the ultimate application of bioprinting, the
part would be a patient-specific tissue construct, as has been demonstrated in the
printing of hydroxyapatite scaffolds for bone regeneration, which have been designed
to fit a specific tissue defect [101]. In a medical application, a strength of bioprinting
as a TE technology is that the 3D computer model of the final structure may be cre-
ated from medical images. Medical imaging commonly uses a number of noninvasive
modalities to obtain images that are used in clinical diagnoses and treatment.
Computed tomography (CT), based on X-ray imaging, and magnetic resonance imag-
ing (MRI), which uses nuclear magnetic resonance to form images, can both directly
provide 3D data from which a computer model of a tissue defect specific to an indi-
vidual injury might be generated and used in bioprinting a tissue construct [100, 102]
(Fig. 1.4b). Other techniques which can provide personalized 3D representations of
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Fig. 1.4 (a) Flow diagram detailing the bioprinting process, from a medical image to printed
construct—numbering corresponds to respective image in (b). (b) Images of the products (2D and
3D computer images and a printed construct) that might be seen at steps labeled by numbers in (a)
((a) adapted from Sun et al. Biotechnol Appl Biochem 2004 [55], (b) adapted from Biicking et al.
PLoS One 2017 [100])
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tissue structures include ultrasound and photoacoustic tomography (PAT) [103]. PAT
uses a combination of optical excitation and ultrasonic detection to achieve extremely
high resolution, multiscale imaging capabilities—it has been used to image blood
flowing in individual capillaries [104]. These capabilities potentially complement
multiscale capabilities available within bioprinting approaches.

Medical images might be used as the basis for the reproduction of a biological
tissue, or they might be used to guide the design—as in injury or disease where
original tissue is lost [65, 105]. The 3D computer model of the biological structure
that derived from a patient or created de novo using CAD approaches can be saved
in standard file formats that are easily shared between CAD software that include
IGES and STEP. Often, computer models of objects to be (bio)printed using AM
technologies are converted into a standard tessellation language (STL) format for
printing. The STL file is then opened in software that computationally processes the
object into layers (in a process referred to as slicing) and commands that control
hardware movements. The STL file format was established with stereolithography
printing in the 1980s, and it provides a digitized representation of surfaces of an
object as being composed of discrete small triangles, based on the 3D coordinates
of the triangles’ vertices and vectors normal to their surfaces. An STL file specifies
the shell of a volume of an object, but not the details of what is contained within the
volume. An STL representation of an object can be shared easily, but the end user
must know, or decide, what materials to use in printing that object.

With respect to processing of a digital 3D object into print commands, specific
details may vary depending on the hardware or software used—particularly if pro-
prietary or custom commercial systems are used. Specific print commands will vary
with deposition methods as well, for example, continuous deposition of material in
extrusion versus discrete deposition in droplet-on-demand, deposition methods ver-
sus light-based photocuring. Generally, the next step in the process would be import-
ing the digital representation of the 3D object—the STL file, for example—into
slicing software. According to software design and user-specified parameters, the
object would next be computational “sliced” into thin layers. Layer thickness, and
therefore z-resolution of the final object, would be controlled here. These layers
would then be processed into a series of commands that will direct the printer’s
movements and material deposition. Again, depending on user input, many aspects
of the hardware paths can be controlled, including important aspects of the process
such as the rates of movement and extrusion and the spacing between printed
paths—material spacing will correspond to print resolution and affect porosity. One
can imagine bioprinting-specific slicing software that might automatically generate
features such as voids that line up to form vessel-like channels.

The motion and extrusion commands that determine the print process are, at this
point, a sequential series of movement commands, specific to that printer and that
particular printed object. These commands are very often in G-code format—a for-
mat well established for computer-aided design and computer-aided manufacturing
(CAD/CAM) processes (Fig. 1.5). G-code predates AM, having been used to direct
numerical controlled milling machines in decades prior, for example. The sequence
of print commands, whether in g-code or another format, can be saved as a text file,
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Fig. 1.5 Simple cube structure, sliced and translated to g-code to illustrate g-code commands. The
yellow line in the bottom left of the image of the print paths on the left corresponds Line 11 in the
g-code on the right (line is partially obscured by the white circle that represents the origin). This
particular image is from Repetier-Host software. Complete lists of g-code commands are readily
available online. Implementation of codes will depend on firmware

for example, for later use, reference, or even manual modification. However, it is the
STL file that can most easily be shared, with each user slicing the object as desired
and generating print commands specific to the printer they are using. Thus, one 3D
model in STL format (e.g., a patient-specific tissue geometry) could be easily shared
and fabricated on multiple printers—with perhaps more sophisticated systems offer-
ing increasing resolution or control over some other feature of the tissue construct.

In the final step of the (bio)printing process, the software that provides a com-
puter interface with the printer sends the g-code (or similar) commands to the
printer, where a microprocessor translates them into electronic signals that actuate
the movements of motors and/or toggling of lights/switches/valves that comprise
the physical printing process. This translation is mediated by firmware, a class of
software that is stored on the hardware of a device—here the (bio)printer. In open
source printers, firmware might be modified through a software environment on the
computer, which can compile and upload modified firmware to the printer, enabling,
for example, new g-code commands to be specified to yield new printing behaviors.
In this way, g-code can be used to control printing functions in non-extrusion
modalities such as laser-based sintering methods [106]. This general process will
hold for many commercial printers as well, although commercial printers often use
fully supported, proprietary software. There are always trade-offs to consider in
choosing to use open source methods, particularly as commercially available print-
ers become more affordable and increasingly sophisticated.

After a tissue construct is created, there might be post-processing to stabilize a
printed structure [107—111] or remove support material [112—114]. Also, as in stan-
dard tissue engineering approaches, after fabrication of a structure, more steps may
be necessary to create the final tissue construct. It may be necessary to introduce
cells onto, or into, an acellular construct [115-118] for example. Time in culture
may also be necessary for cells printed in a bioink to recover from the printing pro-
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cess, or to allow time for certain cellular processes to occur. For example, time may
be required to allow cells to form endothelial layers within channels [119]. Some
tissue constructs are designed to support the emergence of structure from the cells
themselves, such as the formation of capillary networks [120, 121] or cell—cell
interactions that result in tissue constructs whose function more closely recapitu-
lates native physiological function [122].

In considering this process with respect to bioprinting specifically, as opposed to
acellular printing, there are limitations in representing the full complexity of tissue
using the standard approach of generating an STL, then slicing it, and finally gener-
ating print paths and commands. A macroscale structure represented by a single
STL file might be designed to match a tissue defect, but without careful design of
the process of slicing and generating print commands, the final bioprinted product
might have the shape of a tissue or organ, but otherwise contain no more functional-
ity than if the ink material were simply cast in a mold of that shape. Important physi-
ological features, such as vessels and nerves, would be missing, as would microscale
arrangements of cells. In particular bioprinting applications, this may not be impor-
tant. However, when it is, slicing and path-generation software should be designed
(or configured) to include porosity or to specify the printing of microscale structures
such as vasculature, for example. If particular cellular or material arrangements are
needed within a final structure specified using the standard STL approach, either
multiple files describing the components of the structure would be needed, or the
slicing and pathing software would need capabilities to allow the specification of
such patterns within the part. The challenges surrounding achieving this are dis-
cussed at more length later in this chapter and in subsequent chapters in this book.

The process described and represents a basic workflow that would apply to stan-
dard AM as well as bioprinting methods. Bioprinting comes with additional consid-
erations that range from how to prepare a biomaterial ink or bioink for printing and
to load it into the printer. Maintaining a sterile environment is important if the
printed construct will be incubated with mammalian cells or implanted in a patient.
In the case of bioinks, sterility must be considered throughout their preparation and
use. Furthermore, cells must be handled to avoid stimuli that might alter phenotypes,
particularly in the case of stem cells, in undesirable ways or that might otherwise
damage cells. Maintaining the viability of cells within bioinks throughout prepara-
tion, during, and after printing can be challenging. A further consideration that might
result in deviation from the standard workflow is whether a printer must be modified
in any way to facilitate the printing of a given material. Print processes may have to
take into consideration the control of hardware that induces cross-linking in a bio-
ink, for example, in order to maintain a stable 3D structure.

It should be noted that the general process of creating a CAD model, slicing it into
layers, generating print commands, and sending these to a printer is not the only way
to use a printer for bioprinting. Variations to the process might follow from unique
hardware, software, or a given process itself. For example, printing need not always
proceed in a layer-by-layer fashion, and the method for generating print commands
would have to account for this. This might be the case in instances of specialized
printer hardware, such as multi-axis robotic arms fitted with printheads and designed
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for printing on any surface from any direction [123]. Even using traditional printer
technology, the printing of lattice structures—Ilike those used to create channels
within hydrogels from fugitive inks—might not be a layering process [124—127].
Instead, printer movements and material deposition might be continuous, moving as
needed in any direction through three-dimensional space. If automated generation of
print paths were desired, software would have to be designed to automatically deter-
mine these paths based on a given geometry—e.g., based on a desired 3D density of
channels in the final volume. In the case of simple structures, print commands might
simply be composed manually if a given software and hardware system allows for
this. In the case of g-code, a simple series of commands can be easily written by hand
and might be sufficient for initial testing of a new print process or the extrusion of a
new bioink. At the end of the day, the (bio)printer is a tool that facilitates the con-
trolled placement of (bio)inks in 3D space at high resolution. There is no single, cor-
rect way to use it. How the tool is applied to a given problem will depend on the
researcher and her/his choices in adapting software and hardware to that application.

1.5 Bioprinting Technologies

Bioprinting technologies are diverse. Bioprinting has largely evolved from AM/SFF
technologies, a number of which have been mentioned above. The field has also
continued to evolve to include modifications to processes that are intended to facili-
tate achieving goals particular to bioprinting. As discussed previously, bioprinting
aims to apply the strengths of SFF to addressing grand challenges in tissue engi-
neering—in particular, fabricating tissue constructs with biomimetic complexity
and function. Compared to other biofabrication technologies, the strengths that SFF
uniquely brings together include high-resolution positioning capabilities (<100 pm)
in 3D space; the ability to address these locations throughout a macroscale (<1 mm)
volume in order to fabricate large objects; the repeatability and accuracy that comes
from automated, computer-controlled fabrication hardware; the ease of redesigning
and iterating on designs that come from CAD; the possibility to fabricate a patient-
specific tissue construct; and the accessibility of the technology—at this point, these
strengths are available in even the least expensive do-it-yourself printers.

Thus, through the application of SFF to TE in bioprinting processes, researchers
can rapidly design and build scaffolds with multiscale architecture—including
porosity at the mesoscale (100 pm to 1 mm) that is critical to the survival of cells
within larger constructs. Through material choices, further features of a construct
might be engineered—including biochemical and biomechanical cues that are
important to directing cellular behavior or aiding in regeneration. Bioprinting offers
capabilities to structure multiple materials with increasing complexity throughout
the printed construct. Through the continued development of materials and methods
for bioprinting, the use of bioinks also enables the controlled fabrication of scaffolds,
or scaffold-free structures, with high cell densities and with control over the place-
ment of heterogeneous populations of cells (i.e., multiple cell types) throughout their
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volumes. This capability is important in the fabrication of tissue- and organ-like
structures, and it represents an important advance over traditional scaffold manufac-
ture and seeding methods from tissue engineering and acellular bioprinting.

In reviews of the field, SFF and bioprinting technologies are typically described
grouped into categories that organize the many varieties of the techniques into a
few, common modalities. These categories typically include the three categories
that will be used here: extrusion-based methods, droplet-based methods, and
methods based on the application of light or heat, i.e., energy-based methods. Not
all techniques can be easily categorized within a single category—for example,
laser-induced forward transfer (LIFT) printing uses a laser (energy) to generate a
droplet that is deposited on the print surface. A decision to categorize a technology,
such as LIFT, in one category over another may be regarded as reflecting the inter-
disciplinary nature of the field, where authors’ decisions are derived from experi-
ence in developing printer hardware and/or materials for use as inks. Here, LIFT is
categorized as droplet-based printing, because the printing method is established on
the hardware side, and ongoing considerations for the development of this method—
like many methods—focus on the design and behaviors of the materials used as
bioinks. In terms of materials, it is more closely related to other droplet-based meth-
ods than to energy-based methods.

1.5.1 Extrusion-Based Bioprinting

Extrusion-based methods represent the most common and accessible bioprinting
modality [102, 128, 129]. Extrusion methods are characterized by the continuous
extrusion of a bead of material—or filament—from a nozzle. In bioprinting applica-
tions, the (bio)ink to be printed is often contained in the barrel of a syringe to which
a nozzle is attached. Flow might be driven by pneumatic pressure [130, 131] or
through displacement of the material with a syringe plunger or a screw driver [67,
132, 133] (Fig. 1.6a), with mechanical extrusion offering potential advantages in
flow control owing to lags in building up and relieving pressure in pneumatic
approaches. The nozzle through which material is extruded is commonly a blunt
syringe needle, a conical dispensing nozzle, or a glass capillary tube. Of course,
more sophisticated hardware design is possible, and the engineering of printer com-
ponents, such as the nozzles used in extrusion-based bioprinting, offers opportuni-
ties to expand capabilities in bioprinting.

Materials used in extrusion-based methods as (bio)inks must be capable of flow
through the nozzle, where the cross-sectional geometry of the orifice has a large
influence on filament geometry. Upon leaving the nozzle during extrusion, the mate-
rial in the printed filament must rapidly transition to a stable state so that the three-
dimensionality of the deposited filament is preserved, enabling a 3D structure to be
built, layer upon layer. This transition is dependent on the properties of a given
material, and so some extrusion-based methods are closely tied to a particular mate-
rial or class of materials. A number of commonly defined modalities are listed
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Fig. 1.6 Extrusion-based AM and bioprinting techniques. (a) Robotic dispensation. (b) Low-
temperature deposition. (c) Pressure-assisted micro-syringe extrusion. (d) Robocasting. (e)
Bioplotting. (f) Cell spheroid-based bioprinting, showing spheroids and continuous cell filaments
in a syringe, printer hardware, and cell spheroids deposited in support gels and upon sacrificial
support filaments ((a) adapted from Malda et al. Adv Mater 2013 [80], (b) adapted from Xiong
et al. Scr Mater 2002 [134], (c) adapted from Vozzi et al. Tissue Eng 2002 [135], (d) adapted from
Cesarano et al. 1997 [18], (e) adapted from Landers et al. Biomaterials 2002 [57], (f) adapted from
Jakab et al. Biofabrication 2010 [136])

below, but most extrusion-based bioprinting using hydrogels and bioinks do not fit
in one of these categories and would simply be grouped as “extrusion-based bio-
printing” without further classification.

Thermal transitions are utilized in fused deposition modeling (FDM) (Fig. 1.1d).
Given its long history and wide use in open source technologies, FDM is one of the
most well-known well-established SFF methods. In FDM, thermoplastic material is
driven through a nozzle that is heated to a high temperature at which the thermo-
plastic material behaves almost as a viscous liquid. These materials extrude as a fine
filament (~200 pm diameter). These materials are entirely polymeric—in contrast to
a hydrogel which is >90% water—they exhibit high viscosity at print temperatures,
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and rapid cool and solidify, and consequently are extremely well suited to
SFF. However, the polymeric materials used in FDM and similar processes cannot
easily be formulated as bioinks for bioprinting applications. Even in acellular bio-
printing, the elevated temperatures required for extrusion often subject materials to
temperatures approaching 100 °C and higher, which can be detrimental to the bio-
activity of scaffold materials [137]. However, these have been used in composite
inks that include ceramics and metals [92].

Cooling extruded materials can also induce thermal transitions that stabilize
extruded biomaterial inks. In low temperature deposition modeling (LDM) [134]
(Fig. 1.6b) and cryogenic 3D printing [138], for example, the printed acellular bio-
material inks were mostly solvent by weight fraction, and by controlling the tem-
perature of extruded material to achieve freezing prior to flow of the solvent-rich
inks, stable filaments could be printed in ways that preserved scaffold bioactivity.
However, like FDM, the temperatures used were incompatible with bioinks, and thus
printing was acellular. In order to harness thermal transitions in applications of bio-
printing using bioinks, the temperature range over which the bioink must transition
from flowing to stable must be cytocompatible, which means that it should be above
0°C, as cells and bioinks are highly hydrated and ice formation must be avoided, and
temperatures should not exceed 37 °C by much or for long periods of time, as ele-
vated temperatures can be cytotoxic and cause proteins within cells to denature.

Other examples of acellular extrusion techniques used to fabrication tissue engi-
neering scaffolds include robocasting and pressure-assisted micro-syringe (PAM)
extrusion [135, 139]. PAM extrusion uses small, glass capillary-based nozzles to
deposit materials dissolved in volatile organic inks [135] (Fig. 1.6¢). The rapid
evaporation of the solvent after printing leads to formation of a solid construct, with
viscosity of the ink and solvent volatility being key features of the print process. In
tissue engineering applications, scaffolds have been seeded with cells to provide
structural, mechanical, and biochemical cues [139]. Robocasting specifically refers
to the extrusion of ceramic slurries, although the printer hardware itself is similar, if
not identical, to printer hardware that can be used in the extrusion of other materials
that behave similarly to ceramic slurries in printing (Fig. 1.6d). Robocasting was
developed as an alternative to traditional casting approaches for creating ceramic
structures [18, 19] and instead used robotic dispensation (essentially, extrusion-
based printing from a current view) to deposit ceramic inks. A key point of innova-
tion in robocasting technology are the inks, whose rheological properties were
remarkable in their ability to flow under shear stress and return to a solid-like state
with a yield stress upon deposition. Printed structures might solidify further as
water in the slurry evaporated.

In work following robocasting, colloidal gels exhibiting a similar viscoelastic
response were designed to be printable materials in extrusion-based freeform fabri-
cation [23] (Fig. 1.6a). Although they were not initially developed for bioprinting
applications, materials like these—where, for example, particulate [23], polymeric
[140], and/or ionic content [140] enable filament stabilization upon deposition—are
noteworthy in discussing extrusion-based technologies. These materials were print-
able simply through a design that gave them inherent ability to shear thin and imme-
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diately set upon deposition. Filament sizes crossing many orders of magnitude have
been printed, allowing fine and complex features [140], even dynamic [141], struc-
tures to be achieved according to nozzle and material design as well as print param-
eters. The extrusion-based process for printing inks formulated to establish stable
filaments immediately upon leaving a nozzle has been described simply as a DIW
process, but given no further classification (such as robocasting, FDM, bioplotting,
etc.). Perhaps because of the early impact of these materials, DIW has become syn-
onymous with the extrusion printing of colloidal gels, although DIW originally
encompassed all the techniques discussed here as extrusion technologies, as well as
droplet-based techniques discussed later [27].

Two extrusion-based technologies that were significant milestones in developing
bioinks for bioprinting were bioplotting [57] and the printing of cell aggregates
[58, 136, 142—145]. Bioplotting was the name given to the technique first developed
for printing hydrogel structures. It was distinguished [146] from other extrusion
approaches through a method of printing a hydrogel precursor solution into a liquid
medium that was designed to support the formation of the hydrogel structure
(Fig. 1.6e). The liquid medium’s density and viscosity were key factors in success-
fully printing low viscosity aqueous solutions that could form hydrogels by a vari-
ety of mechanisms—thermal changes, a reaction with a coreactive component in the
plotting medium, or multi-component dispensation. The flow could be driven pneu-
matically or mechanically, and material deposition could be in the form of continu-
ous strands or microdots. While bioinks were not used in the initial work, cells
could be seeded onto the scaffold after printing [57]. The printing of hydrogel mate-
rials containing cells is a dominant form of bioprinting today.

The printing of cell aggregates was essentially an extrusion-based technology
that represented a prominent initial approach to using SFF-type technology for the
purposes of fabricating tissues and, ambitiously, full organs. The distinguishing
characteristic of this method was the use of cell aggregates as a biological ink—as
mentioned before, the term bioink has roots in this technology. Though polymeric
material can be included in the cell aggregates, its purpose is largely to prevent the
merging of individual cell aggregates prior to printing. Cell aggregates are formed
in advance, as can be achieved through hanging drop culture or non-adherent tissue
culture dishes. These aggregates are then loaded into a microextrusion printer and
deposited into positions on the print surface (Fig. 1.6f). Various hydrogel materials
have been used to support the aggregates during fabrication—for example, printing
into thin, intermediate layers of hydrogel [147] or onto cured hydrogel supports
[143]. Microneedles have also been used as supports [148]. However, these materi-
als are viewed as removable supports and not scaffolding in the traditional TE sense;
hence, this is considered a scaffold-free biofabrication/TE technique. Minimal
material exists between cells within these structures, as the intent is to facilitate self-
assembly of dense cellular structures from the fusion of aggregates. The resulting,
macroscopic construct would have cell densities approaching native tissue. The
self-organization of the cells is intended to allow them to define cellular and extra-
cellular structures, including the construct mechanics and functional properties.
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Despite the many categories listed here and the expanding examples of extrusion-
based bioprinting, most extrusion-based technologies used to print bioinks today
might simply be best referred to as extrusion-based bioprinting methods without
any further classification. That would also put these bioink extrusion technologies
under broad definitions of DIW or robotic deposition. Because almost all methods
for bioink extrusion process bioinks by moving them from a syringe to a build plat-
form through a syringe needle or tapered conical nozzle, what distinguishes these
techniques are the means for stabilizing the extruded materials. Stabilization meth-
ods are as diverse as the material systems used—materials used in bioprinting will be
covered in more depth in the next chapter—attempting classification into categories
specific to each system could yield a very large number of individual categories.

1.5.2 Droplet-Based Bioprinting

Droplet deposition techniques deposit discrete volumes of a biomaterial ink or bio-
ink onto a surface by means of a variety of droplet-forming techniques. The move-
ment of the material from the ink source (or printhead) to the print substrate is
always in the form of droplets, but the means by which the droplets are formed
varies depending on the technology used. Upon reaching the print surface, materials
in the droplet must rapidly stabilize, prior to radially flowing and spreading on the
surface, in order to establish a three-dimensional structure. The behavior of the
droplet impacting the print surface is mainly influenced by velocity, (bio)ink viscos-
ity, and the relative hydrophilicity of the droplet and surface materials [149]
(Fig. 1.7a, b). Higher viscosities will lead to lower spreading but may be harder to
print. Materials have been stabilized upon reaching a print surface in various ways
[152]: by printing onto a surface that contains a cross-linking agent that can rapidly
diffuse into the printed ink, by using an additional printhead to print a cross-linking
agent directly over a bioink previously printed from another printhead, and by print-
ing onto a surface which is being continuous exposed to an agent that induces cross-
linking—for example, continuous exposure to UV light in the case of a
photo-responsive ink or, as another example, to a mist of a fluid in which a chemical
or ionic (in the case of alginate, especially) cross-linking agent is dissolved.

These behaviors must be balanced against material considerations in droplet for-
mation (Fig. 1.7¢). In particular for droplet-based methods, how materials affect a
droplet forming at the ink source must be balanced against the requirement that they
rapidly stabilize at a print surface. During droplet formation, surface tension and
lower material viscosity are important in the process of a discrete volume of a (bio)
ink breaking off from the source and forming a droplet. The forces imposed on the
fluid during the process must overcome forces that keep the fluid together in order
for droplet breakoff to occur. Many of the technologies are jetting technologies,
which generate a jet of material which, through Rayleigh instability, breaks to gen-
erate a droplet. Droplet-based methods can be characterized as techniques by which
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Fig. 1.7 (a) Droplet behavior upon impacting a surface—diameter varies with time as forces relat-
ing to impact and surface interactions act on the droplet. (b) High-speed images of a large (2.7 mm)
aqueous droplet impacting surfaces of increasing hydrophilicity (left to right). (¢) High-speed
images of droplet formation, with two different ink formulations illustrating challenges in dynamic
formation of a single, controlled droplet ((a) adapted from Derby Ann Rev Mater Res 2010 [150],
(b) adapted from Mao et al. AICHE J 1997 [149], (c¢) adapted from Jang et al. Langmuir 2009
[151D)

droplets are generated on demand or continuously [153]—control over droplet gen-
eration is hardware-dependent.

Resolution of a printed structure will depend on various factors that are depen-
dent on both the materials used in the (bio)ink and the particular technology used
for droplet generation [154, 155]. Droplet size affects maximum potential resolu-
tion, and it is related to both materials used and to droplet formation technology.
How much a droplet spreads at the print surface in the x/y directions will affect the
ability to achieve this resolution. Spreading is influenced by velocity of the droplet
and material properties such as viscosity, interactions with the surface and other
droplets at the surface, and rate of cross-linking (Fig. 1.7a, b). Resolution will also
depend on control over the droplet generation process—whether droplet sizes are
uniform and droplets can be precisely generated and placed according to a design.

Inkjet-based droplet formation technologies are well-known. Most people are
familiar with the term from the technology’s ubiquitous application in computer
printers used to print documents. Among bioprinting technologies, as has been men-
tioned, inkjet printing has the longest history, having been used in the late 1980s to
print bioinks [16]. It would be years before cell printing would be taken up again
using any SFF modality. Inkjet printheads exist in different formats, for example,
single- and multi-nozzle dispensers [128], and generate droplets with diameters on
the order of 10s of microns, with corresponding volumes in the range of 1-100 pL
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[150]. These droplets are generated by the ejection of a jet of the ink material from
a small nozzle, the subsequent breaking off of a droplet. As with other methods,
droplet breakoff is a function of physical features of the printhead as well as viscos-
ity, surface tension, and density of the ink [151]. In inkjet printing, ejection of a
droplet is triggered by a pressure pulse within a fluid-filled chamber in an inkjet
printhead. This pressure pulse can be created using thermal [156—158] or piezoelec-
tric (mechanical) [159-161] mechanisms (Fig. 1.2¢). In the former, the pressure
pulse is generated from the formation (and collapse) of a vapor bubble that results
from heating a small pocket of fluid by a microheater. In the latter mechanism, a
piezoelectric device creates a mechanical volume change resulting in the displace-
ment of fluid [153]. Droplets are emitted through nozzles with very small orifice
diameters, and in the absence of the actuating pressure pulse, surface tension at the
orifice prevents (bio)ink materials from leaking out of the reservoir [150]. Pressure
pulses must overcome this surface tension during droplet ejection. Since its initial
application in bioprinting, inkjet technology has been used to deposit a variety of
bioactive inks and cell-containing bioinks [95, 156, 157, 159, 162, 163].

Microvalve-based droplet formation technologies can also generate droplets on
demand, but differ from inkjet methods in the hardware behind the droplet genera-
tion. In a microvalve approach, a (bio)ink is driven into the print nozzle by pneu-
matic pressure. The nozzle orifice can be opened or closed through the actuation of
a small valve (the microvalve). This control is achieved via solenoids that open or
close the valve in response to electric current [164, 165] that generates a magnetic
field that acts on the plunger in the valve (Fig. 1.8a). Droplets are generated when
the pneumatic pressure drives the (bio)ink out of an open valve, requiring that forces
related to surface tension at the opening and viscosity are overcome. Microvalve
actuation times are on the order of tenths of milliseconds at their shortest, corre-
sponding to droplet generation rates of thousands of hertz [170]. A number of
parameters thus impact droplet formation. As in other droplet methods [151, 171],
chemistries within the bioinks (polymeric interactions or cross-linking) will affect
the balance of fluid forces involved in droplet formation (pressure-driven flow vs.
viscosity, surface tension, and capillary forces). In microvalve techniques, the time
the valve is open can also be controlled as needed for droplet generation. As in other
droplet-based methods, materials in the (bio)ink must rapidly stabilize to maintain
a 3D structure. As with inkjet techniques, microvalve printing can be used with
bioinks to print cell-containing structures [170, 172].

The use of ultrasound (>10 MHz) waves to generate droplets has demonstrated
in work on acoustic bioprinting. High frequency sound, or pressure, waves are
generated using ultrasound transducers that focus these acoustic waves at a point
near the surface of a fluid—air interface. The convergence of the acoustic waves at a
focal point results in a localizer perturbation that can eject picoliter-sized droplets
[167] that can include cells that are suspended in the fluid [168, 173] (Fig. 1.8c).
Microfluidic devices with integrated ultrasound transducers [174] as well as ultra-
sound transducers facing upward toward the surface of fluid in a tank [168] have
been demonstrated in the controlled generation of cell-containing droplets without
pushing the bioink through a nozzle. Where the ultrasound transducer was oriented
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Fig. 1.8 Droplet-based AM and bioprinting techniques. (a) Microvalve droplet-on-demand hard-
ware. (b) LIFT schematics. (¢) Acoustic bioprinting schematics: inset, printhead only; in color, full
“printer” system. (d) EHD (or continuous inkjetting) schematic (in color), with other potential
jetting modes illustrated as a function of electric field strength and flow rate (in inset) ((a) adapted
from Gudapati et al. Biomaterials 2016 [152], (b) adapted from Malda et al. Adv Mater 2013 [80]
and Gruene et al. Biomed Eng Online 2011 [166], (¢) adapted from Elrod et al. J Appl Phys 1989
[167] and Fang et al. Tissue Eng Part C Methods 2012 [168], (d) adapted from Derby Ann Rev
Mater Res 2010 [150] and Onses et al. Small 2015 [169])

to focus beams upward, droplets could be ejected vertically from the tank. By mod-
ulating features of the acoustic waves—wavelength, amplitude, and duration, for
example—droplets with diameters ranging from 3 to 200 pm could be created [174]
at rates ranging from 1 to 10,000 Hz, with high cell viabilities.

In electrohydrodynamic (EHD) droplet generation, a high voltage is applied to a
conductive nozzle, relative to a grounded print surface [175]. The potential creates
an electric field between the nozzle and the surface and induces a charge on the fluid
in the nozzle, similar to electrospinning [169, 176]. Droplet generation occurs con-
tinuously in this process. A (bio)ink solution is driven by low pressure into the
charged nozzle, which induces charges within the solution. At the end of the nozzle,
behavior of the material solution depends on the balance of flow rate and material
composition—which dictates critical properties such as surface tension and viscos-
ity, the voltage applied, the electric field (a function of factors such as voltage,
nozzle distance to ground, and geometries of conductive surfaces), and electrostatic
forces within the material [169]. Voltages applied in EHD droplet formation range
from 0.5 to 20 kV [152, 177, 178], with voltages at the lower end of this range being
demonstrated in bioink applications. Electrostatic forces within the material induced
by the applied voltage result in repulsions that influence droplet breakoff. The bal-
ance of these factors determines whether a given solution leaves the nozzle as a
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stream of discrete droplets, which is the desired mode in EHD-based printing—as
opposed to, for example, larger drips, jets, or fibers [153, 169, 175] (Fig. 1.8d). To
control the droplets reaching a surface, the electric field they pass through during
flight can be altered—because the droplets are electrically charged, they can be
diverted into a collector gutter for recirculation if they are not desired at the print
surface [153]. In a bioink, the material will contain cells, and high cell viabilities
have been reported after EHD processing [175, 177, 179-182].

A drop-on-demand technology that uses laser light to control droplet generation
falls into a gray area in terms of categorization as either a droplet-based or energy-
based method. Laser-induced forward transfer (LIFT) bioprinting involves the
transfer of a (bio)ink as a droplet from a LIFT-specific substrate to a print surface
upon application of laser light. In terms of material considerations, the method is
droplet-based. In terms of the printer hardware, it is an energy-based method. Key
components of the printer include the laser, an ink-coated substrate (the ribbon or
donor slide), and the print surface (the print substrate or collector slide) [183—185].
The donor slide is coated with a layer (10s of nanometers) of a metal or metal oxide
that absorbs the laser energy (Fig. 1.8b). A layer of material to be printed—for exam-
ple, a cell-containing hydrogel—is homogenously coated on top of the laser-energy-
absorbing layer. The hydrogel layer is typically 10s of microns thick, and multiple
regions of hydrogel may be coated onto the slide if multiple formulations of (bio)inks
are desired (e.g., multiple cell types). In the printing process, this donor slide is posi-
tioned so that the coated side faces the collector slide, and laser pulses are directed
through the back of the glass donor slide to the energy-absorbing layer. There, at a
spot size of 10s of microns in diameter [183, 184, 186], the energy absorbing layer
melts within picoseconds and then vaporizes [166], creating a pressure pulse in all
directions—but with the least resistance away from the slide, as the thickness of the
coated bioink is thin there, compared to that in the lateral directions [166]. The result-
ing jet of material [187, 188] will result in a droplet that travels to the collector slide
which is located hundreds of microns below the donor slide [184]. This technique
requires no nozzle and so can be used with high cell densities without concern for
clogging a nozzle. The collecting substrate typically has a thin hydrogel or culture
medium layer to cushion the impact and help hold cells in place [184]. The resolution
achieved depends on the material properties, particularly viscosity and relative
hydrophobicity on the print surface—as in other droplet-based bioprinting methods.
Particular to LIFT, the laser energy, pulse time, and the thickness of the (bio)ink layer
on the donor slide will also affect droplet sizes and resolutions achieved. Bioprinting
has been demonstrated with multiple cell types and at high cell densities [185].

1.5.3 Energy-Based Bioprinting

Methods included in this category are characterized by the focusing of an energy
source, often a laser or high energy light source, at the print surface where the mate-
rial to be added to the printed construct is already present. Exposure to that
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energy—heat or light in the methods discussed here—results in the solidification or
stabilization of the material. In most of these methods, the material must be con-
stantly replenished as one layer is stabilized and the next is built upon it, so there are
considerations of flow and transport in material design. However, the nature of the
(bio)ink transport differs from extrusion- and droplet-based methods in that materi-
als used in energy-based methods are cured/set/cross-linked in place, rather than
moved as a discrete filament or droplets from a printhead to the build surface. As in
the methods discussed in the previous sections, fabrication using energy-based
approaches usually occurs in a layer-by-layer manner. In contrast to those methods,
the first step requires introducing material to the entire build surface. Next, an
energy source is directed at the build surface, focused at a single location, or pixel,
and then scanned across the material, point-by-point (Fig. 1.2b). Alternatively, in
some cases, the whole layer can be exposed at a single time to a projection of the
curing energy—typically a light source that is inducing photo-chemical curing/
cross-linking in cases of projection. Whether the energy is scanned (or rastered)
across the surface point-by-point, or projected across the entire layer, upon complet-
ing the layer, the build surface typically moves away from the energy source by a
single step in the vertical direction, with the step size determining z-resolution. New
material either fills in the space left by the previous layer—as in the case of tech-
niques where curing occurs in a vat of a liquid material that can flow into place—or
is applied by the printer—as in the case of powder materials that are pushed into the
place in certain processes or in the case of liquid materials that are introduced under
pressure-driven flow. This repeats until the object being fabricated is complete.

Selective laser sintering and closely related selective laser melting [189] fuse or
melt together powder, or particulate, materials using thermal energy from a focused
laser beam. The laser beam is scanned as described above, with successive layers of
power typically from 20 to 150 pm thick, depending on the printer [190]. In terms
of forming structure by selectively binding together powder precursor, this method
has some similarities to the printing of a binder material onto a print bed containing
a powder that is chemically fused, as in the case of the method to which the term 3D
printing [31] previously referred to exclusively (Fig. 1.9a). These powder-based
methods are inherently acellular—the processes use energy or chemistry that would
kill cells, and the environment is not aqueous, but dry, which would desiccate
cells—and thus they can be used in bioprinting primarily in fabricating scaffolds for
tissue engineering or regenerative medicine. Materials used must be formulated as
powders with particle sizes on the order of 10s of microns. In SLS printing, the
powder materials must melt, sinter, or be coated such that they will bind together
during heating, and they must flow [92]. Open source hardware has recently been
developed [106] and—in a unique application of SLS technology—used to print
removable poly(caprolactone) structures that could be embedded in poly(dimethyl
siloxane) and then dissolved away with a solvent to leave behind channels through
the elastomeric structure.

Compared to the many methods—in extrusion- and droplet-based bioprinting
especially—in which bioinks can be printed to fabricate cell-containing structures,
stereolithography (SLA), the technique that was granted the first AM patent, has
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taken longer to develop [87]. Challenges in developing this method of AM for bio-
printing using bioinks will be discussed in the next section. The process itself is
similar to SLS, in that a focused laser light (often ultraviolet light) is scanned across
a print surface in the xy-plane, with the ink material that is exposed to the light being
solidified according to the design for that layer. The build platform then moves in
the z-direction, and new ink material flows into place at the previous z-location, and
the process repeats [191] (Fig. 1.9b). The z-height of each layer is typically
25-100 pm. Often the distance of the z-movement of the build platform is less than
the depth at which the laser light initiates curing/cross-linking, which allows for
binding of material from one layer to the next.

Depending on the setup of the SLA hardware, the build platform can move either
up or down—it always will move away from the laser source [191]. When the plat-
form moves down, away from light coming from above, then new material must
deposit at the top of the layer that was just cured. The platform may be immersing
into a larger, surrounding vat of material or, if the build platform itself has side
walls, the material might be added on top of the previous material (Fig. 1.9b). The
former setup may require a large volume of uncross-linked material and would limit
heterogeneity of material within the structure, whereas the latter setup might require
extra steps or controls to implement. The top layer of the material which is being
cured is often exposed to air in this setup. This approach has been referred to as a
“bottom-up” setup, because the bottom layer is built first, and as the platform moves
away from the laser, new, higher layers are built [24, 191].

In an alternative setup, the light initiating the curing or cross-linking can be inci-
dent on the material to be cured through a photo-permeable window, below the build
platform. There would be a small space between the build platform and window on
the first layer that would be filled with material to be cross-linked. Photo cross-
linking must be carefully controlled to ensure that the layer that is cross-linked
binds to the downward-oriented platform—and not the window. After each layer is
complete, the platform moves upward, and new material flows into the small space.
This process minimizes the amount of material needed per layer and can eliminate
exposure to air (which can interfere with curing), but materials used must have rheo-
logical properties that match the requirements of flowing into the small space
between window and previously cured layer [24, 191]. This method is referred to as
“top-down” because the top layer of the structure is attached to the build platform
and layers below it are cured as the platform moves upward, away from the light
source. Of course, this nomenclature does not take into account the orientation of
the product being fabricated, which might be inverted so that the bottom of the
structure is attached to the platform and cured first—in which case, the process still
may be starting at the bottom, from the printed construct’s inverted frame of refer-
ence. Micro-SLA (p-SLA) technology is functionally the same as SLA, but at a
higher resolution and with a correspondingly smaller final construct size [24, 193].

Digital light processing (DLP) or digital light projection methods are very simi-
lar to SLA approaches in terms of general processing, with the key difference in
how light is applied to the layer being cross-linked. In SLA methods, a laser is
scanned, point-by-point, across an entire print surface to cure material where
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desired. In contrast, in DLP, light is projected onto the surface of the entire layer at
once, only illuminating regions that must be cross-linked [194] (Fig. 1.9b). Despite
being called DLP and being differentiated from stereolithographic printing—the
DLP approach is similar to photomask-based lithographic techniques such as those
in semiconductor fabrication. With respect to mask-based lithography, the most out-
standing difference in DLP is the digitally controlled projection of light onto the
surface of the material to be cured. Compared to SLA approaches, the photocuring
of an entire layer at once offers significant advantages in terms of processing time.
Digital micromirror devices (DMD) and LCD projectors have both been used to
project light onto a surface [195], with DMDs offering better performance in terms
of transmitting short wavelength lights and avoiding challenges inherent in pixel-
based LCDs, such as optical fill factor and switching speed [196, 197]. In DLP, as
well as in SLA, in addition to material formulation, exposure times, layer thick-
nesses, and light intensity will all affect cross-linking of the material used (often
called a resin, or bioresin [87, 198], in the case of SLA and DLP techniques).
Recently, the speed of DLP-based cross-linking of an entire layer of material was
combined with careful printer design to control where photo cross-linking of mate-
rial occurred, to enable the layer-by-layer process to occur during continuous move-
ment in the z-direction, speeding up print times immensely in a process dubbed
“continuous liquid interface production” or CLIP [199]. While the CLIP process
has not been implemented with bioinks, recent advances in materials have allowed
for DLP-based bioprinting of bioinks [198, 200].

At the smallest length scales, two-photon polymerization (2PP) is a technology
that can be used in biofabrication similar, in many ways, to SLA-based bioprinting
[192,201, 202] and therefore is often considered among bioprinting technologies—
it is sometimes also referred to as two-photon direct laser writing or two-photon
lithography or similar. It uses light to photo cross-link materials and, in terms of
building structures, is often used with acellular biomaterial inks. However, in bio-
fabrication approaches that are not additive—and therefore would not be considered
bioprinting—it has been demonstrated in applications where it can modify features
within light-reactive, cell-containing hydrogels to establish heterogeneity at the
microscale [203—206]. However, it requires unique equipment and therefore is not
broadly accessible. 2PP is based on two-photon absorption, a phenomenon that
occurs when a molecule that can be excited by a photon at a given wavelength
simultaneously absorbs two photons at a much longer wavelength (so with lower
energy) to achieve the light-activated energetic state that the molecule would have
otherwise only reached with the higher energy (shorter wavelength) photon. The
probability of a molecule absorbing two photons on the incredible short—practi-
cally instantaneous—time scale required to achieve two-photon excitation is very
small, and therefore, a specialized, femtosecond laser is usually used to deliver light
in photon-rich pulses to focal point in 3D space [207] (Fig. 1.9c). In the case of 2PP,
the molecules that are excited are typically photoinitiators that trigger the polymer-
ization of the hydrogel precursor solution in which they are dispersed. At the point
of focus, the photoinitiators will typically generate free radicals that locally react
with the polymeric material in solution to initiate cross-linking at only that point
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[207]. It is possible to achieve light-based patterning at a sub-diffraction limit reso-
lution using this technology [208, 209].

Because the photons emitted from the laser are at much longer wavelengths
(lower energy) than the photons required to initiate the reaction, the highly improb-
able two-photon absorption can only happen at the focal point, and any material that
long wavelength photons travel through to get to that point remains unaffected.
Thus, the focal point can be located anywhere within a volume with no worry about
inducing photo reactions in the surrounding material, which is central to its usage in
modifying cell-containing materials [203—-206]. This is in contrast to standard light-
based processes like SLA or DLP, where the light incident upon the (bio)ink is at the
wavelength necessary to initiate a reaction, and therefore can cause cross-linking
out of the plane of interest. As mentioned, in terms of printing, 2PP produces struc-
tures that might look similar to those produced using SLA techniques, but orders of
magnitude smaller [192, 210]. Printing generally uses acellular biomaterial inks,
with printed structures often designed to probe single-cell behaviors [202] or for
in vitro studies of how cells interact with microscale structures [201, 211-213].
Because of limitations on how deep light can travel into a sample, the scalability of
this approach is limited. While it has tremendous resolution at the microscale, mac-
roscale structures are limited to millimeters in size.

1.6 Printing with Bioinks: Strengths and Challenges
Within Bioprinting Technologies

Among bioprinting technologies are some shared strengths but also limitations
related to common features of bioprinting processes. These shared strengths have
been discussed and include hardware capable of high-resolution positioning in 3D
space and the ability to fabricate—according to a computer design—a patient-specific
or custom structure. In order to realize the full potential of bioprinting technology,
challenges must be overcome. Within these technologies, there is a shared require-
ment of controlling transport and deposition (or solidification) of material, including
cells in the case of bioprinting, into an organized structure—this lies at the heart of
any bioprinting, SFF, or biofabrication process. Challenges surrounding the flow and
stabilization of printed bioinks are a common theme and are addressed below with
respect to specific printing technologies (Fig. 1.10a). Material choice or design,
which is inseparably tied to this challenge, is addressed in a subsequent chapter.
Printing also, with a few exceptions, proceeds in a layer-by-layer manner, which
means that fabricating a structure that extends continuously across z-space must
occur through the discrete deposition of material defining that structure on each layer
as it is built. Achieving complex, heterogeneous structures through 3D space, or even
at high resolution in a single layer is also not a trivial consideration. The resolution of
deposited structures is typically not as fine as the positioning capabilities of bio-
printer. Achieving higher spatial resolution comes with the trade-off of increasing
print times [99] and challenges associated with printing cell-containing bioinks. The
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Fig. 1.10 (a) Schematic illustration representing a central challenge in bioprinting—materials
used in fabrication have high polymer content and high shape fidelity; materials used in cell culture
have low polymer content and cannot maintain shape; in bioprinting, we want to maintain shape
with low-polymer content hydrogel-type materials. (b) Supported printing of soft hydrogel materi-
als. (¢) Supported printing of cell spheroids. In both cases with spatial definition of heterogeneous
structure ((a) adapted from Malda et al. Adv Mater 2013 [80], (b) adapted from Schuurman et al.
Biofabrication 2011 [214], (¢) adapted from Mekhileri et al. Biofabrication 2018 [215])

layer-by-layer fabrication processes preclude the printing in arbitrary space—once
material is deposited, a position below it cannot be altered, nor can material be printed
in a location below which no support exists. Toward the goal of fabricating functional
tissue structures using bioprinting, a given method must address challenges such as
these and potentially others. Below, we consider strengths and challenges within bio-
printing modalities, with a focus on bioink deposition. In the next section of the
chapter, we will focus on innovation to bioprinting processes that are advancing capa-
bilities but that cannot simply be associated with a single printing modality.

1.6.1 Considerations in Extrusion-Based Bioink Deposition

Extrusion-based bioprinting is widely employed in the deposition of bioinks—
either as cell-containing hydrogels or completely cell-based (scaffold-free) type
approaches. Extrusion-based bioprinting methods are compatible with many
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biomaterials that have viscosities ranging from 30 mPa-s to over 6 x 10" mPa-s [83].
While high viscosity materials offer good structural support, bioinks typically have
lower viscosities that correspond to highly hydrated material environments that sup-
port cell viability and function. Many aspects of the printing process can be con-
trolled to fit the printing requirements of diverse material types. For example, the
translation speed of the printhead and the rate of material extrusion can be specified
to match viscosity or gelation requirements. Temperatures at the syringe and build
platform can be controlled, allowing the use of polymeric materials that undergo
thermal transitions in biocompatible ranges. Conditions at the print surface can be
varied—as in the case of bioplotting, for example, where a stabilizing liquid support
might be present at the print surface into which bioinks could be directly deposited.

As mentioned, challenges surrounding the design of printable bioinks are focuses
of the development of all major printing methods [80]. Bioinks are most often soft
hydrogel materials [216], where generally less than 10% of the mass of the ink is in
the polymeric component(s). When cross-linked, the polymeric components form a
network that gives the hydrogel its stability and ability to resist deformation, but
these materials are mostly water, and prior to cross-linking their viscosities are
generally low. Specific materials used will be discussed in subsequent chapters.
Upon leaving a print nozzle, these materials can flow away from not just their xy
location, but importantly flatten and lose their three-dimensionality, unless cross-
linking (or gelation) can be triggered almost instantaneously. Outside of a few of
“workhorse” hydrogel materials that have fast cross-linking kinetics, like alginate
and gelatin, modifications to materials or processing offer opportunities for expand-
ing printable bioinks. Stabilization of polymeric networks within hydrogel materi-
als prior to printing, for example by limited cross-linking [109] or physical bonds
within the bioink [217], can yield materials which can flow during printing but
achieve viscosities that resist flow immediately upon deposition. Using a photo-
permeable nozzle to induce gelation of materials that undergo photo cross-linking
during extrusion is an example of how the process might be modified [218].

Simply increasing the viscosity of a bioink to help slow flow upon deposition
must be considered against another major challenge in extrusion-based bioprinting:
shear within the nozzle. The shear forces experienced within a material, and that are
detrimental to the viability of cells within a bioink [219, 220], increase with dis-
pensing pressure [221] and nozzle length and with decreasing nozzle diameter
[219]. But low pressure and larger nozzle diameters come at the cost of print times
and resolution. Materials which have, or are engineered to have, shear thinning
(reduced viscosity during exposure to forces such as those experienced during
extrusion) or thixotropic properties (reduced viscosity over time during exposure to
stress and, conversely, increasing viscosity and stability—over time—after expo-
sure) are important [222]. In terms of thixotropic materials, the timescales over
which they physically “set” are an important consideration for maintaining structure
of a printed filament.

Compared to other approaches, particularly droplet-based bioprinting, extrusion
methods where filament is continuously extruded from a nozzle face challenges in
printing heterogeneity within a structure with subtle changes from one location in
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3D space to the next [164]. Because these methods are not designed for rapidly
starting and stopping flow to deliver small volumes of material, subtle changes
throughout a structure might be introduced through nozzles that can combine mul-
tiple inks [223], but printing heterogeneity on a point-by-point basis remains techni-
cally challenging and remains a hurdle in achieving cellular and material complexity
at biomimetic resolutions.

Currently, most bioprinting methods—extrusion-, droplet-, and energy-based—
share the challenge of achieving physiological cell densities. In the development of
extrusion-based bioinks, cells are often included at densities on the order of
magnitude of 10°~107 cells/mL—generally a couple of orders of magnitude below
native cell densities in tissues and organs [224]. Toward this goal, bioprinting using
cell aggregates has the unique strength of using cell-based inks that contain mini-
mal amounts of non-cellular material, if any, within bioink formulations. Dissolved
polymeric components can be included, but generally to prevent aggregation of
clusters. The structures printed from cell aggregate bioinks are scaffold-free and
naturally have high cell densities, given that the bioink is composed of clusters of
cells that serve as units of printable material. Though they are placed using an
extrusion-based process, cell clusters are typically deposited discretely, like droplet-
based printing. This allows potential for point-by-point control of heterogeneity in
the structure, at the resolution of cell-cluster sizes. The extrusion of cell cluster-
based bioinks may avoid some of the risks of damage from shear seen in more vis-
cous, hydrogel-based bioink formulations for a number of reasons. The material the
clusters are suspended in is typically not needed for structure after printing and
therefore has low polymer content and consequently low viscosity. Flow within the
nozzle that is likely plug-like with therefore low or no shear anywhere but at the
wall of the nozzle, and cell-cell interactions may provide support that stabilizes
individual cells against shear-induced elongation.

One challenge that all bioprinting technologies face, but that high-density cell
aggregate-based printing highlights, is cell sourcing. The expansion and culture of
clinically relevant numbers of cells to be used in bioinks, and the control of cellular
phenotypes, is a significant challenge and a major area of research that is necessary to
translating any cell-based technology to the clinic [225-227]. This is also a concern
where progenitor or stem cells are used and predictable, standardized behaviors are
required. Forming cells into uniform spheroids or aggregates is also a nontrivial pro-
cessing step that is necessary in aggregate-based printing. Control over the ultimate
composition of an aggregate-based construct is, by definition of printing with aggre-
gates, not controlled at a single-cell level—the resolution of these structures depends
on the size of the cell aggregates and usually is on the order of 100s of microns.
Toward organizing into functional structures, these approaches rely on the cells them-
selves organizing and forming biologically functional structures [136]. Allowing for,
and even depending on, cells autonomously self-organizing to give rise to function is
not unique to spheroid-based approaches and in fact is central to TE approaches,
going back to the earliest studies [228]. Cell-aggregate approaches simply do not
have material scaffolding that might potentially aid in this process. The lack of mate-
rial scaffolding also means that these approaches require some sort of support during
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and after printing, until aggregates fuse into tissue-like structures [142, 143]
(Fig. 1.6f). Preventing this fusion during the printing process and achieving adequate
transport of nutrients and wastes exchange within cell-dense structures, where nutri-
ent consumption will increase with cell numbers, must also be considered.

1.6.2 Considerations in Droplet-Based Bioink Deposition

Droplet-based methods offer the potential to print a variety of material types: poly-
meric solutions, colloidal suspensions, and cell-containing bioinks. Droplets with
diameters on the order of 20-60 pm and very small volumes (1-100 pL) [39, 96,
152, 229, 230] can be delivered with high positioning accuracy (~10 pm) [150,
153]. These capabilities offer the potential for precise control over spatial heteroge-
neity within a construct through the controlled deposition of these small droplets
according a pre-defined pattern, as has been nicely demonstrated with acellular bio-
material inks [115]. Compared to non-droplet methods, this represents a significant
strength inherent to droplet-based technology [164].

These methods employ materials with relatively low viscosities—compared to
the range possible in extrusion-based printing—that are typically less than 10 mPa-s
at high shear rates (10°-10° s7!) [92]. Formulating materials, especially bioinks, can
therefore be challenging in droplet-based printing, as in the other bioprinting meth-
ods discussed, because of the competing requirements of flow and stability. In order
to bioprint a 3D cell-containing structure using droplet-based methods, bioinks
must first allow droplet formation, then maintain some three-dimensionality upon
reaching the print surface where droplet motion toward the surface is stopped and
the material begins to interact with the substrate, where it must then—almost simul-
taneously—rapidly stabilize/cross-link [150, 229]. Constraints on the materials that
can be used in bioinks for droplet-based printing are therefore significant, even
compared to extrusion-based methods, which is why, for example, viscosity ranges
discussed below are more constrained in droplet-based approaches.

Inkjet-based bioprinting offers an accessible option to droplet on demand bio-
printing through the possibility of modifying 2D inkjet printers [102] as well as pur-
chasing printheads to build custom equipment [128]. Inkjet printheads offer high rates
for droplet generation, up to 30 kHz [229]. Combinatorial delivery of materials,
potentially containing cells and/or biochemical components, can be achieved from
multinozzle technology that was originally developed for printing graphics using
three primary colored inks plus black [153]. Despite some concern for thermal stress
[128], the localized heating associated with thermal inkjetting leads to only small
increases in the overall temperature of ink material within a printhead [158], and it has
not had a significant impact on the printing of biochemical molecules [231], proteins
[115], or cells in bioink formulations [156, 157]. In the case of piezoelectric print-
heads, concern has been raised about the frequencies used and their ability to disrupt
cell membranes [232]; however, there is an advantage of avoiding temperature
increases by using this printhead, and bioinks have been successfully printed using
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piezoelectric inkjetting [159, 171], including in complex 3D structures [160] and with
attention paid to cell viability under a range of operating conditions [159].
Sedimentation of cells in the printhead while sitting within a nonviscous bioink has
also been addressed with additives designed to create neutrally buoyant systems [171].

Inkjetting technology does use nozzles with small diameter outlets, and these can
clog when printing viscous materials or if cells settle during the printing of a bioink
[164]. Printable inks have viscosities in the range of 3-30 mPa-s [229], and at
10 mPa-s and above, significant forces are required to eject droplets, which may be
detrimental to cell viability, putting the highest viscosities at the lower end of what
can be printed using extrusion-based methods, for comparison. This puts limits on
the types of materials that can be used and the cell densities that can be achieved in
a bioink. The deposition of cells in bioinks by jet-based ejection of a bioink through
a nozzle inherently will involve shear forces; however, careful consideration of the
system can limit the forces to which cells are exposed [233]. As a final consider-
ation, despite high frequency capabilities, droplet formation can be destabilized at
elevated droplet generation frequencies, resulting in small secondary droplets that
lead to variance in droplet size [234, 235], resulting in recommended droplet gen-
eration rates that are significantly lower than 30 kHz.

The use of microvalve-based bioprinting to generate droplets on demand shares
key droplet-derived strengths with inkjet-based technologies. In particular, this
technology has been used to position (or deposit) cells to develop precisely
controlled multicellular structures with high viability [236]. Compared to inkjet
printing, the nozzle size is a little larger, and materials with a wider range of viscosi-
ties can be printed, ranging from 1 to 100 mPa-s. Higher viscosities may be advanta-
geous fabricating 3D structures, as they will absorb more energy and spread less
when bioink droplets impact a print surface [164]. The maximum rate at which
droplets can be generated is ~1 kHz, which is therefore significantly lower than the
maximum rate that can be achieved by inkjet printing. However, droplets are stable
at this rate with no secondary droplets breaking off as the material is jetted out of
the nozzle—consequently, in bioprinting, microvalve technologies compare favor-
ably to inkjet approaches in terms of droplet generation rates [170, 235]. As a trade-
off for these strengths, microvalve-based droplet generation does result in larger
volume droplets [237], and therefore decreased resolution, compared to other
droplet-based methods. Despite having a larger nozzle orifice, cell sedimentation
can still result in clogging, and therefore cell concentrations in bioinks are typically
lower (<10° cells/mL) [170, 238]. While more viscous materials can be used, rela-
tive to inkjet bioprinting, compared to most other bioprinting technologies, the vis-
cosity range is still restricted. Like other techniques (inkjet-based bioprinting and
extrusion-based bioprinting), shear experienced by cells traveling through a narrow
nozzle is a concern that must be addressed through print parameters, hardware
design, and materials engineering [233].

Acoustic bioprinting offers notable strengths in terms of eliminating a number of
potential cell-damaging features of other droplet-on-demand processes. By using
focused sound waves to generate droplets as opposed to piezoelectric or thermal
actuators, concerns relating to heat, pressure, and frequency that are present in ink-
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jet methods are avoided. Droplet formation occurs where ultrasound is focused,
without the need for a nozzle, and thus nozzle clogging and shear stresses that might
be detrimental to cell viability in bioinks are not present when working with this
technology [168, 173]. Acoustic bioprinting of bioinks has demonstrated its
potential to create complex cellular structures, but the technology is not widespread,
which means equipment is not easily available and must be custom made, requiring
some experience with the technology. It is likely that, as in the other jetting tech-
niques discussed, upper limits on viscosities will be low relative to extrusion-based
technologies to enable droplet formation.

Electrohydrodynamic droplet generation offers advantages in being able to work
with solutions that, relative to other droplet-based methods, contain high concentra-
tions of dissolved material. Because of the way droplets are formed, this process can
achieve very small droplet sizes, with diameters smaller than that of the nozzle from
which they are being emitted [175, 182]. Based on process parameters, particularly
electric field and ink formulation, droplet sizes can even reach the order of single
microns and less—although in the case of bioinks, droplets containing cells will be
larger (10s of microns). Using bioinks, cell concentrations on the order of 107 cells/
mL have been printed with viability after deposition [177], which is an order of
magnitude higher than values cited for inkjet- and microvalve-based techniques on
relatively accessible components. Pressures used in the process are also low, as the
electric field, and not mechanical forces, drives droplet jet formation [169]. Given
that droplet diameters can be smaller than the nozzle diameter, the nozzle itself can
be bigger to further reduce any pressure required to drive flow of material into the
nozzle. High-throughput generation of droplets from a bioink is possible through
the continuous nature of this process. However, the major challenge to using EHD
droplet generation is the difficulty in achieving high-resolution control of printed
structures. Toward this central goal in biofabrication, the continuous, high-
throughput generation of droplets makes it difficult to control deposition of any
single droplet. The continuous nature of the process that enables high-throughput
droplet generation also means that large amounts of material are needed and used,
and where recirculation techniques might be used to collect unwanted droplets,
there is risk of contamination of the material being printed [239].

LIFT-based bioprinting of bioinks, like EHD and acoustic methods, has
strengths in reducing exposure of cells to some of the potentially stressful forces
inherent to inkjet and microvalve techniques. It is a nozzle-free technique, where
droplets are formed directly from material coated onto a slide, as described earlier.
This has the effect of removing nozzle-associated shear forces. LIFT also eliminates
the possibility of clogging and allows bioinks with high cell densities, up to
~108 cells/mL, to be printed. Ink viscosities up to 300 mPa-s can be used, with high
resolution of ~40 um droplets positioned at a rate of ~5 kHz [185, 240]. High cell
survival is reported in printing bioinks [184, 241], although it can be hard to specifi-
cally print single cells [240], but this is a challenge that virtually every bioprinting
technology faces, and in the case of LIFT methods, computer-vision approaches
might allow the targeting of cells on the donor slide for deposition. Like other
droplet-based technologies, achieving the highest possible resolution requires bio-
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inks that rapidly gel [241, 242]. Specific to LIFT methods, care must be taken to
consider the potential transfer of any material that might have cytotoxicity from the
energy absorbing layer into the bioink during droplet formation [243, 244]. Care
must be taken to also address technical challenges of achieving a uniform thickness
of the bioink coating on the donor slide [184] and to keep it hydrated during the
printing process [245], and preparation of this slide may take time if multiple cell
types or materials are desired.

1.6.3 Considerations in Energy-Based Bioink Deposition

In the bioprinting technologies classified above as energy-based approaches, the
light-based technologies—SLA, DLP, and 2PP—have been used in printing bio-
inks. Compared to extrusion- and droplet-based printing of bioinks, the use of bio-
inks with these technologies is not currently widespread. As discussed previously,
SLS technology is incompatible with bioinks, as high heat and dry conditions are
used in the fabrication process. In the case of the other techniques, SLA is the
only technology behind a handful of examples using bioinks before the 2010s [70,
197, 246]. Even in recent years, developing bioinks—or bioresins [87, 198], as a
bioink might be referred to in the case of light-based SLA/DLP-type processing—
has received significantly less attention than developing bioinks for other bioprint-
ing modalities.

Light-based bioprinting technology development must address shared concerns
within bioprinting, for example, developing bioinks with rheological properties
suited to the printing technology, which in the case of SLA and DLP approaches
should be ideally low-viscosity Newtonian fluids that easily flow under gravity to
create a new, homogenous layer of material between each polymerization step and
to drain out of the construct from locations where it is not cross-linked [198]. As in
other printing modalities, the bioinks should ideally address the challenges of main-
taining a homogeneous distribution of cells within the bioink [247, 248], and condi-
tions compatible with the use of bioinks (sterility, minimal print times) should be
maintained. However, an additional factor in developing bioinks for light-based
methods are many interrelated considerations in applying photoreactive biomateri-
als simultaneously to a printing process and encapsulating cells [191]. Encapsulating
cells within hydrogels using photo cross-linking chemistries is well-established.
These encapsulations have been developed using cytocompatible photoinitiators
and energy doses. Photoinitiator concentrations, light exposure times, and light
intensity can all be controlled to achieve cross-linking of a photo-reactive material
without damaging cells [249-252]. While the balance of these parameters is well-
established in a static cross-linking environment, in bioprinting this cross-linking
must occur in a dynamic layer-by-layer process: over time with one thin layer being
cross-linked in direct apposition to the previous layer. Consideration must be given
to how energy exposures in one layer may penetrate to the next and also to match
energy doses applied in the process to a given bioink. The concentration of the
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material in the bioink, or bioresin, as well as its chemical formulation, where the
concentration and reactivity of the light-reactive functionality, will affect printabil-
ity—cross-linking, pattern fidelity, rheological properties—in light-based
approaches.

In SLA-based bioprinting, the uses of bioinks were demonstrated in the 2000s
with high cell viabilities reported [70, 246]. The interwoven considerations of bio-
ink composition and energy application, as mentioned above, must be taken into
consideration. In an SLA process, exposure to light at any given location will
depend on the scanning/rastering speed of the laser and its intensity. There exists
potential for light to penetrate to previously exposed layers, which can benefit layer-
to-layer adherence, as discussed earlier, but should be considered with respect to
energy dosages applied to a bioink. Macroscale constructs (>1 cm?) with feature
resolution as high as 20 pm are possible using this technology, offering fantastic
multiscale potential. Realizing this potential and moving toward more complexity
in printed tissue constructs will require further bioink and process development.
Achieving discrete high-resolution elements within a single layer requires that the
process allows for exchanging bioinks while printing a single layer at a given
z-position, a challenge that would scale with increasing resolution. While typical
commercial SLA hardware uses a single material for an entire construct, a couple of
examples of the potential for this process modification examples exist in closely
related DLP-based bioprinting [253, 254], and also using SLA bioprinting where
bioinks were varied from one layer to the next [247].

Considerations and challenges using DLP-based bioprinting methods are gener-
ally the same, as in SLA [24]. The primary difference between the technologies is
how light is applied, with DLP offering the potential to cure entire layers simultane-
ously and thus speed up print times considerably. There are potential downsides in
terms of the quality of light delivered to a surface depending on the DLP technology
used—as discussed earlier—and SLA has been shown to offer the potential to alter
the laser energy during the printing process to achieve different results on a point-by-
point basis [246]. However, DLP technology combines speed with high-resolution
capabilities that have been used to print features in the 25-50 pm range in work devel-
oping bioinks [255] for DLP bioprinting [198].

DLP-based methods have been used in demonstrating the potential of longer
wavelength (visible) light with bioinks in bioprinting [200, 256], where additives
were also included in the bioink to match the buoyant density of the cells to prevent
sedimentation [200], similar to approaches used in inkjet printing [171]. Owing to
the similarity to laser-scanning SLA approaches, advances addressing challenges
associated with one technology should generally translate easily to the other. As
mentioned above, DLP-based methods have also been used to print multiple bio-
inks, on the same layer, to achieve biomimetic cellular and material complexity at
high resolution [253, 254]. In the more recent example, custom microfluidic hard-
ware—in which a flexible membrane served as a build platform that could be
moved, step-wise, in z-space—offered the capabilities to rapidly change bioinks to
achieve this complex heterogeneity [254]. While on a small scale, this sort of sys-
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tem may have strengths in terms of minimizing material waste and controlling the
environment to which cell-containing bioinks are exposed.

In an earlier microfluidic approach, an approach similar to SLA-based bioprint-
ing was used to cross-link multimaterial and cell-containing hydrogel structures at
a microscale resolution [257]. However, this approach used a confocal laser to scan
within a space, and establishing material structure extending in the z-direction was
limited by the confocal hardware’s depth of focus. Similarly, two-photon polymer-
ization, as a bioprinting technique, has also been limited to use with very small
structures, and cells, when included in the final construct, are often added after
fabrication. The limitations in 2PP on being able to fabricate structures whose size
exceeds the millimeter size range impact its usefulness as a platform for engineer-
ing larger tissue for implantation, despite resolution capabilities that allow the fab-
rication of microenvironmental features that can influence cells at a single-cell
scale for in vitro assays [211]. Nonetheless, as discussed earlier, 2PP has unparal-
leled capabilities for printing structures at high resolution, and recent work has
demonstrated this promise in the printing of bioinks, enabling cells to be printed at
high resolution with high viability [258]. Work toward improving the bioink for
use with 2PP has included the development of photoinitiators [259] and the cross-
linking chemistry [260]. The development of bioinks can be challenging for this
technique, as the adjustment of hardware parameters to different materials can be
time consuming [261].

1.7 Expanding the Capabilities of Bioprinting
Through Innovation and Closely Related Technologies

Bioprinting technologies are enabling the fabrication of engineered biological and
tissue structures with increasing complexity and biomimetic function. As discussed
in the previous section, each bioprinting modality has strengths and potential limita-
tions. Further development of bioprinting technologies and techniques—which are
often enabled by the development of materials for bioinks and through applications
of bioprinting that yield fundamental insights into engineering tissue—will con-
tinue advance capabilities in tissue engineering and regenerative medicine. Specific
materials, as well as applications of bioprinting, will be discussed later in the book.
Some challenges within bioprinting are shared across multiple printing modalities,
including the need for bioinks that have the rheological properties required for SFF,
the technical challenges inherent to layer-by-layer printing, and the limitations in
adapting additive manufacturing technologies that were generally designed for acel-
lular materials to the printing of highly hydrated bioinks. Other challenges are not
unique to bioprinting but are shared broadly across tissue engineering technologies,
and these include the creation of channels—or vascular structures—within larger
constructs, the need to achieve biomimetic structures and function, and challenges
associated with reaching cell densities of native tissues. Ultimately, these challenges
may all have to be solved simultaneously to realize bioprinted tissues and organs.
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1.7.1 Multimodal and Multimaterial Printing

Using multiple bioprinting modalities and material types in the fabrication of a tis-
sue construct can combine the strengths of multiple technologies to address limita-
tions inherent to a single method. For example, the lack of stability in a highly
hydrated bioink can be addressed by first printing a more mechanically robust mate-
rial that can define and maintain the bulk shape of the construct. This printed sup-
port material can then, in spaces between its filaments, for example, hold one or
more bioinks in place, as has been demonstrated by first extruding a thermoplastic
and then soft bioinks, which are extruded between the thermoplastic filaments, one
layer after another [1, 214, 262] (Fig. 1.10b). This approach has been demonstrated
with multiple soft materials combined in the same construct, where no mixing of the
soft hydrogels was observed and where cells within deposited bioinks were observed
to be unharmed by heat from the thermoplastic filaments deposited in the next lay-
ers [214]. A thermoplastic component can also offer increased mechanical proper-
ties where a higher compressive modulus might be desired for a cell-containing
construct than a cell-containing bioink can provide [263].

Materials used in printing filaments, between which bioinks might be deposited
are not limited to thermoplastics, but can also include soft materials that can be
directly written by extrusion, but which might not contain cells themselves. A softer
material may be desirable as a printed support in bioprinting flexible soft tissue
constructs and in controlling degradation [264]. Not all bioinks lack stability upon
deposition, and thus a softer support material can also be a cell-containing bioink
that rapidly stabilizes. This has been demonstrated in a multi-modal bioprinting
approach that combined a bioink support matrix with the placement of cell spher-
oids into the spaces between filaments [265]. This addresses one challenge facing
cell spheroid-based bioprinting—the need for a support structure or material during
printing and while the spheroids mature and merge. The material structure poten-
tially offers additional control over the shape and maturation of a spheroid-based
construct. Similar work has developed complex scaffolds by combining thermo-
plastic extrusion of a biodegradable material with the placement of cell spheroids,
enabled in part through the design of microfluidic controls capable of handling cell
spheroids and delivering one at a time [215] (Fig. 1.10c).

In other examples of how the strengths of multiple technologies can be com-
bined, FDM, bioink extrusion, and inkjet printing of a bioink have been used to
create spatial organized tissue constructs [266]. Thermoplastic material provided
support for bioinks and cells, as well as desirable mechanical properties for the bulk
construct. Microextrusion and inkjet printing each allowed the deposition of cells,
with each modality depositing bioinks in separate regions of the material and inkjet-
ting being used to tightly control the number of cell regions where cells would
ultimately mature into spheroids with cartilage-like properties. Other work has
combined extruded thermoplastic and SLA-printed bioinks to create a rigid support
around a vessel-like structure, containing living vascular cells, that could be further
surrounded with hydrogel material in a TE construct [267].
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While all these examples have all included extrusion-based printing to fabricate
a support structure, multimodal approaches to bioprinting tissue constructs can
leverage many bioprinting and biofabrication modalities. A hybrid printing system
has been demonstrated combining printheads capable of inkjet printing and electro-
spinning—a processing method similar to EHD droplet deposition that deposits
fibers with diameters on the nanoscale homogeneously across a surface [268]. Inkjet
printing offered controlled delivery of cells and biological hydrogel support materi-
als, and electrospun fibers between each inkjet printed layer provided stability and
support for the bioink. In another approach, LIFT bioprinting has similarly been
used to deposit bioinks onto scaffolds fabricated to contain microscale features
using 2PP techniques [269]. In these cases, electrospun fibers or 2PP printed scaf-
folding provide support and topographic cues at scales that exceed capabilities in
standard extrusion techniques.

Melt electrowriting [84, 85], a relatively young technology, blends strengths of
extrusion-based bioprinting and electrospinning. It offers extrusion’s 3D position-
ing capabilities and but with micron-diameter filaments whose scale approaches
that achievable in electrospinning. In this technique, heat and charge are applied to
anozzle to allow a polymer melt to leave a nozzle and be stably collected in a layer-
by-layer fashion. While this technique is strictly acellular, it is closely akin to 3D
bioprinting and is representative of technological innovation that can continue to
push SFF capabilities. Scaffolds created using MEW have been used to help control
the morphology of vascular networks [270] and to increase the mechanical strength
of cell-containing hydrogel materials [271, 272].

1.7.2 Embedded Bioprinting and Addressing Challenges
Inherent to Layer-by-Layer Printing

A recurring challenge addressed in the innovative bioprinting approaches discussed
above is supporting bioinks upon deposition. Bioinks are generally soft, highly
hydrated materials with relatively low polymer content, and the rate at which many
of the materials solidify upon leaving a print nozzle is slower than the rate at which
they flow away from the point of deposition. One emerging technique to enable the
printing of diverse materials, including bioinks and cell suspensions, is the printing
of ink materials directly into a permissive support material in a method referred to
as embedded printing or printing within a suspension medium. In embedded print-
ing, the volume into which the ink material will be printed is first filled with a mate-
rial which is capable of rearranging to allow a print nozzle to move through it. This
support material should also be designed to recover, or restabilize, after the print
nozzle has passed through a particular location, holding any deposited ink—or bio-
ink—in place (Fig. 1.11). Embedded approaches can be used in bioprinting arbi-
trary structures of great complexity—with large overhangs, internal void spaces,
and nested structures (objects within objects) [112, 113, 126, 274, 275]. By using a
support medium, these structures can be directly printed, with the extruded ink held
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Fig. 1.11 (a) Printing bioinks into support materials that might be sacrificial or a permanent part
of the final construct. (b) Multiscale structures printed into jammed, granular medium. (¢) Printing
of a hydrogel into a hydrogel. (d) Printing of heart construct with internal voids into particle-based
support that can be melted away at physiological temperatures ((a) adapted from O’Bryan et al.
MRS Bull 2017 [273], (b) adapted from Bhattacharjee et al. Sci Adv 2015 [112], (¢) adapted from
Highley et al. Adv Mater 2015 [126], (d) adapted from Hinton et al. Sci Adv 2015 [113])

in place during gelation, allowing diverse ink formulations to be used [112]. This
offers advantages over traditional bioprinting approaches, where complex structures
with overhanging features can be printed, but the process must include the layer-by-
layer deposition of a removable support material, and challenges surrounding bio-
ink solidification would remain [114].

Printing within suspension media can support the printing of a construct that is
subsequently removed from the support material, as described, but it can also be
used in printing where the support material remains as part of the final construct. In
these cases, the suspension medium provides ongoing support, after printing, to
printed features that might include materials [126], cells [112, 276], or to void
spaces that might be lined with cells to form vascular structures within a construct
[118, 126, 277]. Suspension media have included materials that recover through the
introduction of new material into a defect the needle creates [277] followed by a
reaction to cure the defect. Other support materials self-heal once the print nozzle
has moved away from a particular location within the support [112, 113, 126].
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Embedded printing methods offer opportunities to address challenges both spe-
cific to bioprinting processes as well as to TE more broadly. These techniques are
not limited to printing one layer at a time. Any print location within the support
material is accessible for bioink deposition. Continuous material features can easily
be printed in any direction through 3D space, instead of as discrete elements, in
traditional layer-by-layer approaches. Bioprinting occurs within a hydrated envi-
ronment. Through the use of support media that are designed to be a part of the final
construct, not ultimately removed, embedded printing may also address challenges
of print times and vascularization. A support medium which remains might include
homogeneously distributed cells, as in standard tissue engineering approaches, but
be viewed as a 3D canvas, where bioprinting might be used to deposit only the high-
resolution features necessary to create the desired heterogeneity within a tissue con-
struct. In standard layer-by-layer approaches, print times increase exponentially
with increasing resolution [224, 273], putting practical limits on feature resolution,
which is often much less than the positioning capabilities of bioprinting hardware.

This ability to use a support to print heterogeneity as needed, at high resolution,
is coupled with the ability to print vasculature-like void spaces that can branch and
rejoin [118, 126, 277]. This requires an ink material which can be printed into the
support and subsequently removed—a sacrificial [273], or fugitive [40], ink—and a
support material that is designed resist collapse after the removal of the fugitive
material. Printing into suspension media thus offers strengths both in fabrication of
structures that might be removed from the media and also in the design of constructs
that include these media. In the latter case, the printing process is able to harness
high-resolution capabilities and establish critical channels for nutrient exchange in
the final construct.

Addressing the grand challenge of printing void spaces or vasculature within a
TE construct is thus possible through embedded methods as well as by leaving void
spaces within printed constructs using standard bioprinting processes. A related
approach is the use of sacrificial inks, deposited by bioprinters in vessel-like confor-
mations, around which a hydrogel is then cured, which is followed by the removal
of the sacrificial structure, leaving void spaces within the hydrogel (Fig. 1.12). This
leverages printer capabilities to create multiscale filament structures within diverse
materials [124]. These structures might be printed to have complex, 3D geometries
and can be lined with endothelial cells to create models of vasculature [125, 126,
279, 280]. In many of these approaches, printing is used to establish the geometry
of a sacrificial material around which a homogeneous cell-containing hydrogel
might be cured. But the capabilities of bioprinters have also been harnessed in the
printing of heterogeneous, multicellular structures around a sacrificial ink, prior to
surrounding printed structures with a hydrogel [278], demonstrating the potential to
combine fugitive inks with mulitple bioinks in these methods to harness the strengths
of bioprinting in creating vascularized macroscale TE constructs [125].
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1.7.3 Modifying the Printing Process and Hardware
to Extending Bioprinting Capabilities and Materials

Innovation driving bioprinting capabilities is often related both the hardware and
bioinks used. Steering clear of specifics for materials, which will be discussed at
length in the following chapter, innovation in nozzle design is a particular example
of how hardware innovation can enhance bioprinting capabilities and possibilities.
Where the techniques discussed above—multimodal printing and embedded print-
ing—often address challenges related to bioink behaviors after leaving a printer’s
nozzle, modifications to the nozzle itself can improve printer capabilities and addi-
tional opportunities for controlling multiscale features within printed constructs.
One example of this is the use of coaxial, or concentric, nozzles that can be used to
deliver multiple materials.

Coaxial nozzles can be used to print hollow filaments that are useful in establish-
ing channels for nutrient exchange or patterning vascular structures. These nozzles
can deliver multiple materials—usually two—in a core-shell arrangement [281], so
that the resulting filament results from the interactions of these two materials. By
delivering a cross-linkable bioink through the external nozzle and the cross-linking
agent through the internal nozzle, hollow filaments can be bioprinted [218, 265,
282-285] (Fig. 1.13a). Alternatively, a cross-linking agent might be delivered in the
shell and initiate gelation of the core material, resulting in a solid filament [223].
Bioinks can be designed to deliver cell types specific to vasculature in these
approaches, as will be discussed at greater length in later chapters. Coaxial nozzles
also offer capabilities for depositing multiple materials, but one at a time, to control
material distribution at the meso- and microscale along a printed filament [218].
Such capabilities are perhaps best demonstrated using microfluidic devices and con-
trol systems that can precisely combine and deliver multiple input inks to a nozzle
[223, 286, 288].

Many of the innovations in nozzle design have been focused on improving
extrusion-based processes. In these bioprinting processes especially, the nozzle rep-
resents the location in the process where a bioink should ideally transition from a
flowing, liquid-like state to a gelled, solid-like state. The design of nozzles in which
bioink gelation might be initiated, and where flow rates are matched to gelation
times, might allow the bioprinting of materials with slower gelation rates. Bioinks
that gel slowly (on the order of seconds to minutes) are often not compatible with
the print processes, because the stabilization of material must occur almost instan-
taneously upon leaving the nozzle. Photopermeable nozzles have been used to allow
the direct extrusion of bioinks which are cross-linked in the presence of light [218]
(Fig. 1.13b). There may exist opportunity for nozzles which can initiate other forms
of cross-linking as materials move through them. Heated nozzles and print plat-
forms are common, but hardware supportive of enzymatic and chemical reactions
that occur on longer timescales might be considered. A nozzle capable of combining
materials with active mixing has been used to control heterogeneity in material
composition during continuous extrusion [289], and similar technology might be
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Fig. 1.13 Innovation in hardware design at print nozzles. (a) Coaxial nozzle (left) with hollow,
cell-containing filament (right). (b) Photopermeable nozzle for photo cross-linking during extru-
sion. (¢) Microfluidic nozzle where inks can meet and therefore be continuously altered during
printing to create hetereogeniety. (d) Acoustophoretic printing, allowing a very broad range of
material viscosities to be printed ((a) adapted from Zhang et al. Biofabrication 2013 [282] and Gao
et al. Biomaterials 2015 [284], (b) adapted from Ouyang et al. Adv Mater 2017 [218], (¢) adapted
from Hardin et al. Adv Mater 2015 [286], (d) adapted from Foresti et al. Sci Adv 2018 [287])

advantageous in combining bioink components that form gels through chemical
reactions (Fig. 1.13c).

It is not only extrusion-based processes where hardware innovation can improve
processing by bioprinting. Although examples are more limited in droplet- and
energy-based approaches, continued advances are pushing bioprinting and biofabri-
cation forward by addressing weaknesses that hinder broader application. For exam-
ple, a major challenge in droplet-based bioprinting is the requirement that low
viscosity bioinks are used. By designing hardware capable of generating accurate,
localized acoustophoretic forces in air, uniform droplets of liquids, including bio-
inks with viscosities ranging from 0.5 to 25,000 mPa-s have been ejected off the end
of a nozzle [287] (Fig. 1.13d). In an adaptation to droplet-based printing that is in
some ways reminiscent of bioplotting, droplets have been formed within liquid envi-
ronments and patterned to form tissue-like structures. This work included bioinks
and yielded well-defined 3D structures and tissue constructs from soft materials,
without the need for rapid cross-linking upon reaching a print surface [290, 291].

1.7.4 Technologies at the Boundary Between Bioprinting
and Biofabrication

Delineating what technologies fit within the realm of bioprinting and which belong
to perhaps another class of biofabrication technologies is a problem that may await
the development of broadly established standards. In the meantime, just as
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classifications of bioprinting modalities vary among sources, technologies consid-
ered to be bioprinting likely will as well. As the field continues to innovate, capabili-
ties will inevitably cross boundaries, and it seems likely that continued work
combining existing technology, in addition to building new, will be essential to
advances.

Two-photon polymerization bioprinting technologies, for example, are closely
related to two photon-based techniques used with photodegradable hydrogels. Just
as 2PP can be used to cross-link structures, as discussed, at very high resolution,
given a material that is cross-linked through photolabile chemistries, two-photon
light can be used to degrade material in a selective way [203, 204] (Fig. 1.14a).
Although quite the opposite of additive manufacturing, this subtractive technique has
been used to establish high-resolution channels in cell-containing hydrogels for the
purposes of influence cell behaviors [203]. In using laser-based approaches to creat-
ing channels, photodegradable chemistries are not even required within some hydro-
gels—nano- and femtosecond pulsed lasers can directly ablate a hydrogel structure
[205]. However, like other lithographic technologies, two photon-based lithography

Gelatin glue  Assist handle

NHDF sheet MP-ECs NHDF sheet

Fig. 1.14 Biofabrication and bioassembly technologies that are very closely related to bioprinting
technologies. (a) Two-photon patterning of channels in hydrogels. (b) Laser-guided direct writ-
ing—a bioprinting technology. (¢) Multi-layer constructs fabricated from cell sheets. (d)
Microneedles supporting the scaffold-free assembly of tissue constructs from cell spheroids ((a)
adapted from Kloxin et al. Science 2009 [203], (b) adapted from Nahmias et al. Biotechnol Bioeng
2005 [292], (c) adapted from Tsuda et al. Biomaterials 2007 [293], (d) adapted from Ong et al. Sci
Rep 2017 [294])
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can also be used to conjugate biofunctionalities to a hydrogel network at high resolu-
tion through photoreactive chemistries [206]. This comes closer to an additive manu-
facturing technique, though the cell-containing material is already cross-linked and
light is used to further modify it, rather than to solidify and print it from a flowing
ink. In short, in light of 2PP being a powerful technique for bioprinting microscale
structures, it also bears noting that through materials design, this technology might
be used in many other potentially synergistic ways in a biofabrication process.

Laser-guided direct writing (LGDW) is an example of a technology that might be
considered bioprinting, but at a minimum is very closely related and which has
unique and intriguing capabilities for structuring tissue constructs [38]. Like many
bioprinting modalities, LGDW can directly manipulate and position small biologi-
cal materials, including individual cells, on surfaces. The technology uses an optical
force that arises when an object with a high refractive index is within the light beam.
The object becomes radially trapped within the beam and will move axially along it
[292] (Fig. 1.14b). As in other cell-based approaches (e.g. spheroids), support must
be provided, often using a material coating, to facilitate the stable placement of cells
on a surface and in subsequent layers, as cells are positioned upon one another in a
construct.

LGDW therefore joins a number of other bioprinting technologies described pre-
viously, including spheroid-based printing and LIFT, that can be used to control the
placement of cells, ideally with minimal additional material, in a TE construct—in
some cases with resolution approaching a single cell. These technologies offer paths
toward a major biofabrication goal of achieving high-resolution, densely cellular-
ized tissue-engineered structures. It is among a number of technologies that focus
on cell-dense materials for biofabrication and bioprinting. Cell sheets are a promi-
nent example of such biofabrication technology. The technology’s name refers to
the confluent monolayers of cells that can be harvested as sheets from culture sur-
faces coated with thermoresponsive materials. This technology has developed
alongside bioprinting and cell spheroid-based technologies and can be used to
assemble structures by layering sheets, requiring minimal support material [293,
295, 296] (Fig. 1.14c). Layered assembly using sheets is in some ways analogous to
standard layer-by-layer bioprinting techniques. In a convergence of technologies,
cell sheets have been harvested and processed for using in bioprinting [297], with
the sheets being broken into small fragments that serve as the basis for a bioink in
extrusion-based printing. The resulting bioinks are thus cell-rich like spheroids,
with many cell-cell and cell-ECM interactions influencing. Tissue strands offer
another cell-dense bioink, where cells are cultured to form continuous, extrudable
cylinders—as opposed to discrete spheroids—composed of cells that may self-
assemble into functional tissue [145].

At the level of individual cells, cell surface modifications have been shown to
facilitate the assembly of larger tissue structures and may have application in con-
junction with bioprinting technologies discussed above. Thin hydrogel coatings on
cells have resulted in thin, adherent layers of cells, reminiscent of cell sheets, in
which microvascular networks form based on cell composition [298]. By using pat-
terns of single-stranded DNA patterned on a substrate, cells whose surfaces are
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modified with complementary single-stranded DNA can be assembled with great
precision [299] (<10 pm resolution). These are cell-dominant fabrication technolo-
gies, like cell sheets and spheroids. Although these cell-based assembly approaches
may find application in connection with bioprinting, they constitute unique biofab-
rication technologies than aim to build a tissue from basic components, from the
bottom up. There are many technologies within biofabrication that fall within this
category, and covering them is beyond the scope of the chapter, but the interested
reader is encouraged to refer to broader reviews of biofabrication [6, 54, 91].

Other technologies that sit at the boundary of those that would be considered
bioprinting include robotic technologies that are capable of picking up and then
placing individual microtissue units onto a construct on a build platform. Like
spheroids and tissue strands, microtissues are derived from cells cultured under con-
ditions that cause them to aggregate into units of fabrication—in this case, through
culture in toroidal- or honeycomb-shaped molds [300]. Similarly, cell spheroids
have been bioprinted onto tight arrays of microneedles (Fig. 1.14d). Obviating the
need for support material, these microneedles are closely spaced such that spheroids
placed onto them are in contact with adjacent spheroids to enable interactions and
the maturation of the bulk tissue structure [148, 294]. The variety of ways in which
bioprinting and related technologies might be used will continue to multiply, and it
seems clear that synergies between technologies—for example, even between the
apparently mutually exclusive scaffold-free and scaffold-based approaches [301]—
will be important to advances.

1.8 Looking Toward the Future of Bioprinting

Bioprinting is currently in an exciting and active stage of technological develop-
ment. There exist numerous challenges within bioprinting itself as well as within
broader fields related to tissue engineering. But, as has been discussed here, there
are also substantial opportunities to innovate and address these challenges. With
respect to tissue engineering, bioprinting offers a combination of strengths that are
well suited to addressing challenges of engineering complexity and function in tis-
sue constructs—both now and through continued advances. In the following chap-
ters, examples of the current capabilities and potential of the bioprinting
technologies introduced here will be covered through areas of active application of
bioprinting technology. These chapters will illustrate how the technologies
described in this chapter are currently allowing us to move beyond simplistic 2D
in vitro model systems, which are often not able to recapitulate the environments
needed to answer critical questions within TE [302] toward the controlled fabrica-
tion of not just homogeneous 3D gels, but complex 3D constructs. Leveraging the
technology’s capabilities to engineer-controlled biological complexity has been a
central goal of bioprinting since the earliest efforts to apply printer technology to
biological questions [16].
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Currently, and in the near future, bioprinting will likely have its greatest transla-
tional impact through enabling the fabrication of in vitro models that recapitulate
native biology or physiology. From in vitro models and, for example, “on a chip”-
type devices, the importance of using fabrication techniques to establish biomimetic
conditions and cellular arrangements is well appreciated [303]. Bioprinted in vitro
systems are already enabling drug screening on engineered tissues that mimic
human responses to drugs [304]. Bioprinting technologies will also continue to
interact synergistically with other fields. From stem cell biology, for example, we
know that cell fates depend heavily on microenvironmental cues [305], and fabrica-
tion technologies that allow us to define these environments [115] will help research-
ers ask and answer fundamental questions within their fields. In turn, the results of
such work will help us understand what we must be capable of bioprinting and how
we might provide the appropriate cues to stem cells to guide their development [44]
into functional structures—one possible route to engineering replacement tissue.

Closely related to both stem cells and cell spheroids are organoids, 3D aggre-
gates of pluripotent stem cells that, with the correct cues, can give rise to primitive
organ-like structures [12]. The potential for bioprinting or biofabrication technolo-
gies to accelerate organoid research and for organoid research to accelerate the fab-
rication of functional tissue seems high. Challenges faced in the maturation of
organoids beyond current limits include the need for more complex architectures
and cellular compositions and the need for vasculature [4, 306]. These requirements
echo those of tissue engineering and goals of researchers working in bioprinting and
biofabrication. Bioprinting technologies may offer the capabilities needed to create
constructs that guide the self-assembly of tissue from organoids. Bioprinting may
also be used to directly control the placement of primitive tissue and material struc-
tures in ways that might facilitate their own inherent abilities to give rise to increas-
ingly complex tissue structures [307, 308].

In the clinic, in the nearer term, bioprinting might offer a technology for deliver-
ing cell-based therapies and cell-containing biomaterials directly to an injury site.
In situ bioprinting approaches have directly printed bioinks into skin wounds in
animals [309, 310]. These capabilities might be extended to deliver complex, struc-
tured regenerative materials into patient-specific wound sites in the clinic, as an
alternative to prefabricating a construct or injecting a material without control over
the features of that material within the volume of the injury site. Printing functional
tissues and whole organs remains the long-term goal that motivates many research-
ers in the field. Perhaps through breakthroughs in combinations of bioprinter inno-
vation, advances in basic science (e.g., stem cell biology and developmental
biology), and capabilities in replicating critical microevironmental cues at the
appropriate resolutions, achieving this goal may be possible sooner rather than
later. Innovation is unpredictable. Of course, we will have to remain cognizant of
ethical concerns that might follow from recreating human structures—particularly
neural structures. Challenges will also surround cell sourcing—the expansion and
culture of sufficient cell numbers to recreate tissue is a major consideration [311].
Finally, federal regulations surrounding bioprinted products that both safeguard
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patients and provide clear frameworks for the development of bioprinted products
will be important [312].

How bioprinting will be used—how large of a role it will ultimately play in bio-
medicine—remains to be seen. The impacts of the technology are being felt now.
Bioprinting is advancing, and the possibilities still seem limited only by the extent
of our knowledge and our ingenuity.
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Chapter 2
Materials as Bioinks and Bioink Design

Paula Camacho, Hafiz Busari, Kelly B. Seims, John W. Tolbert,
and Lesley W. Chow

Abstract This chapter summarizes the major concepts and recent progress in the
design and formulation of bioinks for 3D bioprinting. Bioinks encompass cells and
materials designed for processing by an automated biofabrication technique, such
as direct-write, inkjet, stereolithography (SLA), or laser-induced forward transfer
(LIFT) technologies, with each having its own requirements for material properties
to fabricate specific tissue constructs. There are two major types of bioinks: (1)
scaffold-free, consisting of cellular aggregates, and (2) scaffold-based, comprised
of biomaterials with encapsulated cells. These bioinks can be composed of single
materials or blends of multiple components to develop constructs tailored to pre-
ferred printing techniques and applications. Key parameters important in material
selection include printability, mechanical properties, degradation, biochemical
functionality, cell viability, and biocompatibility. Single-component hydrogels have
limitations since properties that enhance cell viability and function often contrast
with those that facilitate printing of mechanically robust constructs. More complex
formulations, such as multi-material bioinks, interpenetrating networks, and nano-
composite bioinks, expand the range of properties and techniques that can be
achieved for desired applications. Future directions will demonstrate how bioinks
can be optimized and exploited to engineer native-like tissue constructs with
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spatially and temporally organized biochemical and biophysical cues and tissue-
specific cell types.

Keywords Bioink design - Polymeric materials - Hydrogels - Cellular aggregates

2.1 Introduction

A critical step in the bioprinting process involves the selection and design of ideal
bioinks. Bioinks are generally defined as “a formulation of cells suitable for pro-
cessing by an automated biofabrication technology that may also contain biologi-
cally active contents and biomaterials” [1]. Ideal bioinks must provide key
characteristics, such as biocompatibility, viscoelasticity, high mechanical integrity,
appropriate degradability, nontoxicity, and non-immunogenicity, to enable success-
ful fabrication of complex biomimetic tissue constructs. To achieve this, materials
used in the formulation of bioinks should be selected based on mechanical, rheo-
logical, chemical, and biological properties that support both cell viability and
printability for a given application.

There are two major types of bioinks used in 3D bioprinting: (1) scaffold-free
and (2) scaffold-based. Scaffold-free bioinks involve directly printing living cells
into 3D constructs [2—4]. In this case, cells are first formed into clusters or aggre-
gates (most often spheroids) and engineered for bioprinting processes. The resulting
cellular aggregates are then deposited in specific patterns where they fuse and
mature into larger scale functional tissues [5]. In scaffold-based bioinks, cells are
embedded in polymeric hydrogels then printed into scaffolds with tissue-specific
3D architectures [6]. The hydrogel scaffold degrades, and the encapsulated cells
proliferate and mature into larger-scale tissues. Scaffold-based bioink strategies are
advantageous for generating biomimetic tissues but have intrinsic limitations, such
as restricted cell proliferation, migration, and colonization since the cells are immo-
bilized within the material. Scaffold-free bioinks, on the other hand, better facilitate
cellular interactions, including homo-cellular and hetero-cellular interactions that
enable the generation of tissue with close biomimicry and cell functionality for
longer time periods [7]. However, a very high number of cells are needed to prepare
a sufficient number of cellular aggregates for bioprinting. These numbers can reach
a few hundred million cells depending on cell size and how quickly the cells deposit
extracellular matrix (ECM). In general, expanding cell populations to these num-
bers is labor-intensive and costly, and some cell types cannot proliferate quickly,
limiting their applicability and availability [8]. While both approaches have their
advantages and disadvantages, this chapter mainly focuses on materials used in the
design and formulation of scaffold-based bioinks as they are the most common type
of bioinks used in 3D bioprinting processes. A brief overview of scaffold-free bio-
inks is included in Bioink Formulations, but more detailed discussions can be found
in recent literature [3, 9].

There are a wide variety of materials used in the design and formulation of bio-
inks, including alginate [10], collagen [11], fibrin [12, 13], cellulose [14], silk [15,
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16], and ECM-derived components [17, 18]. However, the candidacy of materials in
a bioink is highly dependent on the specific tissue of interest and the 3D printing
technique being utilized (Fig. 2.1). For example, in direct-write 3D printing, high
viscosity cell solutions are extruded from an ink deposition nozzle, which can result
in mechanical forces and shear stresses that may damage cells [19]. Therefore, bio-
inks exhibiting viscoelastic behavior, such as shear-thinning properties, are needed
to compensate for the high shear stresses associated with the bioink’s high viscosity.
In inkjet printing, polymeric solutions, colloidal suspensions, and cell suspensions
with relatively low viscosities are deposited at relatively high shear rates in the form
of droplets that generate biologically viable constructs [20]. Bioinks used in inkjet
printing should have a non-fibrous nature, so they can flow through the nozzle with-
out clogging and exhibit rheopectic behavior. Rheopectic materials have time-
dependent non-Newtonian behavior, resulting in increased viscosity as shear is
applied. This triggers droplet formation due to an increase in viscosity following
ejection [21]. In stereolithography (SLA), an ultraviolet laser is utilized to photopo-
lymerize the surface of a bath of liquid polymer adhered to a build platform that
supports 3D-printed constructs as they are being fabricated. Bioinks used for SLA
bioprinting should be able to undergo photopolymerization as well as possess suf-
ficient adhesion and low surface tension characteristics, so that the bioink can uni-
formly spread on the build platform and adhere to it without dripping [22]. Finally,
in laser-induced forward transfer (LIFT), a bioink solution is deposited onto a glass
slide and coated with a laser absorption layer. A laser is directed to the laser absorp-
tion layer, creating a local pressure to eject the bioink onto the substrate [23]. Low
viscosity inks are used in this process to fabricate pre-designed 3D constructs at

Laser-Induced

Direct-Write . Stereolithography Enrward Torstar

s Light Source ";“’
Donor i
Layer |

Bioink |

Polymerized Bioink
Bioink Property Requirements
« High ——— o l. il "
+ Shear g prop + Low vi y i B Low )
+ Shape retention « Non-fibrous nature Phrm'b?”;o L:ssr kilnmic energy
*+ Low surface tension * Medium surface tension | E:\:rr::t:nsﬁon " al so:z‘rf‘;:etenslon
+ Rapid gelation + Rapid gelation

* Uniform cell distribution  + Rapid gelation

Fig. 2.1 Common bioprinting techniques and their respective bioink property requirements
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high spatial resolution. The bioink must also exhibit fast cross-linking, so that the
material can solidify without spreading or splashing as it is ejected. Material selec-
tion is therefore critical to ensure optimal ink properties for a desired bioprinting
technique.

This chapter summarizes the major concepts and recent progress in the formula-
tion and design of bioinks for 3D bioprinting. Specific material properties that must
be considered will be discussed followed by descriptions and examples of com-
monly used materials. Finally, a brief discussion of state-of-the-art bioink formula-
tions is included to provide a perspective of future directions.

2.2 Bioink Design Principles

To fabricate biomimetic structures with high print fidelity and resolution, careful
control of the bioink’s physicochemical and biological properties is required. Native
tissues have diverse structural, mechanical, and biochemical features that are spe-
cific to each of them; therefore, it is imperative that the bioink material can be
modulated to recapitulate tissue-specific properties while also providing an environ-
ment conducive to cells and tissue development. Key parameters that are important
in bioink design for a desired 3D bioprinting application include printability,
mechanical properties, degradation, biochemical functionality, cell viability, and
biocompatibility.

2.2.1 Printability

Printability, in the context of bioinks, relates to its processability for the specific
bioprinting application and the subsequent creation of accurate, high-quality bio-
logical constructs [23]. Factors that influence the printability include resolution,
shape fidelity, and cell viability of the 3D-printed structure. These factors can be
modulated by tuning material properties, such as viscosity, surface tension, and
cross-linking mechanism. For example, tuning the viscosity of a bioink by altering
material concentration, changing temperature, or modifying the number of encapsu-
lated cells have all been shown to influence shape fidelity. Recently, Duan et al.
developed bioinks composed of hybrid hydrogels based on methacrylated hyal-
uronic acid (Me-HA) and methacrylated gelatin (Me-Gel) to bioprint heart valve
conduits containing encapsulated human aortic valvular interstitial cells (HAVIC)
[24]. They showed that changing the Me-Gel concentration affected the viscosity of
the bioink. Moreover, printing with a higher viscosity bioink led to high-quality
structures with excellent shape fidelity while lower viscosity bioinks resulted in
watery, soft structures that could not maintain their shape post-printing.

Surface tension also plays an important role when assessing the printability of a
bioink. Surface tension is a result of the cohesive forces that exist between the mate-
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rials present in the bioink and has been shown to influence print quality, resolution,
and the dimensions of the printed structure [25]. To fabricate constructs with well-
defined three-dimensional features, sufficient surface tension is needed to maintain
structural integrity of the bioink as printed [26]. For example, Xu et al. showed that
increasing cell concentration in alginate solutions correlated with a decrease in bio-
ink surface tension during inkjet printing. The higher cell concentrations resulted in
more cells being adsorbed to the interface to reduce the total free energy, causing a
decrease in surface tension [27]. This also decreased the size and affected the shape
of the droplet, which limits the resolution and dimensions of the printed material.

Another important characteristic to consider for printability is the extent of
cross-linking within the bioink material, which often impacts the final shape and
size of the printed 3D construct. Generally, materials with high cross-linking abili-
ties are preferred in bioinks because they provide good shape fidelity after bioprint-
ing. For example, Rutz et al. designed a bioink composed of gelatin methacrylate
and multi-armed polyethylene glycol (PEG) where PEG was included to loosely
cross-link gelatin methacrylate to provide the necessary viscosity for bioprinting
[28]. Their strategy allowed the chemical and physical properties of the bioink to be
carefully tuned. The resulting constructs showed high shape and structural fidelity
without compromising cytocompatibility [28]. This introduces great potential
toward developing tailorable platforms for studying cell-cell signaling and tissue
morphogenesis in 3D, in addition to creating more customized, biomimetic
3D-printed tissue constructs.

2.2.2 Mechanical Properties

The mechanical properties of the selected material must enable the extruded bioink
to create self-supporting structures with maintained as-printed shape fidelity and
enable successful integration with previously printed layers to preserve integrity of
the entire 3D-printed construct. The specific mechanical properties should also be
tunable for both the specific bioprinting technique and the desired tissue applica-
tion. To achieve porosity or other open architectural features, the bioink must be
capable of spanning gaps of at least several 100 pm without collapsing or sagging
[29]. The final printed structure may also require post-printing stabilization steps
(e.g., cross-linking) to render the structure stable for in vitro culture or in vivo envi-
ronments. Post-printing steps can be avoided by using multi-material bioink formu-
lations that exploit different cross-linking motifs to enable short-term and long-term
structural stability. For example, Wiist et al. combined the ionic cross-linking of
alginate and the thermosensitive properties of gelatin with different concentrations
of hydroxyapatite. They hypothesized that combining gelatin and alginate would
improve both instantaneous stability by maintaining initial bonding between single
layers due to the gelation of gelatin and long-term stability of the entire construct by
cross-linking alginate with calcium. As predicted, these bioinks were able to achieve
3D printed constructs with high structural fidelity immediately after extrusion.
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Furthermore, they showed that increasing hydroxyapatite concentrations, and thus
increasing viscosities, improved construct stiffness and prevented uncontrolled
spreading, deformation, reduced porosity, and collapse of subsequent layers [30].
Hydroxyapatite enhanced shape fidelity of the printed structure while also introduc-
ing a bioactive component for bone tissue engineering applications.

The mechanical properties of the bioink material can also influence the behavior
of encapsulated cells. Stem cell differentiation, for example, can be selectively
guided by changing the mechanical properties of the local environment, such as
substrate stiffness [31]. Soft constructs mimic the brain while stiffer and more rigid
constructs resemble muscle and bone, respectively [32]. A single mechanical prop-
erty like stiffness can therefore greatly impact how cells behave and the resulting
tissue they produce. Mechanical properties, such as elastic modulus, tensile strength,
fracture toughness, fatigue, and elongation, of the final construct should match the
desired tissue application at the time of implantation [33]. For example, Freeman
and Kelly were able to tune alginate bioink stiffness to direct mesenchymal stem
cell (MSC) differentiation. They used alginates with different molecular weight and
systematically varied the ratio of alginate to ionic cross-linker within the bioink.
They discovered that increasing alginate molecular weight increased the stiffness of
the structure and promoted MSC osteogenesis (bone) over adipogenesis (fat) [34].

An often overlooked but necessary feature of cell-encapsulating inks is that they
must also prevent cell sedimentation where cells settle out of the bioink, leading to
inhomogeneous cell distributions. This may also lead to nozzle clogging, which
disrupts the print process and reduces cell viability [35]. This has been a particular
challenge for solution-based cell-encapsulating bioinks, particularly those of low
viscosity. Preventing cell sedimentation is especially important when fabricating
relevant-scale tissue and organ structures, which may require multiple hours of fab-
rication time [29]. The viscosity before printing must be optimized to ensure proper
mixing and homogeneous 3D distribution of cells throughout the printing process
without affecting cell viability. For example, when printing with an inkjet bioprinter
for long periods of time, cell sedimentation can lead to inconsistent printing results.
Parsa et al. studied the effect of adding Pluronic® as a dispersant and gentle agitation
to prevent sedimentation of cells during inkjet bioprinting. The addition of Pluronic®
improved the consistency of droplet formation and continuous gentle stirring
reduced cell sedimentation [36].

2.2.3 Degradation

The 3D-printed construct should provide mechanical support during tissue regen-
eration yet be degradable in vivo to permit tissue remodeling without degrading
during printing. The rate of degradation should match the rate of tissue regenera-
tion, so that cells gradually replace the biomaterial scaffold with native ECM com-
ponents [21, 23]. It is also important to note that byproducts resulting from this
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degradation process should not create any immunological response in the host when
implanted in vivo [37]. The degradation rate depends on the specific bioink material
used and should be modified according to the desired application [21]. The main
mechanisms of degradation for materials commonly used as bioinks include enzy-
matic, hydrolytic, and ion exchange [38]. For example, collagen can be enzymati-
cally degraded, and its type of cross-linking can influence the degradation rate [39].
Gordon et al. used type II collagen scaffolds with various cross-linking treatments,
such as ultraviolet radiation and dehydrothermal treatment. Results showed that the
dehydrothermal and ultraviolet light treatments produced minimal cross-linking,
allowing for more rapid degradation [40]. Regarding hydrolytic degradation, Diniz
et al. showed that Pluronic® has great potential for cell encapsulation and degrades
rapidly, which may be desirable for certain tissue engineering applications [41].
Finally, with ion exchange, it has been shown that ionically cross-linking alginates
have limited stability in vivo due to ion exchange mechanisms occurring in the body
[42]. However, Kong et al. used molecular weight distribution to control the degra-
dation of alginate hydrogels. Mixing oxidized low and high molecular weight
MVGs (alginates rich in guluronic acid) at different weight fractions was shown to
influence degradation rate [43]. For each material of interest, additional cross-
linking may be required to increase degradation rates, particularly when mechanical
support is needed during early stages of regeneration.

2.2.4 Biochemical Functionality

The bioink material should incorporate biochemical cues to direct cellular behavior,
such as adhesion, migration, and differentiation [23, 37, 38]. Bioactive groups can
promote tissue growth and simulate environments similar to native tissues, thus
encouraging cellular function and tissue integration [44]. As discussed in other sec-
tions of this chapter, some natural polymers possess inherent bioactivity and contain
cell attachment molecules, which may offer an environment more similar to that of
the native ECM [38, 44]. On the other hand, synthetic polymers are more adaptable
for different bioprinting applications but require chemical modification to include
bioactive functional groups [21, 38, 44]. For example, the arginine-glycine-aspartic
acid (RGD) peptide can be attached to the surface of biomaterials to promote cell
adhesion [45]. Other molecules, such as drugs, growth factors, or other biologics,
can also be incorporated for delivery to the surrounding tissue. Cross-linking chem-
istry or degree of cross-linking can be modified to control when these molecules are
released [21]. Kundu et al. demonstrated that a photo-cross-linked hydrogel synthe-
sized with poly(vinyl alcohol) methacrylate and silk fibroin can encapsulate growth
factors and drug molecules without inhibiting their activity [46]. These same strate-
gies can be applied for bioinks to enhance cell behavior and present or deliver spe-
cific molecules as desired. Notably, these same chemical modification techniques
can be exploited to enhance post-printing construct integrity [21, 37].
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2.2.5 Cell Viability

Cell viability and successful encapsulation are influenced by many factors, includ-
ing the stiffness of the printed construct [23], post-processing techniques (e.g., UV
photo-cross-linking), and hydrophilicity and viscosity of the bioink [37]. In 3D bio-
printing, the fabrication of a layer can be described as transfer of energy (mechani-
cal, thermal, chemical, and electromagnetic) from the bioprinting machine to the
cell-laden material. This process can affect cell phenotype and viability, damage
cell membranes, or alter osmotic equilibrium between cells and the external envi-
ronment [47]. One of the key criteria for a well-designed bioink is to protect cells
from the damaging mechanical forces experienced during extrusion [48]. The bio-
ink not only acts as a structural medium for spatially patterning cells within a 3D
structure but also serves as an incubator to support cell viability before, during, and
after printing where the cells experience substantial stresses [23, 37]. These stresses
may impact cell viability and health as well as their overall behavior, function, and
efficacy. Stresses include the physical mixing needed to incorporate cells into the
bioink matrix, shear forces encountered during extrusion through a fine diameter
nozzle, and pre- or post-printing processes, such as exposure to chemicals or tem-
perature changes often required for ink gelation [29]. It is thus vital to monitor cells
before and after printing to investigate how the bioink material permits cell
viability.

2.2.6 Biocompatibility

In addition to supporting cell viability, the bioink material should not induce an
inflammatory response in the body [23] and should be able to be implanted in vivo
without causing deleterious local or systemic reactions upon implantation and dur-
ing degradation [38]. In other words, the bioink and its degradation products should
be both biocompatible and cytocompatible [23]. For example, Rodriguez et al. were
influenced by previous studies that showed that natural materials have high biocom-
patibility. They used silk-based bioinks incorporating gelatin, and their results indi-
cated that these bioinks were highly compatible with cells introduced to the ink. The
silk-gelatin-based bioprinted construct demonstrated enhanced cell viability and,
after implanting in vivo, did not generate tissue inflammation in the host [49].

To ensure cytocompatibility and avoid any inflammatory response in the body,
cell-encapsulating bioinks and resulting structures as well as the ink cartridge and
printing substrate must maintain sterility throughout the entire fabrication process
[35]. The bioink material must be compatible with proper sterilization procedures,
either through sterile production or through conformity with a sterilization method
before use during fabrication. Moreover, the materials should be endotoxin-free and
not exceed the limits set by regulation, which may be a more critical point for bio-
logically derived polymers like decellularized ECM than for synthetic systems [35].
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Furthermore, sterility has to be assured in each step of the bioprinting procedure by
an accurate control of the material reservoirs and of the building chamber [47].

2.3 Bioink Formulations

Ink development is one of the most challenging aspects in the bioprinting process.
An ideal ink must satisfy biological needs for cell compatibility as well as physical
and mechanical needs for the printing process. Materials must be carefully selected
and tailored to produce bioinks that follow desired design principles and can be
effectively bioprinted with a specific technique to build successful constructs for
tissue engineering. These bioink formulations can be classified into two main cate-
gories of bioink formulations for 3D printing: cell-based bioinks for scaffold-free
printing and cell-encapsulating materials to construct cell-laden scaffolds.

2.3.1 Cell-Based Bioinks and Scaffold-Free Printing

Organ printing using self-assembled tissue aggregates or spheroids is an alternative
to the biodegradable scaffold-based approach in the field of tissue engineering.
Cell-based bioinks use solid cellular units as building blocks to enable scaffold-free
bioprinting, free of exogenous biomaterials [3]. The concept originates from devel-
opmental biology, where tissues and organs are formed without any scaffolds during
embryonic development [50]. This technique enables several advantages: an auto-
mated approach for mass production of scalable and reproducible constructs, pre-
cise simultaneous 3D organization of several cell types, and creation of tissue with
a high level of cell density. Furthermore, vascularization can be integrated in thick
tissue constructs, and it provides a pathway for in situ application [3].

Generally, cellular aggregation techniques follow four main steps: (1) cell expan-
sion, (2) initiation of cell aggregation, (3) cellular pellet collection, and (4) geomet-
ric molding, such as cylinder or spheroid. The bioink undergoes fully biological
self-assembly without or in the presence of a temporary support layer [4, 35]. After
obtaining sufficient mechanical integrity, aggregates with diameters ranging from
200 to 500 pm can be printed as building blocks to form 3D structures using inkjet
technique [35, 50, 51]. However, the directly printed constructs are fragile and lack
cohesive tensile strength. Therefore, successful fusion is a very important process
for the formation of 3D structures that rely on the cohesive ability of multicellular
aggregates and additive properties. The accumulation of ECM, associated restric-
tion of cell motility, and enhancement of tissue cohesion in tissue spheroids can
change kinetics or impede the tissue spheroid fusion process [50].

One significant advantage of this technique is accelerated tissue organization and
ability to direct the formation of complex tissue structures. During cell aggregation,
single- or multi-cellular aggregates fuse together through cell—cell interactions,
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resulting in the organization of multiple cell types in a single construct [50]. Also,
tissue spheroids are thought to possess material properties that can replicate the
mechanical and functional properties of the native tissue ECM. Bioprinted self-
assembling cellular spheroids may produce a suitable ECM environment by them-
selves to form native-like complex tissues [50].

2.3.2 Cell-Encapsulating Materials and Scaffold-Based
Printing

Biomaterials that qualify as a bioink must serve as a cell-delivery medium during
formulation and processing, with hydrogels being the most common material class
of choice [1]. Hydrogels are three-dimensional (3D) networks of hydrophilic, cross-
linked polymers with a high water content that resemble the ECM in biological
tissues [52, 53]. These materials generally exhibit good biocompatibility and high
permeability for oxygen, nutrients, and other water-soluble metabolites, making
them attractive for use in cell encapsulation [54]. They provide a highly suitable
environment for embedded cells, enabling them to migrate in any direction in 3D
and communicate with each other through a porous flexible network [21].

Once a desired material has been selected, additional factors with the actual 3D
bioprinting process must be considered that may influence bioink formulation. For
example, the cell-loaded bioink has to be stable in the reservoir for the duration of
the printing procedure, typically for at least several minutes depending on the size
and complexity of the structure to be printed. In addition, it must maintain the rheo-
logical properties needed for the specific bioprinting technique without clogging the
nozzle and facilitate a homogeneous three-dimensional distribution of the cells [35].
The hydrogel material also needs to protect encapsulated cells from any damaging
effects of flow by having an intermediate stiffness (G’ ~ 30 Pa) and optimized vis-
coelastic properties [48]. To optimize 3D bioprinting, some studies have developed
bioink formulations using hydrogels that gel before printing. For example, peptide-
polymer hybrids that form physical cross-links create weak hydrogel networks,
which protect cells during printing and prevent cell sedimentation and nozzle clog-
ging [55]. However, the majority of materials used for bioink formulation are pre-
cursors that need to be cross-linked into hydrogels after deposition.

Hydrogel materials in tissue engineering are classified into two groups: naturally
derived, such as gelatin, fibrin, collagen, chitosan, and alginate; and synthetically
derived, such as Pluronic® or polyethylene glycol (PEG). Cell-encapsulating bioink
materials can be composed of single materials or blends of multiple components to
develop constructs tailored to desired printing techniques and applications. Table 2.1
details the key characteristics and typical printing method for natural and synthetic
polymers commonly used as bioink materials. Figure 2.2 shows representative
images of selected cell-laden natural and synthetic polymer scaffolds to illustrate
cell viability after bioprinting. Natural polymers are advantageous because of their
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Table 2.1 Natural and synthetic polymers commonly used as bioinks

77

Structure and/or Printing
Polymer source Advantages Disadvantages | technique
Agarose Linear polysaccharide | Fast gelation; Poor cell Extrusion
derived from seaweed | readily available | adhesion and
at low cost viability
Alginate Linear copolymer Structural Bioinert Extrusion, inkjet,
polysaccharide diffusivity or laser-assisted
derived from brown
algae
Cellulose Linear polysaccharide | Environmental Typically Extrusion
found in plants response; easily | blended because
processable of poor intrinsic
properties
Collagen Protein found in Good cell Lengthy Extrusion, inkjet
native ECM adhesion processing time
because of
cross-linking
requirement
Decellularized | Varied structures Extremely high Poor Extrusion
ECM (dECM) | derived from native | cell adhesion; mechanical
ECM excellent properties
biocompatibility
Fibrin Protein formed by Biodegradable Weak Extrusion, inkjet
enzymatic reaction mechanical
between thrombin properties
and fibrinogen
Hyaluronic Glycosaminoglycan | Very good cell Poor Extrusion
acid (HA) found in native ECM | adhesion mechanical
stability
Pluronic Synthetic triblock Biocompatible; Unstable once | Extrusion
copolymer water soluble printed
PEG Synthetic linear or Highly tunable Bioinert Inkjet,
multi-armed polymer | mechanical stereolithography
properties
Silk Protein derived from | Exceptional cell | Lower cell Extrusion
silkworms and permeability; viability

spiders

extremely high
tensile strength

inherent biocompatibility and biodegradability [23, 60], while synthetic polymers
provide advantages not found in natural polymers, such as tunable mechanical prop-
erties, photo-cross-linking ability, and pH and temperature reactivity, among others
[37]. Additionally, both types of polymers can be blended together to exploit the
advantageous properties of each for additional functionality and tunability.
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Fig. 2.2 Examples of natural and synthetic materials bioprinted into cell-laden 3D structures with
high cell viability with live cells labeled with green fluorescent probe, unless otherwise noted. (a)
Hyaluronic acid with human mesenchymal stem cells (hMSCs) (scale bar = 500 pm). Reprinted
with permission from Ouyang et al. [56]. (b) Gelatin methacrylate (GelMA) with human umbilical
vascular endothelial cells (HUVECsS). Reprinted with permission from Nichol et al. [57]. (¢)
Confocal microscopy image of prelabeled human adipose-derived stem cells (hASCs) in red and
fibroblasts (NIH 3T3) in green printed with MITCH-Alginate into a pattern of perpendicular lines
(top—down view). Reprinted with permission from Dubbin et al. [55]. (d) Macroscopic and (e)
fluorescence images of silk/poly(ethylene glycol) (PEG) with hMSCs. Reprinted with permission
from Zheng et al. [58]. (f) Pluronic® with NTH 3T3 fibroblasts (scale bar = 200 pm). Reprinted with
permission from Gioffredi et al. [59]

2.3.2.1 Natural Polymers

Natural polymers are obtained from sources found in nature and are typically plant-
based. They are used for their intrinsic bioactivity, ease of formulation, biocompat-
ibility, biodegradation, and their ability to self-assemble [23, 37]. They can also
provide tissue-specific biochemical and physical stimuli to guide desirable cell
behavior, including migration, proliferation, differentiation, and maturation. For use
in bioprinting, natural polymers have been employed in several ways, such as by
exploiting natural temperature sensitivity or ionic interactions to facilitate extrusion
or covalently adding functional groups to induce chemical cross-linking [61]. The
following sections detail natural polymers commonly used as bioinks.
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2.3.2.1.1 Agarose

The most widely used natural polymer in bioprinting is agarose. Agarose is a poly-
saccharide with a linear chain obtained from seaweed and is used in a wide range of
applications because of its advantageous gelation properties. Agarose forms hydro-
gels via hydrogen bonding rather than through covalent interactions, allowing the
gelled structure to be thermally disrupted and naturally cross-link [62]. However,
this gelation behavior can become a drawback during 3D printing due to the result-
ing high viscosity bioinks [63]. Highly viscous bioinks can be detrimental to cell
viability because the high shear stresses required for printing can damage cells. To
prevent cell damage, lower viscosity bioinks are used, which are inherently less
mechanically stable. More resolute and tunable 3D printed structures can be con-
structed by creating agarose blends [64] or by chemically modifying agarose
through carboxylation, a process that combines carbon monoxide with an organic
compound. Shastri et al. showed that the degree of carboxylation resulted in signifi-
cant changes in the elastic modulus of the printed hydrogel with almost no changes
to the shear viscosity [65]. This significantly improved cell viability compared to
native agarose due to low nozzle shear stress. Additionally, agarose is not intrinsi-
cally cell-adhesive and must be modified with bioactive groups or blended with
other polymers, such as collagen or fibrinogen, to promote cell adhesion and bio-
logical activity [64].

2.3.2.1.2 Alginate

Alginate is a linear copolymer polysaccharide harvested from brown algae that is
biocompatible but bioinert. It is composed of long chains of individual sugar resi-
dues b-b-mannuronate (M-subunits) and a-L-guluronate (G-subunits). Two G blocks
of adjacent polymer chains can be cross-linked with multivalent cations (e.g., Ca**
or Ba*) through interactions with the carboxylic groups in the sugars, which leads
to the formation of a gel network [66]. The viscosity of alginate solutions depends
on the average molecular weight (MW), molecular weight distribution, average
chain subunit ratio (G to M ratio), concentration of the polymer, and the pH of the
solution [67]. For example, alginate’s shear-thinning behavior can be tuned by sim-
ply changing polymer concentration [68]. Additionally, Kong et al. found that the
overall stiffness of the alginate gel depends on the molecular weight distribution and
more specifically the M to G subunit ratio. Alginate also provides mechanical pro-
tection to cells that prevents damage caused by extensional flow during injection
bioprinting procedures. Extensional flow is the phenomenon that occurs when there
is an abrupt change in the flow geometry that causes a disproportionate increase in
linear velocity [48]. Modifying parameters of the bioink, such as alginate concen-
tration, temperature, and viscosity, allow the user to optimize this material for dif-
ferent bioprinting techniques and is therefore a promising material for cell
bioprinting applications.
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Modification of the alginate chains and composition influences the mechanical
behavior of the material. To be used successfully for bioprinting, the alginate bioink
must enable good print fidelity and maintain the printed structure under various
mechanical stresses that exist either in a bioreactor or at an implant site. One com-
mon approach is to increase the concentration of high-MW alginates in the bioink
to increase construct stiffness. However, this leads to an increase in viscosity of the
pre-gelled solution, which is often undesirable as it increases the difficulty of pro-
cessing, and cells mixed with the polymer can be damaged by high shear forces
needed during mixing or injection [69]. Manipulation of the MW and MW distribu-
tion, such as specifically formulating a combination of high-MW and low-MW algi-
nates, can overcome this problem. With this approach, the elastic modulus can be
increased considerably while only minimally raising the viscosity of the pre-gel
solution [70]. Another strategy is to tailor the resulting 3D-printed hydrogel mechan-
ics by altering the degree of cross-linking and gelation time [69, 71]. Figure 2.2¢
shows an example from the Heilshorn group of two-component bioink that pro-
duces a shear-thinning hydrogel with two distinct cross-linking steps. This weak
hydrogel prevents cell sedimentation and provides significant mechanical protec-
tion from membrane damage during printing while providing mechanical support
post-printing and maintaining long-term print fidelity [55].

Alginate is an ideal material for bioprinting because of its ability to hold water
and other molecules while simultaneously allowing diffusion through the structure
[38]. Due to its bioinert nature, similarly to agarose, alginate is commonly modified
with functional groups like RGD peptides [72] or blended with other polymers, like
collagen, to promote cell adhesion and bioactivity. Once blended, alginate-based
bioinks are highly advantageous because their diffusive nature creates channels that
allow nutrient flow through a printed structure [37].

2.3.2.1.3 Collagen

Collagen is a protein found in the native ECM that is used because of its excellent
biocompatibility properties and ability to cross-link. Collagen can be cross-linked
through a change in temperature or pH or through exposure to riboflavin. Cross-
linking leads to an increase in mechanical properties, such as tensile strength, vis-
coelasticity, and elastic modulus [73]. To achieve desired properties, collagen
cross-linking, though advantageous, does require additional processing time for
gelation (i.e., ~30 min at 37 °C) [73]. This limits its use for bioprinting, so collagen
is often blended with other biopolymers, like agarose and alginate, to alleviate this
issue.

The denatured form of collagen is gelatin, which is also used in bioinks because
of its thermoresponsive gelation properties. Gelatin is used in blends with other
polymers, such as alginate, because it promotes cell adhesion and increases the
viscosity and viscoelastic properties of the bioink [67]. A commonly used synthetic
gelatin blend is gelatin methacrylate (GeIMA). GelMA is easily printable at room
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temperatures and can be UV photo-cross-linked to improve the mechanical
properties [57]. A representative image of a GelMA scaffold printed with human
umbilical vein endothelial cells (HUVECs) is shown in Fig. 2.2b [57]. In another
example, Billiet et al. demonstrated that precise temperature control during the
printing process of gelatin methacrylamide results in the possibility to fabricate
constructs displaying an interconnected pore network in the range of 10-20 w/v%.
Control over the deposited strand dimensions can be guaranteed due to the physical
properties of gelatin methacrylamide hydrogels and machine-operating parameters.
As a result, constructs having the desired stiffness and high shape reliability can be
designed [74].

2.3.2.1.4 Fibrin

Fibrin hydrogels are made by enzymatically reacting thrombin and fibrinogen, pro-
teins found in blood that help promote clotting. Like many other hydrogels, fibrin is
highly biocompatible and biodegradable, but its mechanical properties are less
advantageous. Because of its weak mechanical properties, fibrin is often blended
with other polymers, such as hyaluronic acid (HA), to provide the ability to 3D print
by increasing the viscosity of the ink [12]. For example, HA-fibrin hydrogels laden
with both adipose stem cells (ASCs) and endothelial colony-forming cells (ECFCs)
were created by Gruene et al. to demonstrate tunability of the HA-fibrin bioink. The
percentage of HA was increased until the viscosity of the bioink was acceptable for
bioprinting [75]. This strategy showed promise for use in vascular applications.

2.3.2.1.5 Hyaluronic Acid (HA)

Hyaluronic acid (HA), a polysaccharide found in the ECM of cartilage and connec-
tive tissues, is useful because of its cell adhesion properties. However, HA alone is
not a viable polymer for printing because of its poor mechanical properties and slow
gelation time and is instead chemically modified or used as a base in other polymer
blends to achieve 3D printability [76]. For example, the Burdick group developed
methacrylated HA (MeHA) to create photo-cross-linkable bioinks to increase the
mechanical stiffness and long-term stability of the printed constructs. Increasing
irradiation to UV light lead to an increase in MeHA gel rigidity [77]. They also
modified HA with self-assembling motifs to improve printability and cell encapsu-
lation, as shown in Fig. 2.2a [56]. Additionally, HA can be cross-linked with other
polymers to increase the stability of the printed structure while maintaining cell
adhesion and cell viability [78]. As noted above, HA has been blended with fibrin to
increase bioink printability and for use in vascular applications. It can also be
blended with poly(ethylene glycol) (PEG) to combine the biocompatibility and bio-
activity of HA with the mechanical stability of PEG for printing a meniscus-like
structure [78].
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2.3.2.1.6 Cellulose (and Derivatives)

Cellulose is a naturally occurring linear polysaccharide found in plants which can
be used in its original state or reacted with other chemicals to form chemical deriva-
tives with varying properties and uses. Nanofibrillated cellulose (NFC) provides
structural and mechanical support to 3D-printed constructs for forming a physiolog-
ical mimetic environment. Blends with more bioactive polymers, such as cellulose/
alginate or cellulose/HA, are used to provide improved cell adhesion, cell viability,
and mechanical properties of the 3D-printed structures [79]. NFC is also commonly
used as a shear-thinning agent for other bioinks. For example, Markstedt et al. used
NFC to enhance shear-thinning properties of alginate bioink to improve its print-
ability [80].

One common cellulose derivative is methyl-cellulose (MC), a semiflexible,
linear-chain polysaccharide with a partial replacement of the hydroxyl groups with
methoxy moieties [81]. Methyl-cellulose can form hydrogels, which possess a con-
sistent fibrillar structure [81] and respond to external stimuli by changing concen-
tration, molecular weight, salt content, and degree of methyl grafting [81, 82].
Aqueous MC can form hydrogels below 37 °C, and the addition of collagen type-I
significantly improves cell adhesion and proliferation on the hydrogel [83].

23.2.1.7 Silk

Silk fibroin is a protein that can be harvested from silkworms and spiders. It is used
in regenerative medicine and tissue engineering because of its exceptional biocom-
patibility, cell permeability, and tissue integration [84]. Silk fibroin hydrogels allow
for cellular attachment in the absence of defined biological ligands or serum pro-
teins and exhibit tunable stiffness by simple adjustment of the starting silk protein
concentration [85]. To further improve and enhance its cell viability properties,
additional biocompatible materials in silk can be included to increase the quality of
the printed materials. Silk is rarely used alone but rather is blended with other poly-
mers, such as alginate or gelatin, to offer robust mechanical properties and tailor-
able degradability [15, 86]. To control silk gelation and improve lubricity of the
resulting hydrogels, Wang et al. developed a silk hydrogel system by blending with
low molecular weight polyethylene glycol (PEG). The silk/PEG material showed
tunable gelation time and mechanical properties by modifying PEG and silk con-
centrations [87]. Figure 2.2d, e show cell-laden silk/PEG blended constructs, illus-
trating a promising material bioink for mechanically stable prints [58].

2.3.2.1.8 Decellularized Extracellular Matrix (IECM)

The extracellular matrix (ECM) is the noncellular component present within all tis-
sues and organs. It provides essential physical scaffolding for the cellular constitu-
ents and initiates crucial biochemical and biomechanical cues that are required for
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tissue morphogenesis, differentiation, and homeostasis. Although, fundamentally,
the ECM is composed of water, proteins, and polysaccharides, each tissue has an
ECM with a unique composition and topology that is generated during tissue devel-
opment through a dynamic and reciprocal, biochemical, and biophysical dialogue
between the various cellular components and the evolving cellular and protein
microenvironment [88]. A single material cannot represent the full complexity of
natural ECM or accurately recreate a microenvironment with cell—cell connections
and 3D cellular organization that is typical of living tissues. Utilizing the ECM itself
as a bioink is therefore of great interest for tissue engineering and regenerative
medicine applications.

Decellularized extracellular matrix ({ECM) is obtained by removing the cells
from whole organs and tissues while maintaining the structure and composition
of the ECM. The dECM is turned into a powder and dissolved into a buffer solu-
tion to create the printable material. Using 3D bioprinting, dECM bioinks can be
used to construct biomimetic cell-laden scaffolds with cells spatially organized
with high resolution [89]. For example, Jang et al. used tissue-specific dECM
bioinks to spatially pattern different cell types in a biomimetic scaffold. The
scaffold promoted vascularization, cell survival, and tissue remodeling after
transplantation [90]. In another study, Pati et al. harvested multiple types of tis-
sues to prepare dECM bioinks and printed them with a PCL framework to
enhance print fidelity. This printing technique was capable of printing feature
sizes as small as 100 pm. The multi-head tissue/organ building system (MtoBS)
extruded cell-laden dECM bioinks at 15 °C, while the printed structures were
solidified at 37 °C. To accommodate different stiffnesses of various tissues,
MtoBS printed without the PCL framework for less stiff tissues or with the PCL
framework for stiffer tissues or organs [18]. While there are significant advan-
tages to using dECM bioinks, sourcing material is restricted by limited organ or
tissue availability, and the decellularization process is both tedious and
time-consuming.

2.3.2.2 Synthetic Polymers

Synthetic polymers are an attractive class of materials used in bioink formulations
because they can be designed to mimic certain properties of natural polymers, and
their mechanical properties can be fine-tuned by varying molecular weight, chem-
ical structure, and composition to suit particular applications. However, while
natural polymers provide a cell environment by mimicking native components of
the ECM, most synthetic polymers do not contain the appropriate functionalities
that promote cell adhesion or viability. Therefore, bioactive functional groups,
such as adhesion motifs or enzymatically degradable sites, often need to be added
in order to create biologically relevant structures [91]. The two most commonly
used synthetic polymers in bioink formulations are Pluronic® and poly(ethylene
glycol) (PEG).
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2.3.2.2.1 Pluronic®

Pluronic® is a poloxamer triblock copolymer containing a hydrophilic block sur-
rounded by two hydrophobic blocks [23, 37]. Pluronic® is used primarily for its
ability to gel at room temperature and flow at 10 °C, making it ideal for extrusion-
based 3D printing [23]. Pluronics allow the preparation of thermosensitive hydro-
gels with different properties in terms of critical gelation concentration and gelation
time at physiological conditions [59]. However, Pluronic is not very stable and is
used mainly as support material for printed structures [92]. Furthermore, while
Pluronic® is biocompatible with cells and tissues, it does not specifically promote
cell viability in long-term cell culture. Fortunately, methods to improve cell viabil-
ity of Pluronic®-based bioinks have been formulated. For example, Khattak et al.
showed that supplementing Pluronic® with membrane-stabilizing agents like hydro-
cortisone, glucose, and glycerol can dramatically increase the viability of cells
encapsulated in the matrix [93]. Specifically, their results showed that adding hydro-
cortisone to a Pluronic® gel formulation increased the viability of human liver car-
cinoma cells from 2% with Pluronic® alone to 70% for up to 5 days. Miiller et al.
improved on this by developing a nanostructured acrylated Pluronic® network to
increase the long-term biocompatibility of Pluronic® gels [94]. Through the elution
of unmodified Pluronic® from a U-cross-linked network of Pluronic® and acrylated
Pluronic®, they were able to increase the cell viability of encapsulated bovine chon-
drocytes from 62% for a pure acrylated Pluronic hydrogel to 86% for a nanostruc-
tured hydrogel for up to 14 days [94]. As seen in Fig. 2.2f, Pluronic® is a promising
formulation for bioprinting due to its fast gelation in physiological conditions (a
volume of 1.5 mL solution converted into a gel in 5 min), proper viscoelastic prop-
erties, and fast viscosity recovery after shearing [59].

2.3.2.2.2 Poly(Ethylene Glycol) (PEG)

PEG is a linear hydrophilic polymer that has many biomedical, industrial, and
commercial uses. It is mainly used in PEG-diacrylate (PEG-DA) and PEG-
methacrylate (PEG-MA) forms when creating bioinks because PEG alone does
not form a hydrogel [23]. One disadvantage of using PEG-based materials for
bioink formulations is the absence of bioactive moieties for cellular interactions.
However, due to the robust tailorability of PEG, bioactive molecules can be teth-
ered to mimic cell-matrix adhesions and present signaling cues. For example,
short peptide sequences that mimic ECM proteins, such as fibronectin, laminin,
collagen, and elastin, have been successfully attached to PEG to introduce bioac-
tivity [45]. PEG is also advantageous because it has highly tunable mechanical
properties and can be blended with other biopolymers to enhance cellular interac-
tions. For example, Hockaday et al. printed aortic heart valves with bioinks formu-
lated with a PEG-DA/alginate blend [95]. They saw a remarkable increase in the
intrinsic elastic modulus from ~5 to ~75 kPA with the addition of PEG-DA, result-
ing in anatomical scaffolds exhibiting high mechanical stability and
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cytocompatibility. PEG is additionally useful for printing techniques like inkjet
printing because it can be printed at low viscosity while still maintaining shape
fidelity [96].

2.3.2.3 Multi-Material Bioinks

Single-component hydrogels, including those ones above, are limited since proper-
ties that enhance cell viability and function are often at odds with those that facili-
tate printing. These hydrogels can be optimized for bioprinting by increasing
polymer concentration and/or cross-linking density to improve print fidelity, but
these modifications can also be detrimental to encapsulated cells. For example,
increasing polymer concentration or cross-linking reduces porosity and thus pre-
vents cell spreading and migration as well as limits nutrient and oxygen diffusion
[38]. Furthermore, cells thrive on porous networks with cell-binding domains to
facilitate cell spreading. The presence of proteolytic cleavage sites, which are typi-
cally found in natural polymers, also permit cell migration. However, hydrogels
composed of natural materials generally have weak mechanical properties that are
not optimal for bioprinting while their synthetic counterparts lack bioactivity such
as functional groups that promote cell adhesion or migration [54]. More complex
formulations, such as multi-material bioinks, interpenetrating networks, and nano-
composite bioinks, as shown in Fig. 2.3, expand the range of properties and tech-
niques that can be achieved for desired applications.

When bioprinting cell-laden hydrogel mixtures, two major disadvantages can be
described: first, the loss of cell viability due to the printing process (discussed in
previous sections); and second, obtaining adequate print fidelity that yields mechan-
ically stable constructs without internal pore collapse and uniform distribution of
cells. Multi-material bioinks provide strategies to prevent sedimentation of cells,
such as the use of thickening agents like poly(ethylene glycol) diacrylate (PEGDA),
for solution-phase inks and the use of gel-phase inks, such as gelatin methacrylate
(GelMA) [100]. However, good print fidelity remains the main challenge, even in
the absence of cells. Most bioink materials and printing methods do not result in
manufactured scaffolds in which pores are fully interconnected. Conventional scaf-
folds have increased porosity, even though the mechanical properties of the scaffold
weaken as porosity increases. In recent years, several approaches have been devel-
oped to obtain stable 3D-printed constructs without internal pore collapse.

One approach is to use sacrificial materials as support to improve the stability
and fidelity of printed structures. For example, Shim et al. developed a multi-head
deposition system (MHDS) to fabricate novel hybrid scaffolds that infuse HA, gela-
tin, and atelocollagen into a 3D scaffold consisting of synthetic polymers polycap-
rolactone (PCL) and poly (lactic-co-glycolic acid) (PLGA). This multi-material
strategy used PCL and PLGA to support the overall structure while integrating bio-
active materials to improve cellular interaction [101]. Using a similar concept, Kesti
et al. developed a bioink from blending a thermoresponsive polymer and a photo-
cross-linkable biopolymer. The blend showed rapid gelation upon contact with a
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Fig. 2.3 Examples of multi-component bioink formulations. (a) Multi-material bioinks prepared
by blending thermoresponsive polymer poly(N-isopropylacrylamide) grafted hyaluronic acid
(HA-pNIPAAM) with methacrylated hyaluronic acid (HAMA) for high-resolution prints with
good structural fidelity. Printed constructs also showed excellent cell viability with encapsulated
bovine chondrocytes (scale bar = 100 pm). Reprinted with permission from Kesti et al. [97]. (b)
Interpenetrating polymer network (IPN) bioink combining the superior shear-thinning and recov-
ery properties of gellan gum (GG) with rapid UV cross-linking capability of poly(ethylene glycol)
diacrylate (PEGDA) formulated for extrusion-based bioprinting. Excellent rheological properties
of the IPN bioink enabled the printed constructs to retain shape stably after deposition without
additional support. Furthermore, murine bone marrow stromal cells (BMSCs) and MC3T3-El
mouse osteoblastic cells encapsulated in this IPN bioink exhibited high cell viability percentages
over 87% during extended 3D culture. Reprinted with permission from Wu et al. [98]. (¢) Thermo-
responsive and shear-thinning nanocomposite bioinks composed by adding nanosilicates to cross-
linked kappa-carrageenan (kCA) hydrogel materials. Nanosilicate-stabilized kCA networks
improved the mechanical stability of 3D-printed anatomical-size structures and showed excellent
biocompatibility with encapsulated MC3T3-El mouse preosteoclasts (scale bar = 100 pm).
Reprinted with permission from Wilson et al. [99]
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37 °C heated substrate, giving the printed construct its immediate structural fidelity
while the secondary chemical cross-linking component provided long-term
mechanical stiffness. The thermoresponsive polymer acted as temporary support for
printability then was later washed away [97]. Recently, the Feinberg Lab estab-
lished a 3D bioprinting technique termed Freeform Reversible Embedding of
Suspended Hydrogels, or FRESH. FRESH uses a thermoreversible support bath to
enable deposition of biologically relevant hydrogel inks, including alginate, fibrin,
collagen type I, and Matrigel into complex, 3D biological structures. The key inno-
vation in FRESH is the deposition and embedding of the printed hydrogel(s) within
a secondary hydrogel support bath that maintains the intended structure during the
print process. This significantly improves print fidelity while also in a sterile, aque-
ous, buffered environment compatible with cells. Once the entire 3D structure is
printed, the temperature is raised to a cell-friendly 37 °C, causing the gelatin sup-
port bath to melt in a non-destructive manner [102]. Granular hydrogels are also
used as support when 3D printing complex structures. The constructs are made by
carefully tracing a series of programmed paths within a granular gel, using a fine
hollow tip that fluidizes the medium at the point of injection of the desired material.
The rapid solidification of the granular gel then traps and holds the injected material
behind the moving tip. Holding material within the jammed medium allows manu-
facturing of finely detailed and delicate materials with nearly limitless aspect ratios
and is compatible with a wide variety of materials, including silicones, hydrogels,
colloids, and living cells [103].

A second strategy to improve print fidelity is blending gelatins or polymer
cross-linkers with the core materials. For example, Chung et al. demonstrated that
the viscosity of an alginate solution, and thereby printability, can be controlled by
incorporating gelatin and modulating the mixing temperature during printing to
form a gel that retains biological aspects of the original alginate solution while
satisfying physical extrusion criteria [67]. Furthermore, incorporating PEG cross-
linkers to loosely connect the gelatin backbone provides the necessary viscosity for
bioprinting with low gelatin concentration. This strategy allows for polymer type
and concentration, degree of cross-linking, as well as post-printing cross-linking to
be tailored with ease to tune material properties of the bioinks and 3D-printed
structures [28].

2.3.2.3.1 Interpenetrating Polymer Networks (IPNs)

Interpenetrating polymer networks (IPNs) are a strategy for strengthening hydro-
gels by combining two or more networks that are at least partially interlaced on a
molecular scale but not covalently bonded to each other and cannot be separated
unless chemical bonds are broken [104]. These materials have been shown to have
increased fracture strength and toughness relative to single component networks of
either of its constituent polymers [105, 106] and are widely used in a variety of
biomedical applications including tissue engineering [107, 108], drug delivery [109,
110], and pharmaceutics [111]. The improved strength of IPNs come from the
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physical entanglement of an ionically cross-linked polymer network that serves to
dissipate energy from an applied load with a covalently cross-linked polymer net-
work that maintains the elasticity of the hydrogel. These properties are important
when considering IPNs for bioink formulations because they can be used to produce
bioinks with increased elasticity and stiffness.

Recently, Wu et al. reported on an IPN hydrogel formulated for extrusion 3D
bioprinting with cells that combines shear-thinning and recovery properties of gel-
lan gum with the rapid cross-linking capability of poly(ethylene glycol) diacrylate
(PEGDA) [98]. As a bioink, gellan gum has many advantages over other hydrogels,
including shear-thinning behavior and high gelling efficiency at physiological tem-
perature [112]. However, the intrinsic brittleness of gellan gum restricts its print-
ability and structural stability when manipulated. To overcome this issue, Wu et al.,
combined gellan gum with PEGDA to form a high strength and stretchable IPN
structure. They showed the rheological properties of the gellan gum/PEGDA IPN
bioink enabled the printed constructs to retain the shape after deposition without
additional support. Furthermore, cells encapsulated in this hydrogel exhibited 87%
viability during a long-term 3D culture of 21 days [112].

Semi-IPNs have also been explored as potential bioinks for 3D printing. In a
semi-IPN, only one polymer is present as a network, which enhances miscibility in
comparison to a full IPN [113]. In a study by Pescosolido et al., a semi-IPN hydro-
gel based on hyaluronic acid and a dextran derivate was used to form 3D bioprinted
constructs [114]. They showed that the semi-IPNs exhibited suitable rheological
properties for bioprinting as well as the fabrication of stable constructs with
mechanical properties matching the mechanical strengths of natural tissues.

These studies show that [IPNs and semi-IPNs possess features that are attractive
in various bioprinting applications. However, this research area is still being devel-
oped, and more investigation is needed to elucidate the unique potential that bioinks
formulated with IPNs can introduce to 3D bioprinting.

2.3.2.3.2 Nanocomposite Bioinks

Nanocomposite bioinks are formed by combining polymers with inorganic or
organic nanofillers, such as carbon nanotubes, silicates, metals, metal oxides, and
ceramics. These fillers consist of different mechanical, chemical, thermal, and elec-
trical properties that can improve the structural and functional properties of poly-
meric materials used in desired applications. For example, silver nanoparticles have
been used to improve the mechanical properties [115], bioactivity [116], and bio-
compatibility [117] of nanocomposite materials compared to the polymer matrix
alone. Although nanocomposite bioinks with tailored properties for tissue engineer-
ing application have been developed, the enormous potential of nanocomposites in
3D bioprinting applications is yet to be fully realized.

Recent studies have shown that the addition of nanoparticles in bioink formula-
tions can result in changes in physical and chemical characteristics, such as increased
stiffness, shear-thinning characteristics, and resistance to degradation under physi-
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ological conditions. For example, Lee et al. reported the use of silica nanoparticles
to improve the mechanical properties, printability, and print fidelity of a polymeric
bioink mixture containing alginate and gellan gum [99]. Reversible electrostatic
interactions between the cationic-modified silica nanoparticles and the anionic
polymer mixture of alginate and gellan gum led to an increase in shear-thinning
properties as well as an increase in the storage modulus. This led to a high-quality
3D printed structure, whereas the use of the polymeric ink without the nanoparticles
led to collapse of the structure during printing. Furthermore, they were able to show
that shrinkage and swelling of the printed constructs during cross-linking were sig-
nificantly suppressed by the addition of nanoparticles compared to the ink without
nanoparticles, resulting in high printing fidelity after cross-linking. In a similar
approach, Wilson et al. reported the use of nanosilicates within kappa-carrageenan
(kCA) hydrogels to fabricate bioinks with improved shear-thinning properties and
gelation characteristics [99]. By tuning the kCA-nanosilicate ratio, the thermorev-
ersible gelation could be achieved to improve printability and shape retention char-
acteristics compared to kCA without nanosilicates. Due to the high shear-thinning
characteristics of the bioink, high cell viability was observed in the printed cells.

Zhu et al. explored the incorporation of gold nanorods (GNRs) in gelatin meth-
acryloyl and alginate pre-polymer solutions to create a nanocomposite bioink for
bioprinting functional cardiac constructs [118]. Gold nanomaterials are particularly
attractive in biomedical research due to their biocompatibility, versatility, and ease
of modification [119]. In this study, it was shown that the incorporation of GNRs led
to an amplified shear-thinning effect and improved overall printability. GNRs also
introduced an electrically conductive component that promoted electrical propaga-
tion between cardiac cells necessary for a functional cardiac tissue construct.
Additionally, it was shown that cardiac cells showed improved cell adhesion and
organization in the printed GNR constructs when compared to constructs without
the GNRs.

The development of novel nanocomposite bioinks may add unprecedented func-
tionalities to 3D bioprinted constructs and widen the portfolio of strategies that can
be explored in the 3D printing process.

2.4 Future Perspectives

2.4.1 Supramolecular Materials

Hydrogels for tissue engineering applications should be mechanically tough and
capable of surviving repeated mechanical deformation. When subjected to repeated
stress, bonds in conventional hydrogels can break, resulting in progressive loss of
mechanical integrity. To overcome this drawback, supramolecular bioinks are cur-
rently under investigation [120, 121]. Supramolecular polymers are composed of
short repeating units with functional groups that can interact non-covalently with
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other functional units, forming large, polymer-like entanglements. Under high
stress, these non-covalent bonds are reversibly broken to dissipate energy. The
reversibility of these bonds also leads to shear-thinning properties that facilitate
their use in bioprinting [38].

Self-assembly is a bioinspired strategy to form physical hydrogels with shear-
thinning and self-healing (time-dependent recovery) properties for injectable and
modular systems [122, 123]. For example, peptides with propensity to form
B-sheets can be grafted onto polymers, such as N-(2-hydroxypropyl)methacryl-
amide (HPMA) [124], poly(y-glutamic acid) [122], or HA [125], to induce self-
assembly into hybrid hydrogels. Hydrogels can also be formed by modifying
polymers with host—guest chemistries, which involves host macrocyclic mole-
cules with cavities to accept a guest molecule with complementary size and
shape to generate cross-linking. In a recent study, Highley et al. developed a
hydrogel-based 3D printing approach based on modified hyaluronic acid (HA)
that permits the printing of shear-thinning hydrogel inks directly into self-heal-
ing support hydrogels [126]. Both materials contained guest—host chemistries for
supramolecular assembly of the hydrogel. The use of a guest—host hydrogel as a
support matrix deforms to accommodate the extruded material and self-heals to
maintain material localization [126]. DNA hybridization represents another
approach to fabricating supramolecular hydrogels. Li et al. developed supramo-
lecular polypeptide-DNA hydrogel for rapid in situ 3D bioprinting by designing
two bioinks—one containing a polypeptide—-DNA conjugate and the other con-
taining the complementary DNA linker. By alternative deposition of the compo-
nents in the programmed position, designed 3D structures containing viable and
functional living cells could be constructed. The resultant hydrogel combines
favorable properties of both the polypeptide and DNA components, that is, it is
responsive to proteases and nucleases, leading to full biodegradability and pro-
grammability of the hydrogel networks under physiological conditions [127].
Complementary peptide binding can also be used to create supramolecular
hydrogels. Dubbin et al. developed a platform gel phase ink, called Recombinant-
protein Alginate Platform for Injectable Dual-cross-linked ink, or RAPID, which
consists of two components that undergo an initial cross-linking mechanism that
exploits reversible, hetero-assembly of complementary peptide-binding domains
tethered to the second component, an alginate biopolymer to improve cell viabil-
ity during printing [128].

These adaptable hydrogels formed by reversible cross-links allow local modifi-
cations without requiring degradation or irreversible changes to the overall integrity
[129]. Bonds formed by non-covalent interactions, such as p-sheets or host—guest
pairs, can be broken and reformed, providing strategies to induce spatiotemporal
changes to hydrogel composition and organization. However, the highly selective
and directional nature of host—guest interactions limits the co-assembly of multiple
components to those with complementary pairs, which restricts how the composi-
tion can be modified. Non-discriminant interactions, such as f-sheet formation,
therefore enable temporal changes to the hydrogel composition [130].
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Supramolecular hydrogels are a promising material for bioprinting due to their
favorable properties for printing, such as shear-thinning and self-healing behavior,
as well as their adaptable properties that allow for dynamic tissue formation.

2.4.2 Microgels

Nanogels and microgels are cross-linked spherical hydrogel particles that have
nanoscale (typically 20-250 nm) and microscale (typically 1-350 mm) dimensions,
respectively. They have excellent biocompatibility, high water content, tunable
sizes, large surface area for multivalent bioconjugation, and abundant space to
accommodate bioactive materials, such as drugs and live cells [131]. This emerging
technology enables spatial deposition of different microgels containing specific
cells to create organized scaffolds for native-like tissue regeneration. Cell-laden
microgels with diameters between 100 and 400 pm ensure that the encapsulated
cells stay safely within oxygen diffusion constraints. Additionally, important factors
that influence the behavior of cells in the microenvironment, such as ECM compo-
nents, soluble biomolecular signals, and biophysical cues, can be incorporated into
the microgels to provide the cells with more physiologically relevant microenviron-
ments [132].

For example, the Segura group used microgels to create microporous annealed
particle (MAP) gels, which circumvent the need for material degradation before
tissue ingrowth by providing a stably linked interconnected network of micropores
for cell migration and bulk integration with surrounding tissues. Lattices of micro-
gel building blocks are annealed to one another via surface functionalities to form
an interconnected microporous scaffold either with or without cells present in the
interconnected pores [133]. Recently, the Burdick Lab developed a granular hydro-
gel system, based on the interactions of modular microgel components via guest—
host interactions. They fabricated cross-linked hyaluronic acid (HA) microgels with
modular intraparticle covalent cross-linking that were formed into an injectable
granular hydrogel using cyclodextrin and adamantane guest-host interparticle
cross-linking. This hydrogel displayed shear-thinning and self-healing properties
and removed the need for controlled working/cure times that are often associated
with other cross-linking mechanisms [134]. These examples point to new directions
and strategies for 3D bioprinting that will enable fabrication of larger and more
complex engineered tissue constructs.

2.5 Conclusion

Selection and design of ideal bioinks is a critical step in 3D bioprinting. Bioinks are
a formulation of materials and cells designed for processing by an automated bio-
fabrication technique. They can be 3D-printed using direct-write, inkjet, SLA, or
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LIFT technologies, each having their own requirements for material properties to
fabricate accurate biomimetic and mechanically stable constructs. There are two
major types of bioinks used in 3D bioprinting: (1) scaffold-free consisting of cel-
lular aggregates and (2) scaffold-based that contain biologically active components
and biomaterials for cell encapsulation. Scaffold-based bioinks involve two main
classes of materials: natural and synthetic polymers. These bioinks can be com-
posed of single materials or blends of multiple components to develop constructs
tailored to desired printing techniques and applications. Key parameters important
in material selection include printability, mechanical properties, degradation, bio-
chemical functionality, cell viability, and biocompatibility. Single-component
hydrogels have limitations since the properties that enhance cell viability and func-
tion often contrast with those that facilitate printing. More complex formulations,
such as multi-material bioinks, interpenetrating networks, and nanocomposite bio-
inks, expand the range of properties and techniques that can be achieved for desired
applications. As the field continues to evolve, more sophisticated materials, such as
supramolecular materials and microgels, will emerge as popular bioink materials
that more closely mimic the dynamic properties of native cellular microenviron-
ments. Future directions will demonstrate how bioinks can be optimized and
exploited to engineer native-like tissue constructs with spatially and temporally
organized biochemical and biophysical cues and tissue-specific cell types.
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Chapter 3 )
Potential Clinical Applications of Three- ST
Dimensional Bioprinting

Ippokratis Pountos, Nazzar Tellisi, and Nureddin Ashammakhi

Abstract Three-dimensional (3D) bioprinting aims to construct complex personal-
ized living tissues mimicking the native tissues. This chapter presents the current
advances in 3D bioprinting. Available evidence revealed promising results in poten-
tial applications for the regeneration of musculoskeletal, cardiovascular, dermal,
and neural tissues. These applications comprise a developing field. However, there
are still barriers that hamper further expansion of this technology. Such challenges
involve the reliable mechanical properties, size limitations, integration of trans-
planted grafts, and safeguarding of safety throughout the process of 3D printing and
resulting constructs.

Keywords 3D bioprinting - Bone - Mesenchymal stem cells - Cartilage - Blood
vessels - Cardiovascular tissue
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3.1 Introduction

Bioprinting is the process of combining cellular and non-cellular components in
bioinks to produce three-dimensional (3D) constructs that can mimic or be used to
reconstruct human tissues. This technology is based on ‘additive fabrication’ of lay-
ers to achieve 3D fabrication of tissues that can replicate the hierarchical structure
and cell composition of native tissues. Three-dimensional bioprinting as a concept
is far superior to currently available tissue engineering approaches that involve the
loading of cells and/or growth factors into scaffolds. This technology offers the abil-
ity to fabricate 3D tissue structures with high precision, fidelity, and stability at the
human clinical scale [1, 2]. The creation of complex tissue architectures with het-
erogeneous compositions has the potential to revolutionize the transplantation of
tissues. Since the medical community realized its potential, 3D bioprinting has cap-
tured significant interest, especially over the last decade [3, 4].

In brief, 3D bioprinting uses three common printing technologies, microextru-
sion, inkjet, and laser-assisted bioprinting methods (Fig. 3.1) [5]. It also involves
three distinct steps: (1) pre-processing, (2) processing, and (3) post-processing. Pre-
processing involves the creation of a computer-aided design of the tissue. Magnetic
resonance imaging (MRI) or computed tomography (CT) scans can be utilized for
computer-controlled 3D printing using appropriate bioinks [6]. Cells can be har-
vested and used fresh or can be manipulated ex vivo. Depending on the tissue of
interest, our armamentarium includes a variety of bioinks and hardware. This is
often a crucial element that can influence the quality and survival of the graft.
Processing is the actual bioprinting of the tissue, while post-processing involves the
brief incubation of the tissue or graft in a bioreactor. To minimize the ex vivo manip-

A. Micro-extrusion B. Inkjet C. Laser -assisted

Laser
] source

gp o "“
' l Focusing l
Heater Piezoelectric

| } Lens
Vapour actuator
% s Energy

bubble absorbing layer

Fig. 3.1 Three-dimensional bioprinting techniques. The three most common 3D bioprinting tech-
niques: (a) microextrusion, (b) inkjet, and (c) laser-assisted 3D bioprinting. The microextrusion
technique can be (1) pneumatic, (2) piston-based mechanical, or (3) screw-based. Inkjet technique
can be either thermal or piezoelectric. (a, b) are adapted from Malda et al. with permission from
John Wiley and Sons [5]. (¢) is adapted from Keriquel et al. [28, 29] with permission from Nature
Publishing Group [29]
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ulation of these constructs, in situ bioprinting can be performed, i.e. 3D bioprinting
directly on the defect site (Fig. 3.2) [7] Using these approaches, a number of tissues
have been created with promising results. Tissues of musculoskeletal origin, neural
or vascular structures, skin, and other have been developed over the years [8, 9].

In this chapter, we aim to present some of the current and numerous potential
clinical applications of 3D bioprinting. Challenges and future developments of 3D
bioprinting are also discussed here in this chapter.

3.2 Bone

Bone is a unique tissue that provides stability to the whole body and performs other
functions like haematopoiesis, locomotion, and homeostasis of important elements
of the human body. Bone can be fractured following trauma, and bony defects can
occur following severe injuries, tumours, or other pathologies [10—12]. In addition,
some fractures and bony injuries fail to heal. It is estimated that 5-10% of long bone
fractures will end up in nonunion [12, 13]. Tissue engineering approaches have
focused on assisting bone regeneration as an attempt to either upregulate the overall
healing process in high-risk cases or provide the required scaffold, cells, and osteo-
inductive factors in cases of bone loss [10—-14]. With the advances made in 3D bio-
printing, several attempts to create bone were made. The main challenges remain
the selection of materials with optimal rheological properties, biocompatibility,

e Stem Cells

» Differentiated cells
* Nanoparticles

* Growth factors

* Bioinks

Fig. 3.2 Insitu 3D bioprinting of skin. On-demand personalized bioprinting directly on the defect
with bioinks matching the reconstructed tissues
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osteoconductivity, and capacity of the graft to be incorporated and remodelled to
normal bone [1].

In vitro studies analysed the effectiveness of a number of bioinks for the fabrica-
tion of bone (Table 3.1) [1, 6, 15-34]. Some investigators used materials such as
poly-ge-caprolactone (PCL) and poly(lactide-co-glycolide) (PLGA). Although these
are mechanically stable, they have limited osteoconductive properties [19, 20]. A
number of alternative materials were explored such as tricalcium phosphates,
hydroxyapatite, and bioactive glass [15, 21-23]. In the works of Poldervaart et al.,
methacrylated hyaluronic acid (HA) with human mesenchymal stem cells (MSCs)
was used [15]. The cellular viability was 64% after 21 days of culture, and osteo-
genic differentiation of MSCs occurred spontaneously in hydrogels. The osteogenic
differentiation increased with the addition of bone morphogenetic protein-2 (BMP-
2) to the culture medium [15]. In a similar study using gelatin and alginate bioinks
with human adipose-derived stem cells, high cellular viability levels were noted
with the expression of important osteogenic markers [16]. Similar composite mate-
rials were used in a number of studies with favourable results. The combination, for
example, of thermo-responsive hydrogels with collagen type I improved the
mechanical properties of the constructs [18]. Other investigators used bioactive
glass, microcarriers, polymers, and polyethylene, and they obtained similar results
when attempting to increase the overall mechanical stability of the 3D printed
hydrogels [24-26]. Comparable results were described with other base bioinks, for
instance, adding microcarriers to gelatin methacryloyl (GelMA) [19]. A different
approach is to load osteogenic growth factors into the bioink. In a study on BMP-2
loaded gelatin, release kinetics and bioactivity showed continuous release of BMP-2
for 3 weeks after bioprinting [17]. Using the aforementioned technologies it was
possible to fabricate a whole human mandible as well as calvarial bone, cartilage,
and skeletal muscle [Fig. 3.3] [6].

In vivo animal studies have also shown promising results [16, 17]. In a segmental
tibial defect model, the application of nano-hydroxyapatite (nHAp)/PCL resulted in
the formation of dense bone tissue around the scaffold at 8 weeks postoperatively
[22]. In a similar model, of rabbit femoral defects that were treated with poly(D,L-
lactide-co-glycolide) and p-tricalcium phosphate (B-TCP) nanocomposites,
increased bone formation was observed [27]. Less favourable results were though
reported when 3D printed constructs composed of TCP and poly(L-lactide-co-D,L-
lactide) (PLDLLA)-TCP-PCL scaffolds were implanted in ovine segmental defects
[1]. At 12 weeks postoperatively, only minor external callus and bone formation
were observed, suggesting that adding a biologically active stimulus such as a BMP
might be required [1].

In situ 3D bioprinting of bone has been also proposed by a limited number of
studies. In the works of Keriquel et al., the feasibility of a laser bioprinter adapted
for in vivo use on calvarial defects in mice was studied [Fig. 3.4] [28]. The investi-
gators used nHAD to fill the defects and they followed up the animals for 3 months.
The results were mixed with only a proportion of the defects was filled with bone
tissue. The same group used this technology employing mesenchymal stromal cells
in different arrangements and geometries within a scaffold composed of nHA and
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Table 3.1 Selected studies showing evidence of successful bone 3D bioprinting

Author,
Year

Printer

Design

Scaffold/Bioink

Cells

Outcome

Keriquel
etal., 2010
[28]

Laser (In
situ)

In vivo

Nano hydroxyapatite
(nHA)

No cells

* In vivo bioprinting
is possible.

* No effect to
animal’s brain. Bone
formation only
occurred in some
defects.

Kim et al.,
2012 [22]

Extrusion

In vivo

DL-PLGA and
p-tricalcium
phosphate (B-TCP)
nanocomposites

No cells

* Scaffolds integrated
with the host bone
and were
biocompatible.

Poldervaart
etal., 2013
[17]

Extrusion

In vitro
and
in vivo

Gelatin loaded BMP-2
and alginate

Goat
multipotent
stromal
cells

 Controlled release
of BMP-2 from the
scaffold was noted.

Du et al.,
2015 [34]

Extrusion

In vitro

Methacrylamide
gelatin scaffold with
collagen microfibers
and BMP-2

MSCs

* BMP-2 was able to
be controllably
released.

* MSCs showed high
cell viability (>90%)
during printing.

* CBD-BMP2-
collagen microfibers
induced BMSC
differentiation into
osteocytes within

14 days in culture.

Duarte
Campos
etal., 2016
[18]

Extrusion

In vitro

Collagen type I in
polysaccharide-based
hydrogels

Human
MSCs

* MSC not only
survive the
3D-bioprinting
process but also
maintain the
mesenchymal
phenotype.

Wang et al.,
2016 [16]

Extrusion

In vitro
and
in vivo

Gelatin and alginate

Human
adipose-
derived
stem cells

* Cell viability of
89% on day 1 after
printing.

* The expression
levels of RUNX2,
OSX, and OCN were
significantly
increased on days 7
and 14 after printing.
* Bone matrix
formation in the 3D
bioprinted constructs
noted in vivo.

(continued)
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Table 3.1 (continued)
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Author,
Year Printer Design | Scaffold/Bioink Cells Outcome
Bendtsen Extrusion | In vitro | Alginate-polyvinyl Mouse * Construct remained
etal., 2017 alcohol (PVA)- calvaria stable for 2 weeks
[30] hydroxyapatite (HA) | cells and high cellular
hydrogel (MC3T3) viability was noted.
Demirtas Extrusion | In vitro | Chitosan solution MC3T3-El |« Stable construct that
etal., 2017 with nanostructured | pre- preserved cell
[31] bone-like osteoblast viability and allowed
hydroxyapatite osteogenic
differentiation in
culture.
Keriquel Laser (in | Invivo | Nano hydroxyapatite | MSCs * This technology can
etal., 2017 | situ) (critical | (nHA) and collagen print complex
[29] size structures and favour
defect) bone regeneration.
* Cell geometries and
cell arrangements
have a significant
impact on bone
regeneration.
Neufurth Extrusion | In vitro | Amorphous Human * Scaffold was
etal., 2017 microparticles bone-related | capable of attracting
[32] prepared from Ca** Sa0S-2 and promoting the
and the physiological growth of human
inorganic polymer, bone SaOS-2 cells.
polyphosphate
fortified by mixing
with
poly-e-caprolactone
Poldervaart | Extrusion | In vitro | Methacrylated Human * Osteogenic
etal., 2017 hyaluronic acid MSCs differentiation of
[15] (MeHA) gel MSCs occurred
spontaneously and
further enhanced with
the addition of
BMP-2. Cell viability
remained 64.4% after
21 days of culture.
Zhang Extrusion | In vitro | B-tricalcium Rabbit bone | ¢ Excellent
etal., 2017 phosphate bioceramic | marrow antibacterial activity
[33] scaffolds containing | stromal accelerated
silver nanoparticles on | cells osteogenic

graphene oxide

differentiation of the
cells.
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Printing nozzle

Pluronic
F-127 . —

(sacrificial : Cell-laden [
material) "8 hydrogel

Cell-laden
hydrogel

Fig. 3.3 Reconstruction of a human mandible graft. (i) Using CT images a 3D CAD model was
created. (ii) Reconstruction of the bone defect 3D architecture: Green, blue, and red lines represent
the paths used to dispense various inks (PCL, Pluronic F-127, and cell-laden hydrogel, respec-
tively). (iii) The patterning of a construct layer using 3D bioprinting. (iv) Appearance of the con-
struct in culture after 28 days in osteogenic medium. It was cultured in osteogenic medium for
28 days. (v) Calcium deposition following osteogenic differentiation in the printed construct was
evident by Alizarin Red S staining. Figure 3.3 was reproduced from Kang et al. [87] with permis-
sion from Nature Publishing Group

collagen [29]. The investigators showed that this technology can produce favourable
results in the setting of large bone defects. It also demonstrated that a disc configu-
ration with MSCs had the best results in bone healing and regeneration [29].

3.3 Cartilage

Cartilage damage and osteoarthritis affect millions of people worldwide. In the
USA alone, osteoarthritis affects 37% of the population over 65 causing significant
morbidity and reduction in quality of life [35]. Our current approach to the manage-
ment of osteoarthritis is carrying out joint arthroplasty or fusion, while cartilage
regeneration techniques are still in their infancy and with controversial results [36].
However, cartilage is a unique tissue and possibly ideal target for 3D bioprinting
applications, as it does not require blood vessels. Many studies currently show that
3D bioprinted cartilage could be a solution to the cartilage loss and may offer better
treatment for arthritis [Table 3.2] [37-54].
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Fig. 3.4 Laser 3D bioprinting on osteoconductive discs. Osteoprogenitor cells were printed on
nHAp collagen discs and subsequently used in the treatment of experimental calvarial defects in
mice (a). Cells were printed at the peripheral (i) or central (ii) areas of the discs (b). Immediately
after printing fluorescence images of peripherally (A2) and centrally (B2) printed tomato-positive
cells, (¢) Microtomography (uCT) images, 2 months after surgery, showing increased osteogenic
activity for the defects where cells were applied at the central area rather than the periphery. No
bone formation was noted in defects where no cells were applied. (d) Day 0, 2, and 4 fluorescence
images of centrally and peripherally printed tomato-positive D1 cells. Figure is reproduced from
Keriquel et al. [28, 29] with permission from Nature Publishing Group

Disk

nHA-collagen

In vitro studies have shown that 3D bioprinted cartilage is feasible [38—40].
Three-dimensional bioprinted cartilage can have long-term stability and mechanical
integrity [39, 40]. In addition, the cells used in the bioprinting process have shown
acceptable viability levels and remain functional after the fabrication of cartilage
[38-40]. Daly et al. compared a number of bioinks for their capacity to support
chondrocytes and for ultimately developing hyaline cartilage [42]. They suggest
that alginate and agarose hydrogels were superior in developing hyaline-like carti-
lage as compared to GelMA and BioINK™. The latter resulted in the formation of
tissue with cellular phenotype resembling fibrocartilage even though all bioinks
supported the cells and achieved high viability. In another model of knee osteoar-
thritis, silk fibroin with gelatin combined with BMSC-specific-affinity peptide
showed promising results [37]. The authors suggested that silk fibroin and gelatin
can greatly balance the mechanical properties and degradation rate to match the
newly formed cartilage [37]. A different approach involving on-demand personal-
ized biofabrication of grafts was also explored. Di Bella et al. investigated the effec-
tiveness of a hand-held bioprinter on critical size osteochondral defects in sheeps
[41]. The bioink comprised gelatin methyacrylamide, HA methacrylate hydrogel,
and MSCs [41]. The investigators reported better macroscopic and microscopic
appearance of the resulting tissue was comparable to that achieved with microfrac-
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Table 3.2 Selected studies showing the current evidence on 3D bioprinting of cartilage

Author,
Year Printer Design | Scaffold/Bioink Cells Outcome
Cuietal.,, | Inject In Poly(ethylene Human * High cellular
2012 [38] vitro | glycol) chondrocytes | viability with
dimethacrylate preservation of
(PEGDMA) function.
¢ Promising anatomic
cartilage engineering
using 3D bioprinting
technology.
Schuurman | Extrusion In Gelatin- Human * When gelatin-
etal., 2013 vitro | methacrylamide chondrocytes | methacrylamide is
[49] with/without combined with HA
e-polycaprolactone and/or a reinforcing
or HA support structure,
such as PCL, gelMA
can be fabricated into
layered hydrogel
structures, which
could aid in the
engineering of
human cartilage.
Xuetal, | Hybrid (inkjet | In Polycaprolactone | Rabbit * 80% viability
2013 [40] | and vitro | fibers and chondrocytes | 1 week after printing
electrospinning | and chondrocytes was noted.
system) in vivo | suspended in a * Cells proliferated
fibrin-collagen and maintained their
hydrogel basic biological
properties.
« Constructs formed
cartilage-like tissues
both in vitro and
in vivo as evidenced
by the deposition of
type II collagen and
glycosaminoglycans.
Kundu Extrusion In Polycaprolactone | Human * Enhanced cartilage
etal., 2015 vitro | and chondrocyte chondrocytes | tissue and type II
[39] and cell-encapsulated collagen fibril
in vivo | alginate hydrogel formation at 4 weeks
following
implantation in vivo
were observed.
Markstedt | Extrusion In Nanofibrillated Human * Cell viability of
etal., 2015 vitro | cellulose chondrocytes | 73% and 86% after 1
[50] and 7 days,

respectively, was
noted.

(continued)
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Author,
Year Printer Design | Scaffold/Bioink Cells Outcome
Costantini | Extrusion In Gelatin Human * Enhanced viability
etal., 2016 vitro | methacrylamide, | MSCs and chondrogenic
[51] chondroitin differentiation of
sulphate amino BM-MSCs was
ethyl methacrylate, noted.
and HA
methacrylate.
Ren et al., | Extrusion In Collagen type II Rabbit * ECM production
2016 [52] vitro | hydrogel chondrocytes | was positively
correlated with the
total cell density.
Daly et al., | Extrusion In Agarose, alginate, | MSCs * High viability
2016 [42] vitro GelMA, and levels with all
BioINK™ bioinks were
reported.
* GelMA and
BioINK™ resulted
in developing a more
fibrocartilage-like
tissue.
Nguyen Extrusion In Nanofibrillated Human * Cell viability,
etal., 2017 vitro | cellulose chondrocytes | pluripotency, and
[53] composite with function were
alginate or HA maintained.
Shietal., |Extrusion In Silk fibroin and MSCs * Superior
2017 [37] vitro | gelatin performance for
and cartilage repair in a
in vivo knee joint as
biomaterial matches
mechanical
properties of the
newly formed
cartilage.
Apelgren | Extrusion In vivo | Nanofibrillated Human * Chondrocytes
etal., 2017 cellulose and chondrocytes | showed good
[54] alginate and human | proliferation ability.
MSCs ¢ In constructs
comprising a mixture
of chondrocytes and
stem cells, an
additional
proliferative effect
was observed
involving
chondrocyte
production of
glycosaminoglycans
and type 2 collagen.
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tures or equivalent bench-based printed scaffolds. A higher amount of newly
regenerated cartilage was noted with the absence of subchondral deformation or
collapse.

Although the aforementioned studies proposed that the use of cartilage 3D bio-
printing for the treatment of focal defects will be feasible soon, it is unclear whether
a holistic approach will be required when the whole joint is affected by osteoarthri-
tis. This argument is supported by current evidence suggesting that osteoarthritis
results in extensive changes, which are not limited to the cartilage but involve the
entire joint including the subchondral bone [43]. Hence, a number of researchers
focus on the production of osteochondral constructs rather than cartilage patches
[44—48]. Woodfield et al. suggested that anatomically shaped, 3D bioprinted con-
structs with designed mechanical properties might offer alternatives for the recon-
struction or restoration of congruent articulating surfaces [45]. In their study, 3D
constructs loaded with chondrocytes were evaluated in vitro and in vivo (in rabbits).
Fully functional chondrocytes were observed and the integration of the constructs
with the bone was seen. Weight-bearing and functional joints were noted. In a simi-
lar study, a rabbit proximal humeral joint was captured with laser scanning and a
scaffold was bioprinted layer-by-layer using HAp powder and PCL [46]. This scaf-
fold was infused with transforming growth factor 3 (TGFf3). The investigators
reported that TGFP3-infused bioscaffolds were fully covered with hyaline cartilage
in their articular surface [46]. Similar approaches were also used by other research-
ers in animal models of femoral head and temporomandibular defects [47, 48].

3.4 Skin

Human skin is a complex structure having a variety of layers and cellular compo-
nents. Skin loss from trauma and burns has been one of the earliest motivations of
tissue engineering. Despite significant advances in skin tissue engineering, the
designs often simplify considerably the structure of the skin to two main compo-
nents (dermis and epidermis). Alternatively, 3D bioprinting has the potential to pro-
duce structures of higher complexity [Table 3.3] [55-67].

Three-dimensional bioprinting of human skin involved mainly loading of fibro-
blasts or/and keratinocytes into hydrogels of collagen, gelatin, or alginate [55].
The results of many studies showed that the resulting 3D engineered skin achieved
high cellular survival and its histological appearance resembles that of human
skin. In a slight deviation of most of the available studies, Koch et al. has added
MSCs to the bioink [59]. They reported that MSCs retained high survival during
the printing process and did not become apoptotic following the construction of
the graft. The aforementioned approaches often result in low stability of the con-
struct; hence crosslinking is required. To overcome this drawback, Min et al.
printed fibroblasts, melanocytes, and keratinocytes onto collagen hydrogel cross-
linked through neutralization using sodium bicarbonate [63]. The authors reported
that the resulting melanocyte-containing epidermal layer showed freckle-like pig-
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Table 3.3 Selected studies showing the current evidence on 3D bioprinting of skin

Author,

Year Printer Design Scaffold/Bioink | Cells Outcome

Lee Extrusion |Invitro | Collagen type I |Keratinocytes | e 3D printed skin tissue

etal., and fibroblasts | had histological

2014 similarities to the human

[55] skin tissue

Lee Extrusion |Invitro | Multilayer Keratinocytes |« Highly viable

etal., hydrogel and fibroblasts | proliferation of each cell

2009 layer was observed.

[58] * Organo-typic skin tissue
culture is feasible.

Binder | Insitu In vivo Keratinocytes | Acceptable survival rate

etal., skin (mice) and fibroblasts | of cells after printing was

2010 printer noted.

[65] * Fast healing rate of the
skin defects occurred.

Koch Laser- Invitro | Alginate Keratinocytes | High cells’ survival of

etal., induced hydrogel and fibroblasts | the printing process.

2010 forward and human  All used cell types

[60] transfer MSCs maintained their ability
to proliferate after
printing.
« Skin cells and hMSC
showed no increase of
apoptosis or DNA
fragmentation.

Skardal | Insitu In vivo Fibrin-collagen | Amniotic fluid | ¢ The graft resulted in

etal., extrusion | (mice) gel cells and bone | higher re-epithelialization

2010 marrow- with increased

[66] derived MSCs | microvessel density and
capillary diameters.
* The secreted trophic
factors could be
responsible for the
favourable effect, rather
than direct cell—cell
interactions.

Albanna | In-situ In vivo Fibrogen/ Fibroblasts and | ¢ In situ skin bioprinting

etal., extrusion | (porcine) | collagen keratinocytes | is a viable option for

2012 solution treatment of large skin

[67] defects.

* The utilization of
autologous cells
outperformed in healing
potential compared to
allogeneic cell use.

(continued)
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Author,

Year Printer Design Scaffold/Bioink | Cells Outcome

Koch Laser- Invitro | Collagen type I | Keratinocytes | Laser-assisted

etal., assisted and fibroblasts | bioprinting is an

2012 outstanding tool for the

[59] generation of
multicellular 3D
resampling human skin.

Michael | Laser- Invitro | Collagen typeI | Keratinocytes | e In vitro experiments

etal., assisted and and fibroblasts | showed proliferative

2013 in vivo cells, but they were in the

[61] (mice) whole epidermis.
* Printed fibroblasts
produced collagen.
¢ In the mice, some blood
vessels could be found to
grow from the wound bed
and the wound edges in
the direction of the
printed cells.

Cubo Extrusion | Invitro | Bioinks Keratinocytes | Generated skin was

etal., and containing and fibroblasts | similar to human skin.

2016 in vivo human plasma  Skin was

[56] (mice) fibrin indistinguishable from
bilayered dermo-
epidermal equivalents.

Liuetal., | n/a In vivo Gelatin-alginate | No cells used | ¢ 3D printed scaffold

2016 (mice) scaffold accelerated wound

[64] healing.

Kim Inject and | Invitro | Gelatin and Keratinocytes | * Keratinocytes were

etal., extrusion collagen I and fibroblasts | uniformly distributed into

2017 the engineered dermis.

[62] e Maturation of a skin

occurred.

* Favourable biological
characteristics including
a stabilized fibroblast-
stretched dermis and
stratified epidermis were
noted.

(continued)
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Table 3.3 (continued)

Author,
Year Printer Design Scaffold/Bioink | Cells Outcome
Pourchet | Extrusion |Invitro | Gelatin Keratinocytes | ® Immuno-staining and
etal., (Bovine) and fibroblasts | electronic microscopy
2017 presented all
[57] characteristics of human
skin.
* The printability of large
skin objects is
demonstrated with the
printing of an adult-size
ear.
Min Extrusion | Invitro | Collagen Fibroblasts, * Melanocyte containing
etal., hydrogel melanocytes, | epidermal layer showed
2018 crosslinked and freckle-like
[63] through keratinocytes | pigmentations at the
neutralization dermal-epidermal
using sodium junction, without the use
bicarbonate of external ultraviolet
light or chemical stimuli.

mentations at the dermal-epidermal junction, without external ultraviolet light or
chemical stimuli [63].

A different approach to the aforementioned studies was reported by three differ-
ent investigators exploring on-demand in situ 3D bioprinting [65-67]. In the treat-
ment of a full-thickness skin defect model, Binder et al., 3D applied printed
constructs containing keratinocytes and fibroblasts [65]. The resulting skin was
similar to normal skin and complete wound healing was reported [65]. Skardal et al.
used a full-thickness skin wound model where 3D printed amniotic fluid cells and
bone marrow-derived MSCs suspended in fibrin-collagen gel were placed on the
defects [66]. This approach resulted in higher levels of re-epithelialization and
increased microvessel density and capillary diameters. Due to the fact that the
printed cells did not permanently integrate with the surrounding tissues, authors
concluded that the secreted trophic factors could be responsible for the favourable
effect, rather than direct cell—cell interactions. In the third study, an experimentally
induced 10x10cm skin defect in a porcine model was created [67]. The investigators
explored the healing potential of fibroblasts and keratinocytes suspended in fibro-
gen/collagen solution and compared the overall potential of autologous versus allo-
geneic cells [67]. The results showed that this technique is a viable option for the
treatment of large skin defects with the autologous cells outperform the use of allo-
geneic cells in terms of healing potential.
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3.5 Neural Tissues

At present, the ideal approach for nerve repair is the precise microsurgical implanta-
tion of a healthy autologous nerve graft. This is the closest resemblance to the origi-
nal microstructure of the missing nerve [68]. Although this is our current gold
standard approach, the technique is associated with poor nerve function, donor site
morbidity, and the formation of neuromas [68]. It has been proposed that 3D bio-
printing could offer great potential in fabricating the precise cellular structures for
nerve tissues.

For clinical scenarios where nerve transection occurs without nerve loss, the
application of a 3D bioprinted fibrin scaffold created by extruding fibrinogen solu-
tion into thrombin solution and utilizing HA and polyvinyl alcohol, was found to
mimic the natural fibrin clot that forms between injured nerve ends and encapsu-
lated Schwann cells, thus providing natural guidance of neurite growth [69]. In
cases of nerve damage with loss of neural tissue, approaches of 3D bioprinting
could be divided in those aiming to construct hollow nerve guidance conduits or
constructing more complex tissues with cells within complex bioinks. Three-
dimensional printed hollow nerve conduits can be of natural or synthetic materials,
single lumen or multilumen [70-72]. In vivo experiments have shown that these
materials could promote nerve regeneration [70-72]. Alternatively, more complex
3D printed constructs using cells have also been found to promote nerve regenera-
tion in experimental animal studies [73-75]. In particular, using 3D bioprinted
scaffold-free conduits made from human normal dermal fibroblasts in an experi-
mental animal model of transacted sciatic nerve, Yurie et al. reported favourable
outcomes in the regeneration of the nerve [74]. Similar results were reported in an
experimental tibial nerve injury model in rats [75]. Bioprinted cryopolymerized
GelMA (cryoGelMA) gel was cellularized with adipose-derived stem cells. This
graft could support the re-innervation across a 10 mm sciatic nerve gap in rats, with
results close to those obtained with the use of autografts in terms of functional and
histological characteristics [73]. In a different approach, a 3D printed layer-by-layer
cylindrical structure loaded with cell suspension composed of 90% MSCs and 10%
Schwann cells was used in the treatment of experimental sciatic nerve defects in rats
[74]. The investigators in this concept study reported favourable results, recognizing
the importance of several adjustments that need to be made. These adjustments
include the removal of agarose rods from the construct lumina prior to implantation
or using a hydrogel with faster degradation time in vivo, adjusting the number of
lumina and modifying the cell types used or adding growth factors [74].
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3.6 Blood Vessels

One of the major challenges in tissue engineering is the fabrication of vasculature
or vascularized tissue. It has been previously noted that cells can survive at a dis-
tance of 200—400 pm from a blood vessel as the farthest [76]. To overcome the lack
of vasculature, tissue engineering approaches have employed the addition of angio-
genic factors such as the vascular endothelial growth factor (VEGF) to promote
vascular migration from the host or employing surgical vascularized flaps [12, 77].

Several studies have evaluated the construction of vasculature through 3D bio-
printing technologies [78—87]. Large blood vessels such as aortic tissue construct
was 3D bioprinted layer-by-layer using mouse embryonic fibroblast cell aggregates
and hydrogels. Smaller blood vessels were also constructed using 3D bioprinting.
Tubular structures with 300 pm wall thickness, inner diameters of 1-2 mm, and
defined pores with a constant diameter of approximately 100 or 200 pm mimicking
the structure of blood vessels were also 3D printed [83]. In the work of Zhao et al.,
robotic 3D cell printing technology with a mesoscopic fluorescence molecular
tomography imaging system was used to construct perfused collagen scaffolds with
endothelial lining [78]. The authors imaged both the fluid flow and fluorescent-
labelled living endothelial cells at high rates, with high sensitivity and accuracy [78]
Finally, a more sophisticated construct was presented by the Atala group [87]. The
authors documented the development of an integrated tissue-organ printer that can
produce human-scale tissue constructs of various shapes and incorporating micro-
channels that allow for the diffusion of nutrients to printed cells. These tissues could
be sustained for long periods, enabling the differentiation of cells into various lin-
eages [82].

3.7 Muscle

Injuries to the skeletal muscles are debilitating and they result in extensive scaring
which leads to functional impairment. Advances in 3D bioprinting showed signifi-
cant potential for application in muscle regeneration [6, 88-91].

Early studies of 3D bioprinted myoblasts onto micro-sized cantilevers showed
fusion of myoblasts to mature myotubes in 4 days of culture [89]. Alternatively, 3D
printing of fibronectin stripes onto biodegradable L-lactide/trimethylene carbonate
copolymer (PLLA-TMC) films with murine myoblast induced cell alignment and
improved myotube formation [90]. In another study by Peele et al., muscle mimick-
ing the function of musculature was printed using layer-by-layer stereolithography
technique at high resolutions of 37 pm [91]. Merceron et al. have 3D printed a
muscle-tendon unit resembling a functional human muscle [88]. This construct was
developed in two layers. The first layer was composed of thermoplastic polyure-
thane co-printed with C2C12 cell-laden hydrogel-based bioink for elasticity and
muscle development. The other layer was composed of PCL co-printed with
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NIH/3T3 cell-laden hydrogel-based bioink for stiffness and tendon development on
the other [88]. It exhibited high cell viability and allowed cellular differentiation
[88]. Finally, muscle tissue that can respond to electrical stimulation in vivo was
created by Kang et al. [87]. In this study, skeletal muscle constructs with the size of
15 mm x 5 mm x 1 mm were created by printing cell-laden hydrogels with biode-
gradable polymers in integrated patterns and anchored on sacrificial hydrogels.

3.8 Cardiovascular Tissue

Cardiovascular disease is one of the main causes of death worldwide [91, 92].
Tissue engineering approaches have focused on the regeneration of myocardium
and the replacement of cardiovascular structures such as heart halves [93, 94]. The
main aim of this technology is to fabricate biocompatible and non-immunogenic
cardiac tissues having morphological and functional properties of the human heart.

In myocardial regeneration, 3D printed patch fabricated by using nano-reinforced
hybrid cardiac patch laden with human coronary artery endothelial cells, methacry-
lated collagen micropatterning, and an alginate matrix was found to allow signifi-
cant cellular proliferation, migration, and differentiation [95]. In a similar study, the
fabrication of a cardiac patch composed of human cardiac-derived progenitor cells
(hCMPCs) in a HA/gelatin (HA/gel) based matrix lead to the preservation of car-
diac performance in myocardial infarction model in mice [96] In another study,
cell-laden hydrogel printed with a sacrificial hydrogel resulted in the formation of
cardiac tissue constructs that exhibited spontaneous synchronous contraction in cul-
ture. This implies in vitro cardiac tissue development and maturation [97].

In heart valve repair, literature has shown that 3D bioprinting technology is a
promising tool in constructing valves to meet the biomechanical and haemodynamic
requirements [98—100]. Hockaday et al. presented a novel simultaneous 3D print-
ing/photo-crosslinking technique for rapidly engineering complex, heterogeneous
aortic valve scaffolds [98]. The investigators proposed that these constructs can be
fabricated rapidly and when they were seeded with porcine aortic valve interstitial
cells, these cells maintained a nearly 100% viability over 21 days of culture [98].
High cellular viability was also reported in a similar study of 3D bioprinted algi-
nate/gelatin hydrogel valve conduits with anatomical architecture and direct incor-
poration of aortic root sinus smooth muscle cells (SMC) and aortic valve leaflet
interstitial cells in a regionally constrained manner [99].

3.9 Other Tissues

Three-dimensional bioprinting has found applications in several other fields of
regenerative medicine. Human tissues such as liver, trachea, and retina were also
created. Printing of constructs that resemble human liver and allow heterotypic
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cellular interactions within the resulting structures was proposed [101, 102] Three-
dimensionally printed PCL mimicking human trachea was also reported [103]. The
investigators highlighted the importance of cells in this technique, as severe inflam-
mation and an unorganized structure occurred when it was implanted in rabbits
[103]. The latter complication was reduced significantly when the graft was cul-
tured in the omentum for 2 weeks [102]. Other applications of 3D printing include
also the construction of human ear or auricular cartilage, meniscal tissues, and other
tissue analogues [104—107]. Extensive research is currently underway exploring the
feasibility of fabricating of human retina [108—111]. A 3D printing of retinal and
glial cells as a retina model was demonstrated by Lorber et al. [108]. The printed
cells seemed to retain their growth-promoting properties and their viability, unaf-
fected by the piezoelectric printhead [108] The differentiation of retinal cells seemed
influenced by the extracellular matrix [109] More specifically, it seems crucial to
recapitulate the extracellular environment of these cells, so it can mimic the stiff-
ness of the human retina, which seems to promote cell differentiation [108, 110,
112]. To this end, 3D-bioprinting of HA hydrogels with the addition of retinal pro-
genitor cells was found to have favourable results [110].

The fabrication of pathological tissue models for research is also possible using
3D bioprinting. An in vitro cervical tumour model using Hela cells and gelatin/
alginate/fibrinogen hydrogels was constructed [113]. Zhou et al. developed a biomi-
metic bone matrix using 3D bioprinting technology to investigate the interaction
between breast cancer cells and fetal osteoblasts or human bone marrow MSCs
[114]. The authors suggested that this was a suitable model to study the interactive
effects of cells in the context of an artificial bone microenvironment and may thus
serve as a valuable tool for the investigation of post-metastatic breast cancer pro-
gression in bone [114]. Finally, the development of a perfusable vascularized 3D
tissue resembling liver tissue was used to study drug toxicity in vitro [115].

3.10 Conclusions

Three-dimensional bioprinting has evolved rapidly over the last decade as a promis-
ing tool in tissue regeneration. Its main advantages are the high precision of tissue
fabrication and a fast construction speed. At present, there is an abundance of stud-
ies showing the potential of this technology in vitro and in several animal models. It
is indisputable that in comparison with other tissue engineering approaches, 3D
bioprinting holds most ground as it enables the fabrication of biomimetic tissues.
Several challenges can be identified including the biomechanical control, the selec-
tion of scaffolds, and the safeguarding of safety throughout the process until the
implantation of the constructs into the patient takes place. Other challenges include
the vascularization of the 3D printed constructs and the overall survival in the body.
These challenges will hopefully be overcome soon through collaborations between
medics, biologists, bioengineers, and physicians.
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Chapter 4 )
Bioprinting Vasculature ST

Sanskrita Das and Jinah Jang

Abstract Despite the extensive research in fabricating tissue-engineered vascular-
ized constructs, emulating the native architecture with intricate microvascular net-
works in vitro remains challenging, which limits clinical applications. The 3D
bioprinting technique is a promising approach for overcoming the limitations posed
by the classical tissue engineering strategies. The new generation of bioprinted vascu-
larized tissue constructs facilitates the high spatial control of cell allocation, align-
ment, and maturation and vessel stabilization as a result of the efficient diffusion of
oxygen, nutrients, and (optionally) growth factors, thereby enhancing the metabolic
activity of cells. Moreover, the bioprinted vascularized construct accelerates its inte-
gration with the host tissue upon implantation, promoting rapid microvascular forma-
tion and tissue regeneration. Additionally, the flexibility to fabricate cell-laden,
multi-material, and anatomically shaped vascular grafts and vascularized tissue con-
structs encourages the development of modalities for screening new therapeutic drugs
and for using as an in vitro disease model. In this chapter, we briefly discuss the need
for using tissue-engineered vascularized constructs and summarize the different types
of biomaterials and conventional approaches toward it. We also introduce the advent
of 3D bioprinting in developing 3D vascularized constructs and focus on its applica-
tions in tissue regeneration and as a platform for drug discovery and testing.
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4.1 Introduction

The human vascular system is a complex structure with a network of blood vessels
ranging from the centimeter scale to the micrometer scale (i.e., from ~2.5 cm for the
aorta to ~20 pm for very fine capillaries) [1]. The vascular system is largely involved
in the exchange of nutrients, oxygen, and cellular metabolic waste between the
blood and tissues [1, 2]. This is mediated through a monolayer of flat cells, called
endothelial cells (ECs), which line the lumen of the entire vascular system.
Moreover, this layer can maintain hemostasis and has anti-thrombogenic properties
necessary for maintaining normal tissue function [1, 2].

The vascularization process can be divided into four phases starting from the (1)
sprouting of ECs, (2) the anastomosis of the sprouts, (3) lumen formation, and (4)
retraction of unused capillaries [2]. Briefly, the pre-ECs form the capillary sprouts,
which further anastomose with their neighboring sprouts developing into a primi-
tive capillary structure with multiple junction points. After anastomosis, the lumen
is formed in each sprout but away from their junction point followed by the forma-
tion of a continuous lumen, also called a plexus. Finally, one of the sprouts enlarges
as a major pathway for blood flow, whereas the remaining capillary sprouts are
retracted as capillary blood vessels. The maximum distance between the capillaries
is 200 pm, corresponding to the diffusion limit of oxygen [4] (Fig. 4.1).

Dysfunctional vasculature or damaged blood vessel conduits as a result of
trauma, aging, or acute/chronic diseases is a common underlying cause for damaged
tissue/organ function as the native vessels are inadequate to supply the required
blood to the tissues of the heart, legs, and other organs [5, 6]. In the case of arterial
bypass surgeries, autologous vessels, auxiliary arteries, and veins are the prevailing
choices for bypass grafting [7, 8]. Nevertheless, these are associated with challenges

A B
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into the tissue
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Nutrients - .
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Fig. 4.1 (a) Schematic description of diffusion and transport processes in vascularized tissues
in vivo. The surrounding tissue is supplied with oxygen, nutrients, and drugs via the vasculature.
Waste products and CO, are cart away from the tissue into the blood vessels. (b) The endothelium
inside the vessels accomplishes numerous functions: selective permeable barrier, prevention of
clotting, regulation of blood pressure, and angiogenesis (Reproduced with permission from [10])
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pertaining to multiple surgical procedures and limited availability or unavailability,
especially for elderly patients and patients with cardiovascular disease conditions.
As an alternative approach, artificial conduits built from biologically inert and syn-
thetic materials such as expanded polytetrafluoroethylene (ePTFE), polyurethane,
and polyethylene terephthalate (PET) are commonly used for large-diameter vessel
applications [7, 8]. However, they suffer from low patency rates in small-diameter
(<6 mm) applications, aneurysms or atherosclerosis, thrombosis, and recurrent ste-
nosis, especially at anastomotic sites [8, 9].

Additional common therapeutic approaches to induce vascularization or to re-
vasculate the ischemic tissues include a complex orchestra of angiogenic growth fac-
tors (e.g., basic fibroblast growth factor (bFGF), vascular endothelial growth factor
(VEGF), transforming growth factor beta (TGFp), hepatocyte growth factor (HGF),
platelet-derived growth factor (PDGF), angiopoietin, and VEGF mimetic synthetic
peptides) and cell-based therapy using differentiated ECs (e.g., human umbilical vein
endothelial cells (HUVECS) or endothelial progenitor cells (EPCs)) [10, 11]. One
report suggested that the use of human ECs in cell-based therapy could promote the
formation of long-lasting and functional blood vessels in vivo upon implantation into
immunodeficient animals [12]. However, injecting stem cells directly in the ischemic
area resulted into approximately 90% cell loss, and poor cell viability [13]. Similarly,
the delivery of proangiogenic growth factors based upon a bolus injection resulted into
a burst release and short period of biological activity within the ischemic zone [14].

Tissue engineering holds promise as an alternative strategy for creating func-
tional tissue constructs to restore the structural and functional properties of dam-
aged or diseased tissues/organs. Tissue-engineered in vitro organ models have
received significant attention for tissue regeneration and as in vitro disease models
and promising drug testing platforms in recent years [15]. When a tissue-engineered
construct is implanted into the body, an inflammatory wound-healing response
occurs, causing the release of hypoxia-induced angiogenic growth factor from the
cells, thereby triggering spontaneous angiogenesis from the surrounding tissue [16].
Nevertheless, this vascular ingrowth from the native host tissue is only several
tenths of micrometers per day. Thus, it is too slow for adequate oxygen transport to
the cells in the inner part of the tissue construct, thereby causing cell death and
resulting in a failed implant [2]. This is because the cells in the central region of the
tissue-engineered construct suffer from hypoxic conditions and start necrosis if they
are >200 pm away from a vascular structure [17]. Thus, it is necessary to fabricate
tissue-engineered vascularized constructs using advanced techniques in order to (1)
reduce the risk of cell necrosis in the construct; (2) promote the maturation of ECs
and other cell types in the construct; (3) ensure the efficient diffusion of oxygen,
nutrients, and (optionally drugs) and remove the waste products from the cells,
thereby preserving the cells’ metabolic activity; and (4) accelerate the integration of
the engineered construct with the host tissue upon implantation.

In this chapter, we discuss the types of biomaterials and the variants of classical
strategies employed so far for vascularizing tissue constructs. We also highlight the
advent of the 3D bioprinting technique in developing a vascularized tissue construct
with enhanced functionality and list some applications in tissue regeneration and
drug testing.
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4.2 In Vitro Tissue-Engineered Vascularized Construct

4.2.1 Choice of Biomaterials

In terms of choosing an appropriate biomaterial, factors such as biocompatibility,
biodegradability, resistance to thrombosis, elasticity, promotion of angiogenesis,
and integration with host blood vessels should be considered [10, 11]. Specifically,
the formation of a capillary-like structure, which is crucial for angiogenesis, is
dependent on material properties such as stiffness, composition, and microstructure
[18] and the presence of cell adhesion motifs [19]. Thus, it is necessary to select a
biomaterial that can balance the intricate interplay of these crucial parameters to
ensure angiogenesis as well as the fabrication of a 3D construct. The biomaterials
for developing an in vitro tissue-engineered vascularized construct can be catego-
rized into naturally derived polymers, synthetic polymers, and the decellularized
extracellular matrix (dECM) (i.e., a biomimicry approach).

4.2.1.1 Natural Polymers

The naturally derived polymers are an attractive source because they promote cel-
lular adhesion and infiltration due to the presence of inherent cell adhesion moieties
[10, 11]. Additionally, they account for the majority of the proteins present in the
extracellular matrix (ECM) of native arterial walls, thereby enhancing the biologi-
cal interactions between the material and the host [20]. A variety of protein- and
polysaccharide-based polymers have been studied for developing vascular grafts
and vascularized tissue constructs, including fibrinogen [21], tropoelastin [22], elas-
tin/collagen [23], gelatin [24], chitosan [25], and alginate [26]. Collagen [27], fibrin/
fibrinogen [28], and hyaluronic acid [29] have been reported to improve angiogen-
esis and promote lumen formation. Notably gelatin cannot activate or bind to plate-
let, which is an important characteristic to be used as a material for vascular tissue
engineering [30]. Nevertheless, the solubility and inherently poor mechanical prop-
erties of gelatin limit its application in contact with bodily fluids. Similarly, other
protein-based polymers, such as collagen and hyaluronic acid, suffer from poor
mechanical properties, thereby restricting their use to small-diameter vascular grafts
(SDVG) applications as standalone constructs [31]. Traditional crosslinking agents,
such as glutaraldehyde and polyepoxides, are commonly used to improve the
mechanical properties; however, these are associated with low long-term stability
and high cytotoxicity [30]. On the contrary, polysaccharide-based polymers, such as
alginate, agarose, and chitosan, although mechanically tougher than protein-based
polymers, are devoid of the cell-adhering moieties crucial for cell attachment, pro-
liferation, and motility, and thus, apoptosis may be induced in the encapsulated cells
[1, 26]. Hence, synthetic polymers are rapidly gaining attention on these grounds as
scaffold materials due to reproducibility in consistent quality, and their properties,
such as degradability and elasticity, are easy to adapt.
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4.2.1.2 Synthetic Polymers

Synthetic polymers provide more flexibility in terms of molecular design, readily
allowing precise control over the critical material properties, such as polymeriza-
tion, degradability, and mechanical stiffness [5, 11]. Commonly used synthetic
polymers for vascular tissue engineering include polycaprolactone (PCL) [32],
polylactic acid (PLA)/poly(acrylic acid) (PAA) [33], poly(vinyl alcohol) (PVA)
[34], polyethylene glycol (PEG) [35], and poly(L-lactide-co-caprolactone) (PLCL)
[36]. Polymer such as Pluronic F-127 is commonly used as a fugitive material for
creating microchannels in the scaffold to enhance the vascular network [37, 38].
Nevertheless, the use of synthetic polymers is associated with serious concerns,
such as incomplete degradation, and they do not innately mimic the native tissue
and release of toxic or acidic degradation products. Thus, improving the biocompat-
ibility, material biodegradability, and bioactivity of these synthetic polymers
becomes a major point in biomaterials research. To address this challenge, synthetic
polymers have been blended with natural polymers to engineer a composite pos-
sessing a native tissue-like ECM with controllable biophysical and biochemical
properties and tunable mechanical properties. Examples of composite scaffolds
include PCL/collagen/elastin [39], poly(glycolic acid) PGA/poly(L-lactic acid)
PLLA/collagen [40], and poly(1,8-octanediol-co-citrate) (POC)/collagen/elastin
[41]. Nevertheless, the use of this strategy may manifest the disadvantages of both
polymers, such as the adverse host tissue inflammatory response of synthetic poly-
mers and the biological variability of natural polymers. Hence, an alternative and
more impressive engineering approach is the use of the dECM.

4.2.1.3 dECM: A Biomimetic Approach

The dECM is a naturally derived elastic material, containing growth factors that
inherently support cellular functions, such as cell proliferation, migration, and dif-
ferentiation, and can promote angiogenesis in neighboring tissues [42, 43]. The
dECM can either be implanted as an acellular construct or repopulated with cells
and cultured before implantation in vivo or used as a dECM hydrogel. For instance,
Bader et al. reported repopulating the decellularized porcine vessels with human
ECs and myofibroblasts and demonstrated high cell viability in vitro with signifi-
cantly lower rejection response of the acellular scaffolds in vivo than the untreated
tissues [44]. Nevertheless, a major limitation of most of the animal-derived matrices
is the lack of reproducibility and standardization. In addition, this strategy is associ-
ated with inefficient recellularization at the desired locations and incomplete re-
endothelialization of the organ vasculature. Moreover, the decellularization process
may cause elastin deformation and degradation, damage the vessel structure with
increase in porosity, and decrease in mechanical properties. This may in turn result
into vascular graft expansion and even aneurysm formation followed by vascular
leakage after recellularization [42, 45]. Therefore, it is necessarily desirable to cre-
ate a novel class of biomaterials to overcome these shortcomings. dECM-based
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hydrogels can provide a promising platform for novel cell or biomolecule delivery
and regenerative therapy via minimally invasive techniques [46]. Gao et al. reported
the use of a novel vascular tissue derived dECM (vdECM)-based bioink for the
fabrication of tubular structures encapsulated with EPCs and microcapsules of the
proangiogenic drugs (atorvastatin) to treat ischemia [47]. The dECM-based hybrid
bioink facilitated the direct fabrication of the tubular construct and provided a favor-
able microenvironment to promote the proliferation, migration, differentiation, and
neovascularization of the cells.

4.2.2 Strategies for Fabricating Tissue-Engineered
Vascularized Constructs

The fabrication of vascularized tissue constructs is essential to accelerate rapid and
functional anastomosis with the host tissue to ensure the survival of cells in the early
post-implantation phase [48]. In earlier studies, two very common and dedicated
approaches used to induce vascularization and vessel stabilization included (1)
incorporation of angiogenic/vasculogenic growth factors and (2) the use of ECs
alone or co-cultured with different types of mural cells into the fabricated scaffold
[10]. In this approach, ECs and/or other cell types such as myoblasts or fibroblasts
are seeded on the fabricated scaffolds and proangiogenic factors are optionally
incorporated followed by culturing them in vitro with the aim of developing a 3D
prevascularized tissue construct. Subsequently, the prevascularized construct with
the primitive vascular network is implanted into the ischemic site. For instance, a
bio-tubular scaffold developed from human dermal fibroblasts and HUVECs co-
cultured on an electrospun PCL-based membrane supported collagen remodeling
and demonstrated improvement in biomechanical properties up to day 14 [49].
Upon in vivo implantation, the co-cultured electrospun scaffold displayed enhanced
infiltration of host cells and formation of thin continuous layers of smooth muscle
cells (SMCs). Similarly, proangiogenic growth factors can be incorporated in prede-
signed biodegradable scaffolds to release the loaded protein in a sustained manner
following its degradation [50]. An additional approach to deliver growth factors is
the use of transfected cells seeded in the scaffold providing sustained growth factor
release and overexpressing the angiogenic factors [51]. Nevertheless, composition
and dose of the delivered growth factors are critical parameters for effective angio-
genesis [52]. Thus, in order to ensure its controlled delivery and to avoid the possi-
bility of uncontrolled effects at secondary sites, immobilizing factors are being
utilized in many studies [53].

In vitro prevascularization is a time saving method allowing the host blood ves-
sels to anastomose with the construct in the marginal area instead of growing into
the middle of the engineered tissues. However, they are associated with poor perfu-
sion systems, because the missing in vitro tissue is not micro-surgically connected
to the host vasculature [10]. Thus, to obtain efficient diffusion of oxygen and nutri-
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ents ensuring the survival of transplanted tissue grafts in vivo, studies have started
employing bioreactor systems resulting in enhanced cell differentiation and/or
ECM deposition. Dynamic cultures in vitro have been reported to assist in vessel
orientation, which is important for the vascularization of aligned tissues, such as
muscle, ligaments, and nervous tissues [54]. Advancement in the development of
vessel conduits was reported by Syedain et al. who demonstrated the fabrication of
an arteriovenous (AV) graft from human neonatal dermal fibroblasts entrapped in
bovine fibrin gel, cultured in a pulsed flow bioreactor for 5 weeks, and decellular-
ized before being implanted in a baboon [55]. Under in vitro culture conditions, as
the fibroblasts grew, they digested the fibrin and deposited their own ECM com-
posed mainly of collagen. The grafts demonstrated extensive recellularization
showing smoothelin-positive SMCs and developed an endothelium on the luminal
surface, with no observed calcifications, loss of burst strength, or outflow stenosis.
Recently, Landau et al. reported the application of oscillatory strain for 21 days as
an easy method for enhancing vessel morphogenesis and stabilization within colla-
gen constructs co-cultured with ECs and fibroblasts [54]. The stimulated vessels
within the engineered construct were more clearly developed, aligned, and stabi-
lized. Moreover, following their implantation into athymic nude mice, aligned infil-
tration of the host vasculature was observed.

In contrast to in vitro prevascularization with the pre-seeded scaffold, the in vivo
prevascularization is based on an implantation of acellular scaffold [10]. During the
preliminary implantation of a tissue-engineered construct into the host body, de
novo vascularization occurs at the construct [10]. This phenomenon of the infiltra-
tion of host blood vessels into an acellular macroporous scaffold was first demon-
strated back in 1972. Since then, many studies demonstrated the development of
perfusable vascular networks in implanted acellular scaffolds. After successful vas-
cularization into the implanted acellular scaffold, it is explanted again and inserted
into the ischemic target site [10]. Nevertheless, this approach is associated with at
least three surgeries: (1) implantation of the acellular construct, (2) explantation of
the vascularized construct, and (3) proximate implantation or insertion of the pre-
vascularized construct at the ischemic site. Another polysurgery approach combin-
ing thermo-responsive polymers with ingrowing cells is the fabrication of
tissue-engineered cell sheets [56]. The confluent monolayers of cells harvested from
thermo-responsive substrate as cell sheets are transplanted into the ischemic target
site. Similarly, use of AV loop is an additional prevascularization strategy based on
in vivo anastomosis to generate the vascularized tissue [57]. Briefly, a shunt loop
between an artery and a vein is formed using a synthetic graft followed by enclosing
the complete intrinsic model within a chamber that is either empty or employs a
scaffold to be vascularized. The chamber is then placed at a site of rich vasculariza-
tion in vivo, and after the formation of an arterio-capillary-venule network by the
near-by tissues, the prevascularized construct can be transferred to the reconstruc-
tive defect. Although, it represents a promising advancement toward the clinical use
of a prevascularized construct, the need for several surgical interventions is a seri-
ous concern.
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While different strategies have been employed to fabricate vascularized 3D scaf-
folds, there is an urgent demand to develop advanced and more sophisticated fabri-
cation strategy. It should be noted that effective vascularization is inherently
associated to intelligent scaffold design. Therefore, smart 3D designs and high-
resolution manufacturing technologies are adopted to achieve the tailor-made con-
trol of oxygen gradients, nutrient flow regimes, as well as cellular alignment and
angiogenesis. Biofabrication combining the 3D printing approach using natural
polymers as hydrogels and living cells, termed bioprinting, can serve as a reason-
able alternative technique for fabricating tissue-engineered vascularized constructs
[58]. The concept of bioprinting can be considered as an extension of rapid proto-
typing technique to develop anatomically relevant complex tissue constructs in a
layer-by-layer manner according to a predefined 3D computer-aided design (CAD)
model. It enables the fabrication of realistic 3D tissue/organ model ranging from
mm- to cm-sized scale, incorporating different types of cells, biomolecules, and
biomaterials simultaneously, to better emulate the native tissue architecture and pro-
mote long-term cell viability [58].

4.3 3D Bioprinting of Vascularized Constructs

3D bioprinting aims at the precise deposition of a cell-laden biomaterial into ana-
tomically relevant shaped, complex 3D structures by keeping the cells viable and
guiding tissue formation into a desired shape and direction [58]. Based on the work-
ing principle, 3D bioprinting can principally be categorized into (1) inkjet-based,
(2) laser-assisted, and (3) extrusion-based bioprinting.

4.3.1 Inkjet-Based Bioprinting

Inkjet-based bioprinting is a non-contact, fast-fabrication printing technique that
involves depositing millimeter-sized droplet modules of bioink from a nozzle onto
a hydrogel substrate or culture dish, thereby allowing them to self-assemble into a
structure with interstitial space that is similar to the vascular structure required for
the perfusion of medium or blood [59, 60]. In 2005, Kesari et al. from the Boland
Laboratory in Texas were the first to bioprint SMCs encapsulated in tubular vascular
grafts by inkjet printing a CaCl, solution into an alginate bath [61]. Following this,
Nakamura et al. applied a reverse process of ejecting alginate droplets into a solu-
tion of CaCl, to develop micro-gel droplets as the building blocks that subsequently
fabricated an alginate-based tubular structure with 200-um channels [62]. Later,
Pataky et al. reported printing alginate-based bioink into a vascularized structure
with different geometries and a bifurcating vein with a diameter of 200 pm showing
great biocompatibility with fibroblasts [63]. Similarly, fibrin microstructures encap-
sulated with human microvascular endothelial cells (HMVECs) were
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micropatterned by inkjet printing droplets of thrombin solution containing cells into
a bath of fibrinogen [59]. The printed HMVECsS in conjunction with the fibrin were
found to proliferate within 7 days, and after 21 days, they aligned themselves inside
the channels of the printed fibrin gel structure forming a confluent lining. Chang
et al. bioprinted patterns of microvessel fragments within a collagen gel [64].
However, the mature vascular network did not maintain the pre-aligned orientation
of the patterned fragments. Despite the advantages such as low cost, rapid deposi-
tion, and precise control over deposition of cells, growth factors, and therapeutic
reagents, inkjet-based bioprinting has been limited to only thin constructs (i.e., a
few layers) due to instability of the printed layers [65]. Adequate supporting materi-
als and structures are required for free-form fabrication process, as the stacking of
droplets or strands is currently difficult to control, thereby limiting the resolution.
Additionally, it is associated with challenges pertaining to nozzle clogging because
of the small nozzle diameter and thermal and mechanical stress on cells during
droplet extrusion, thereby dramatically decreasing the cell viability [66].

4.3.2 Laser-Assisted Bioprinting

Toward the aim of fabricating high-resolution constructs, laser-assisted bioprinting
(LAB) is a precise fabrication method enabling the deposition of individual cells to
create various constructs [1, 60]. Several other researchers used LAB to pattern
HUVECs into predesigned vascular structures [67, 68]. The deposited HUVECs
started connecting with each other within 1 day; yet HUVECs alone could not form
a stable vascular network. Rather, the deposition of an additional supporting cell
layer (i.e., human umbilical vein smooth muscle cells (HUVSMCs)) on top of
HUVECs was required to support the structural integrity of the vasculature. In addi-
tion, the co-culture of HUVECs and SMCs showed a lumen-like vascular structure
with multiple junctions, indicating a synergistic effect on developing their cellular
morphologies. The symbiotic interaction between HUVECs and SMCs was crucial
for the generation of stable and functional artificial blood vessels with tissue substi-
tutes, as the SMCs limited the overgrowth and migration of ECs through the cell-
cell junctions. In another study by Gaebel et al., the laser-induced-forward-transfer
(LIFT) cell printing technique was applied to the co-cultured HUVECs and human
mesenchymal stem cells (hMSCs) in a defined pattern to fabricate functional poly-
ester urethane urea (PEUU) patches for cardiac regeneration [69]. Patches were
cultivated in vitro followed by transplanting in vivo to the targeted zone of infarcted
rat hearts. The co-culture of HUVECs and hMSCs promoted enhanced vessel for-
mation with significant functional improvement of the infarcted hearts. Even though
LAB enables the uniquely precise deposition of individual cells on the substrate, the
ribbon preparation makes the method time-consuming [5]. Moreover, the UV light
can damage the cellular structures (i.e., cell membrane, DNA, and proteins), caus-
ing cell degeneration and death. In addition, regardless of the light source, the high-
energy radicals starting the photopolymerization can react with cellular
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macromolecules and cause oxidative damage to encapsulated cells, thereby altering
the secondary and tertiary structures of cellular proteins [70]. However, this damage
can be reduced with the proper choice of crosslinking material.

4.3.3 Extrusion-Based Bioprinting

Extrusion-based bioprinting, an advanced and sophisticated additive manufactur-
ing technique, has been derived from the inkjet-based and LAB techniques into
layer-by-layer process that enable the fabrication of 3D structures defined by their
CAD model [5]. Current approaches for bioprinting vascularized tissues can be
separated into two major categories: direct bioprinting and indirect bioprinting
[2]. In 2009, Li et al. demonstrated one of the first attempts to bioprint vascular-
ized tissue constructs by extruding multi-material, cell-laden hydrogel structures
for liver applications [71]. Two different cell/polymer suspensions were sepa-
rately extruded into a low-temperature chamber. Hepatocyte-laden gelatin/algi-
nate/chitosan hydrogel formed the matrix of the tissue construct, and gelatin/
alginate/fibrinogen hydrogel mixed with adipose-derived stromal cells lined the
vascular channels through the matrix. Thrombin was used to stabilize the multi-
material construct, and the surface was crosslinked with glutaraldehyde. The stro-
mal cells in the vascular channels differentiated into ECs with the help of
endothelial growth factors, and the hepatocytes maintained their normal metabo-
lism within a 2-week in vitro cell culture study. A more recently reported study
showed the fabrication of a 3D cell-printed prevascularized cardiac patch employ-
ing pig heart-derived dECM (hdECM) encapsulating multiple cell types including
human cardiac progenitor cells (CPCs) and MSCs [72]. Upon in vivo implantation
in a rat myocardial infarction (MI) model, cellular infiltration into the area of
infarction and enhanced cardiac function were evident with improved vasculariza-
tion as well as reduced cardiac hypertrophy and fibrosis. However, direct bioprint-
ing using a single axial nozzle is not ideal for creating vascularized tissues because
of the lack of multidimensional resolution and the accuracy required for fabricat-
ing microvessels [2]. Recently, coaxial or multiaxial printing nozzles were used in
direct bioprinting for the preparation of a vascularized structure with microvascu-
lature [2, 5]. This system contained one or multiple channels within the same
nozzle tip. Jia et al. demonstrated a novel approach capable of fabricating multi-
layer and highly organized perfusable vascular constructs using a 3D bioprinter
equipped with a multiaxial nozzle system and a formula of bioink containing
4-arm poly(ethylene glycol)-tetra-acrylate (PEGTA), sodium alginate, and gelatin
methacryloyl (GelMA) [73]. Two-step crosslinking was used for the preparation
of the vascular constructs. The alginate component was ionically crosslinked
using a CaCl, solution that was deposited from both an inner and outer nozzle to
maintain the shape of initially bioprinted perfusable tubes. After printing was
complete, the constructs were stabilized by subsequent photocrosslinking of both
GelMA and PEGTA components; however, alginate was dissolved to increase cell
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spreading and proliferation. The vascularized constructs showed beneficial bio-
logical properties including supporting the attachment and proliferation of encap-
sulated ECs and stem cells and forming of well-organized and perfusable artificial
blood vessels. Recently, Gao et al. reported developing a tubular-like structure
using a coaxial bioprinting technique and hybrid bioink composed of 3% vdECM
extracted from porcine aortic tissue and 2% (w/v) sodium alginate mixed with
EPCs and supplemented with microcapsules of the atorvastatin drug [47]. The
results demonstrated enhanced survival and differentiation of stem cells and an
increased rate of neovascularization, highlighting its novelty for the treatment of
ischemic diseases. The use of a coaxial or multiaxial nozzle provides an efficient
way to directly prepare a vascularized structure with a small diameter and high
resolution close to 100 mm, which is a step toward overcoming the challenges of
manufacturing vascularized tissues through bioprinting. Overall, direct bioprint-
ing is a simple and fast approach to fabricate micron-range capillary networks.
However, the disadvantages of direct bioprinting, including the limitation of
available bioinks, the inability to create branched vascular structures over a range
of scales, and the decrease of cell viability because of the extrusion pressure, are
hindering the development of this approach to clinical translation [2]. Another
approach to fabricate vascularized tissue constructs is through indirect bioprint-
ing, where the vascular structure is not directly printed by the nozzle but by the
removal of a fugitive material [2].

Bioinks, such as gelatin [74], agarose [75], and carbohydrate glass [76], have
been used as the fugitive material for fabricating vascularized tissues through indi-
rect bioprinting. For instance, Miller et al. formulated a sacrificial material based on
carbohydrates, which was printed in filaments into the fibroblast-laden hydrogel
using a syringe and a RepRap Mendel 3D printer followed by the dissolution of
carbohydrate filaments to form hollow channels or vascular networks [76]. Seeded
HUVEC:S lined the channels within 9 days of in vitro culturing and formed clear
vascular lumens surrounded by the encapsulated fibroblasts, thereby enhancing the
cell viability of hepatocytes. Similarly, Bertassoni et al. extruded agarose fibers and
cast them within a GeIMA hydrogel [75]. The dissolution of the fibers resulted in
perfusable microchannels, where the seeded HUVECs formed a confluent lining
within 7 days of in vitro culturing. Although these methods provide an easy approach
to fabricate prevascularized tissue constructs, the carbohydrate glass filaments dis-
play a short lifespan and the physical properties of agarose gel may hamper the
printing resolution [60, 77].

Kolesky et al. reported an approach to fabricate tissue-engineered vascular-
ized construct with multiple cell lines and a vascular structure [37, 38]. Pluronic
F-127 was used as the fugitive bioink for making the microchannels as the vas-
cular structure. In one approach, Kolesky et al. printed vascularized tissue con-
structs using four separate bioinks, including fugitive Pluronic F-127,
poly(dimethyl siloxane), and two different fibroblast-laden GeIMA inks [38].
The printed multi-material construct was further embedded in an acellular
GelMA hydrogel, and the fugitive ink was sacrificed to result in empty chan-
nels. Seeded HUVECs formed an endothelium on the channels after 9 days of
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in vitro culturing. The results showed the ability of this method to fabricate both
intermediate microvessels and macrovasculature with diameters ranging from
100 pm to 1 mm. In addition, lumen formation was observed during the cell
culture, and the built-in vascular network significantly enhanced the cell viabil-
ity of human neonatal dermal fibroblasts and 10T1/2 fibroblast cells. In another
approach as a follow-up study, Kolesky et al. reported the fabrication of 3D
cell-laden and vascularized tissues with a thickness >1 cm. Pluronic F-127 and
thrombin were mixed as the first bioink for printing the vascular structure [37].
Then, hMSCs, human neonatal dermal fibroblasts, fibrinogen, and gelatin were
mixed as the second bioink for printing the bone tissue. A solution composed of
fibrinogen, gelatin, CaCl,, and transglutaminase was used as the ECM to cast
the whole tissue-engineered construct followed by rapid crosslinking. Pluronic
F-127 was evacuated for creating the microchannels as the built-in vascular
structure. The HUVECs seeded on the microchannels formed a continuous
endothelium, and the encapsulated stem cells and fibroblasts migrated toward
the channels to support the vascular network. The final tissue-engineered con-
structs were further perfused for a period of >6 weeks. Lumen formation was
clearly observed after 45 days of perfusion. In addition, the differentiation from
hMSC:s to osteoblasts and observation of new bone formation were found by the
expression of osteocalcin, collagen I, calcium phosphate, and alkaline phospha-
tase. The advantages of indirect bioprinting include the ability to create branched
vascular structures, high printing resolution without concerns of decreased cell
viability because of the extrusion pressure, and a wide range of bioinks and
fugitive materials [2]. However, removing fugitive material on a large scale and
forming a complex structure can be difficult and time-consuming, which is the
major drawback to this approach [2]. Additional disadvantages include the
requirement for post processing, such as the perfusion of the vascular structure
with endothelium cell suspension, whereby consistent cell seeding and endothe-
lialization are not guaranteed [2]. Moreover, Pluronic F-127 is associated with
drawbacks such as low strength, slow gelation, weak stability, and rapid degra-
dation, thereby limiting its application in tissue engineering [78]. Additionally,
it is complex and requires large amounts of bioprinting material. Hence, efforts
are still focused on fabricating 3D and more realistic in vitro vascularized con-
struct that can better emulate the in vivo tissue architecture and cellular
behavior.

4.4 Application of Bioprinted Vascularized Tissue Constructs

Bioprinted vascularized 3D tissue constructs have received significant attention due
to their promising applications in tissue engineering and drug discovery/testing
platforms. While some studies reported the proof-of-concept principles, a few
advanced studies demonstrated the potential of 3D bioprinted vascularized con-
structs in tissue regeneration and as drug testing models.



4 Bioprinting Vasculature 139
4.4.1 Tissue Regeneration

Bioprinted vascularized cardiac constructs demonstrated improved therapeutic effi-
cacy by rapid vascularization post-transplantation. A functional 3D-bioprinted
PEUU patch consisting of a co-culture of HUVECs and hMSCs and fabricated
using the LIFT cell printing technique demonstrated significantly enhanced capil-
lary density and integration into the host myocardium post transplantation into the
infarcted zone of rat hearts [69] (Fig. 4.2). When co-cultured with stem cells,
HUVECs could increase cell viability and enhance vascular differentiation and
wound-healing potential through paracrine effects and membrane interactions,
thereby improving angiogenesis. On the other hand, stem cells secrete large amounts
of pro-survival factors and ECM, thereby protecting the scaffold-seeded HUVECs
and increasing the survival rate of the nascent cardiac tissue. Hence, the dual-cell-
printed PEUU cardiac patch not only enabled the cellular migration into the dam-
aged heart but also induced angiogenesis, which resulted in increased myocardial
blood flow, thereby increasing cardiac function. Similarly, human CPCs and MSCs
mixed with porcine hdECM and growth factors were subjected to extrusion bio-
printing to fabricate a multicellular and multilayered prevascularized cardiac patch
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Fig.4.2 (a) Experimental design: A. Schematical bioprinting setup based on LIFT. B. Arrangement
of transferred cells by LIFT observed after 24 h: Human MSC were prestained with PKH26 and
patches were stained with polyclonal goat anti-Pecam1 24 h after LIFT to separate grid patterned
HUVEC. (b) In vitro acceleration of tube forming by LIFT: Representative immunofluorescent
micrographs of Pecaml stained patches treated with co-culture of HUVEC/hMSC 8 days after cell
seeding. A. Vessel formation in the simulated printed pattern. B. Proliferation of cells but marginal
vessel formation on the randomly seeded control matrix (Reproduced with permission from [69])
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Fig. 4.3 (a) Illustrative representation of 3D cell printing of prevascularized stem cell patch. (b)
Immunohistochemistry results against human-specific CD31 specificity at infarct regions. (c)
Effects of prevascularized stem cell patch on the therapeutic efficacy post-MI; EF values at baseline
and after 4 and 8 weeks. Error bars represent standard errors of the mean (sem) (*p < 0.05 compared
with ML *p < 0.05 compared with CPC; *p < 0.05 compared with mix C/M). MI Myocardial infarc-
tion, EF Ejection fraction, CPC Cardiac progenitor cells, C/M Both CPC and mesenchymal stem
cells (MSCs), POD Post operation day (Reproduction with permission from [72])

[72] (Fig. 4.3). Upon in vivo implantation of the fabricated cardiac patch in a rat MI
model, enhanced cardiac function and cellular infiltration into the infarct area was
evident. Additionally, it also demonstrated improved vascularization, reduced car-
diac hypertrophy, and fibrosis as well as tissue formation. In another study, Park
et al. reported a novel approach using an extrusion-based 3D printing technique to
load growth factors (i.e., bone morphogenetic protein-2 (BMP-2) and VEGF) along
with dental pulp-derived stem cells in the peripheral and central regions of porous
multi-material bioprinted scaffolds, respectively, to induce vascularized bone regen-
eration [79] (Fig. 4.4). The loaded VEGF stimulated the formation of microvessels
throughout the cell-laden scaffolds, and the sequentially released BMP-2 promoted
bone regeneration in vivo. These studies highlight the importance of 3D bioprinting
in generating new capacities for designing vasculature and patterning proangio-
genic factors to accelerate tissue regeneration.
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Fig. 4.4 (a) Structure designs. Group 1: DPSCs printed structure using 2% collagen. Group 2:
DPSC/BMP-2 printed structure using 2% collagen. Group 3: DPSC/dual growth factors printed
structure using 2% collagen and 10% alginate/10% gelatin blend. (b) Vessel formation in the
implanted structures. Observation of positive staining with BSI-Lectin (red), VE-cadherin (green),
and DAPI (blue) at the (A) center and (B) periphery zone of the printed structure of groups 1, 2,
and 3. (¢) Average number of blood vessels per 0.1 mm? at three different sites in the implanted
structures. Bars: £1 s.d., n = 3; **p < 0.001. (Reproduced with permission from [79])

4.4.2 Drug Discovery and Toxicological Screening

3D-bioprinted constructs have also been subjected to extensive research for drug
testing and discovery platforms. Massa et al. developed a 3D vascularized liver tis-
sue model to mimic physiological drug diffusion and toxicity testing [77] (Fig. 4.5).
Sacrificial bioprinting strategy was employed to successfully develop hollow micro-
channels in the 3D liver tissue model consisting of HepG2/C3A cells encapsulated
in gelatin methacryloyl hydrogel. After seeding HUVECS into the microchannel,
the authors reported obtaining a vascularized tissue construct lined by a monolayer
of ECs into which nutrients, oxygen, media, and drugs could be introduced easily.
Following to it, acetaminophen (APAP) was perfused through the endothelialized
channel for 48 h to observe the effects of the endothelial layer on drug administra-
tion mechanism. The inclusion of the HUVEC layer created a barrier that delayed
the permeability of the drug from the microchannels to the surrounding hydrogel
scaffold, thereby protecting the HepG2/C3A cells from toxicity caused by the drug
treatment. The study highlighted the pivotal role of an engineered endothelial layer
in the drug administration process. The fabricated 3D vascularized liver model is
anticipated to be helpful in observing and predicting drug toxicity mechanisms at a
microcirculatory level. In another study, a bio-blood-vessel was fabricated using a
novel hybrid bioink (mixture of vdECM and alginate) along with a versatile coaxial
extrusion-based 3D cell printing technique to effectively deliver EPCs and micro-
capsules of the proangiogenic drug atorvastatin to the ischemic area [47] (Fig. 4.6).
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hydrogel construct with a central hollow microchannel structure and (d) curved microchannels
embedded inside a circular GelMA structure. Red dye solution was perfused into the hydrogel
construct after the molding and crosslinking process. (¢) Photographs of the resealable bioreactor.
(f) Nlustration of the bioreactor connected to the perfusion module. (b) Confocal microscopy
images of (a) the integrity of the GFP-HUVEC layer in the construct with nuclei staining after
2 days and (b) top and cross-sectional views of F-actin/nuclei staining after 7 days which showed
endothelial cell invasion and sprouting into the surrounding GeIMA hydrogel (arrows). (c) Top
view of a HUVEC layer immunostained for CD31 (red) and 4’,6-diamidino-2-phenylindole
(DAPI) (blue) after 2 days in culture. (Reproduced with permission from [77])
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Fig. 4.6 A schematic depiction of the bio-blood-vessel (BBV) fabrication process. The ionic gela-
tion of alginate in the bioink-realized BBV printing. CD31/DAPI staining indicated that the encap-
sulated endothelial progenitor cells formed a layer of fully differentiated endothelium on the BBV
after culturing for 7 days. (Reproduced with permission from [47])

The results demonstrated the enhanced survival and differentiation of stem cells, an
increased rate of neovascularization, and remarkable improvement of the ischemic
site. This study highlights that the employment of 3D-bioprinted ECM-mediated
cell/drug constructs can be a novel therapeutic approach to treat ischemic diseases.
Hence, engineered vascularized constructs using advanced bioprinting techniques
along with novel bioinks may enable the development of vascular disease models
and novel therapeutic approaches toward them.

4.5 Conclusion and Future Perspective

The fabrication of a thick and three-dimensionally arranged vascularized construct
is a bottleneck of tissue engineering and regenerative medicine. The requirement in
regenerative and therapeutic applications led to the use of the 3D bioprinting



144 S. Das and J. Jang

technique, thereby opening new avenues for mitigating the challenges posed by the
use of conventional strategies. Although the use of bioprinting techniques has dem-
onstrated remarkable progress, numerous challenges have to be met in terms of
choosing appropriate bioinks supporting cell viability and functionality and emulat-
ing intricate vascular architecture for effective clinical applications. Still, there is a
curious paucity of evidence to bioprint an entire functional and complex organ with
an efficient vascular system. However, in the near future, after these challenges are
addressed, 3D bioprinting technique will be employed to fabricate a functional bio-
printed vascularized tissue construct, moving it from the state of proof-of-concept
to clinical translation.
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Chapter 5 )
3D Bioprinting in Clinical Cardiovascular <o
Medicine

Alexander Cetnar, Martin Tomov, Andrea Theus, Bryanna Lima,
Agastya Vaidya, and Vahid Serpooshan

Abstract 3D bioprinting is a form of additive manufacturing tailored toward creat-
ing biological constructs with precise spatial control. As an extension of conven-
tional 3D printing with a variety of materials such as polymers, ceramics, and
metals, 3D bioprinting focuses on building viable, biomimetic products that can be
used to replicate, improve, or substitute functional tissues. Driven by the field of
tissue engineering, advancements in 3D bioprinting have enabled greater print reso-
lutions, more customizable bioinks, and faster biomanufacturing speeds, which are
critical when handling delicate biological substances. To date, researchers and engi-
neers have creatively employed 3D bioprinting to combat cardiovascular disease,
the most prevalent cause of death in the Western world. In the realm of cardiovascu-
lar medicine, 3D bioprinting has seen manifold applications including surgical
models, cardiac patches, computational and theoretical models, heart valves, and
stents. These technologies vary in terms of their extent of development, ranging
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from in vitro modeling to clinical therapies. While surgical models are most widely
used in a clinical setting, other bioprinted models are rapidly developing with prom-
ising results. Overall, this chapter focuses on the clinical applications of 3D bio-
printing aimed toward understanding, augmenting, or replacing cardiovascular
tissues and organs.

Keywords 3D bioprinting - Additive manufacturing - Cardiovascular tissue
engineering - Stents - Cardiac valve - Computational modeling - Surgical model

5.1 Introduction

3D bioprinting primarily aims for biomanufacturing of clinically applicable prod-
ucts that can replace diseased/damaged tissues or organs in vivo or creating biomi-
metic platforms to model various diseases in vitro. Clinical applications include a
variety of direct regenerative approaches (e.g., printed tissue patches) and use as
supplemental tools to improve current and future patient care methods (e.g., surgi-
cal models) (Fig. 5.1). Recent advances in bioprinting have made it possible to
fabricate complex, patient-specific tissue architectures while maintaining the viabil-
ity and function of multiple cell types that recapitulate the cellular and extracellular
niche of the target organ/tissues [1]. While there remain some challenges for the
clinical application of bioprinted constructs, development of new organ-specific

Bioprinting Clinical Models

l

Bioprinted Vessels
1 Bioprinted Implantable Tissue

Fig. 5.1 Heart conditions can be addressed via bioprinting that can supplement surgical perfor-
mance and aid in regenerative medicine. Bioprinted vessels can replace damaged or blocked native
vasculature of the heart (left). Improved surgical aids can be developed via a combination of bio-
printing and 3D printing approaches (middle). Bioprinted implantable tissue constructs (e.g., car-

diac patches) can salvage heart structure and/or performance post infarct or with a congenital
condition (right)

Bioprinted Surgical Aids
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bioinks, state-of-the-art medical imaging technologies such as multi-contrast com-
puted tomography (CT), and hybrid 3D bioprinting/printing approaches could be
important steps toward translating bioprinting into a clinical setting.

To date, additive manufacturing, and in particular, 3D bioprinting have found
rapidly growing applications in the fields of cardiovascular tissue engineering and
regenerative medicine [2-5]. By providing a precise spatial control on the cell-
biomaterial microenvironment, bioprinting enables recapitulating the complex
physiomechanical, chemical, and biological cues of the native heart tissue [2, 6].
While the majority of cardiovascular tissue bioprinting efforts have been focused on
restoring the anatomical and structural features of the tissues/organs, new research
developments enable bioengineering of functional cardiac constructs [3, 7]. In addi-
tion to in vivo regenerative therapies, 3D printed products are increasingly used to
enhance diagnosis and treatment of various cardiovascular diseases [8] (Fig. 5.1).

5.2 3D Bioprinted Surgical Models of Cardiac Disease

Bioprinting has grown from a strict research and development tool into a viable
approach to generate surgical and clinical models of cardiac disease [6]. The major
push that propelled bioprinting is the introduction of reliable, robust bioprinters and
functional bioinks, which enable generation of a wide range or practical biomimetic
constructs. Specifically, this technology is well suited to produce functional tissue,
replacement vasculature for the heart, and high-fidelity anatomical models that can
aid in surgical preparation and training [9-11]. Borrowing from the more estab-
lished 3D printing field, bioprinting can specifically support the production of ana-
tomical models to be used in cardiac surgery, such as surgical guides, templates, and
stents (Fig. 5.2) [12]. Further, manufacturing implants such as tissue patches or
replicates of the target area for direct organ repair are also possible via bioprinting
[13]. Advantages of such 3D bioprinted tools and models include improvement of
pre-operative planning, specifically enhancing the accuracy of the used techniques
and available practice to perform complex surgeries prior to the operation. This can
additionally save time in the operating room, increasing the odds for surgical suc-
cess [14]. Still, several challenges remain that currently hamper widespread use of
bioprinted surgical models and tools in the clinics. The accuracy of generated mod-
els is not always sufficient for the purpose, if their desirable characteristics are to be
preserved. Depending on the mode of bioprinting, it can be a significant time com-
mitment to generate an accurate biomimetic tool, which may be unfeasible for
emergency surgery, though less of an issue when tackling chronic or diagnosed
heart conditions. Finally, the relatively high costs associated with the hardware and
software (bioprinters and professional CAD programs) and consumables (bioinks,
cells, and molecules) is another limitation to routine use of bioprinting as a surgical
aid at present [15].

Another application where bioprinting can be successfully translated into a sur-
gical or clinical use is in the design of bioprinted tissue patches. Such printed tissue
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Fig. 5.2 Patient-specific model of heart segmented from computed tomography scans (a—c) into a
3D model (d). Sacrificial support scaffolds are generated (e), printed (f), and removed (g) to gener-
ate the finished heart model (h) [16]

models can be used as a surgical training tool, providing a safe, reproducible, and
patient-specific platform on which novel devices or techniques could be tested. This
could in turn help avoid further complications for patients or relying on an imper-
fect animal surrogate. Successful cardiovascular tissue models require tight controls
over a range of physical parameters that allow to tailor a bioink to a specific clinical
or surgical application. Bioink properties (e.g., viscosity, crosslinking mechanism,
and resulting stiffness), mass transfer properties (e.g., diffusion and permeability),
and functional modifications like biodegradability are some of the parameters that
can be tuned to produce a faithful representation of the organ or tissue [17-20].

5.3 3D Bioprinted Cardiac Patches

With over 1.5 million cases of myocardial infarction (MI) each year, there is a
demand for patient-specific heart tissue that aims to repair damaged regions [21]. A
variety of approaches have been taken to produce cardiac patch devices [22-26].
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The integration of human induced-pluripotent stem cell (hiPSC) technology has
become a recognized modality for personalized heart tissue engineering [27-30].
Additional methods that are associated with manufacturing implantable cardiac
patches are based on cells deriving from mesenchymal stem cells [31], secreted
exosomes [32], and decellularized structures [33].

To date, a variety of 3D bioprinting approaches and a growing number of cardiac
cell types are being used to manufacture functional cardiac patch systems (Fig. 5.3).
A significant number of 3D bioprinted tissues employ cell-based therapeutic pro-
cesses to improve cardiac function and salvage damaged tissue [34, 35]. Most of
these engineered patches recognize the importance of non-muscle cells in myocar-
dial structure and function, such as cardiac fibroblasts (FBs) and vascular cells [36].
Co-culture of cardiomyocytes (CMs) with endothelial cells (ECs), for example,
takes strides toward implementing vascularization within constructed tissue archi-
tecture—a current focus in cardiac patch bioprinting [5, 37]. Other advantage of
using multi-lineage cardiac cells, particularly during in vivo implantation, is the
generation of natural tissue components (extracellular matrix or ECM) that are opti-
mal for CM attachment and function [38]. Results from one study that performed
in vivo implantation of bioprinted cardiac patches, composed of hiPSC-CMs and
small proportions of human adult ventricular FBs and umbilical vein ECs, showed
high cell density, but a lack of vascularization on the nude rat hearts [37]. A different
experiment in which 3D bioprinted tissues with hiPSC-CMs, FBs, and ECs were
tested, showed that maximum vascularization can be achieved by arranging the 3D
fibers in a Janus geometry spatial organization [39]. Integration of vascularization
in 3D bioprints opens new vistas of opportunities for translational application of
cardiac patches with more biomimetic vascular networks [5, 40]. Cardiovascular
tissue bioprinting is most commonly performed using naturally derived hydrogels
as bioink. Synthetic bioinks are also being explored [41]. Naturally derived hydro-
gels offer cell viability and function, but are often associated with low resolution,
poor handling, and inconsistency between batches. Alternatively, synthetic bioinks
offer greater physical integrity and allows for more controlled physiochemical
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properties. Synthetic bioinks, however, may provide less accurate biomimicry, and
insufficient support for cellular attachment, growth, and function [24].

Several studies have suggested that the distinct electrophysiological properties of
nonhuman heart differ greatly from those of the human heart, causing a limitation
that is inherent to most types of cardiac patch research [43]. Nevertheless, iPSC-
CM-integrated cardiac patches, paired with pieces of decellularized heart ECM,
have exhibited beating activity and electrophysiology comparable to those of the
human heart muscle [38]. Other attempts to recapitulate human heart tissue in vitro
include manufacturing (e.g., bioprinting) relatively larger and thicker human car-
diac muscle patches (4 cm x 2 cm x 1.25 mm) [44]. The patch containing hiPSC-
CM and hiPSC-smooth muscle cells (SMCs) demonstrated improved cardiac
function and decreased infarct wall size and regional wall stress [44].

5.4 3D Bioprinting in Computational and Theoretical
Modeling

3D printing provides a viable method for rapidly prototyping biomimetic fluid flow
systems for physical flow visualization and computational fluid dynamics (CFD)
validation. CFD models of cardiovascular fluids, primarily blood, have improved
significantly in terms of their temporal and spatial resolution over the past few
decades [45]. Improved imaging modalities, faster computing capabilities, and
sleeker solving methods, among others, have enhanced the accuracy and relevance
of CFD in clinical settings [46]. However, even the best analytical solvers need to
be physically justified to ensure that the predictions made replicate real flow pat-
terns, especially when turbulence is involved [47].

Cardiovascular applications of 3D printing have been studied in an array of dis-
eased and surgically modified geometries. Variations in vessel cross-sectional sur-
face areas in cerebral aneurysms [48], aortic stenosis [49], coarctations [50], and
hepatic large vessels [51] have been investigated in normal and abnormal morpholo-
gies. Additionally, hemodynamic results of stents [52], embolic coils [53], and
cavopulmonary connections [54] on neighboring flows are of significance since
they not only study current effects of these corrective interventions, but also provide
exploratory in vitro setups. These allow for earlier testing and a more detailed anal-
ysis of new devices. Overall, these studies demonstrated relative agreements
between flow patterns of CFD simulations and physical models. As computing and
imaging continue to improve, errors between these modalities dwindle.

In vitro replication of in vivo hemodynamic scenarios starts with medical imag-
ing modalities such as CT [55], magnetic resonance imaging (MRI) [56], ultrasound
and intravascular ultrasound (IVUS) especially for fetal heart monitoring [57, 58],
and optical coherence tomography (OCT) [59]. Anatomical features are then seg-
mented to stack 2D images into a 3D construct and meshed through software like
3D Slicer, Vascular Modeling Toolkit, or SimVascular. These files can then be 3D
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printed or computationally modeled in a CFD software package (e.g., ABAQUS,
FLUENT, HARVEY), which typically employs a finite element or lattice Boltzmann
solver [45, 60]. Advantageously, the versatility of using the same 3D model to both
physically and computationally model a patient-specific anatomical structure allows
for consistency during comparison. To visualize fluid flows, many investigators
choose to use particle image velocimetry (PIV) in their in vitro models, which cap-
tures videos of illuminated (fluorescent) microparticles (beads) and traces their
local movement, providing excellent spatial resolution in cross section [54, 61].
Doppler ultrasonography [49] and 4D MRI [51, 62, 63] are also capable of measur-
ing flow velocity, which can provide consistency if both patient and model are
imaged with the same modality.

3D printing techniques differ and are typically optimized depending on desired
material (e.g., flexibility or optical clarity), fabrication time, cost, resolution, and
patient geometry complexity. Specifically, for CFD analyses, inkjet printing is the
most common with printed accuracies up to 0.125 mm [48, 49, 52, 64]. Clearing
scaffolding for print integrity can be challenging though [48]. Stereolithography
(for stiff prints) [54] and laser sintering (for compliant constructs) [51] have pro-
vided similar fidelity of 0.1-0.15 mm, respectively. Lost wax molds have been used
to generate urethane molds of high optical clarity that, when matched with a liquid
of similar refractive index, show no appearance [50, 53]. Deposition extruded posi-
tive casts have served to create negative casts for tortuous flow geometries [61].
Both lost wax and deposition modalities can print within 0.2 mm of desired
resolution.

While 3D printing has enabled high resolution replicates of clinical flow con-
duits for in vitro and CFD purposes, limitations exist. Due to the high computational
demands of CFD, it is often regulated to specific regions, rather than a full-body
vasculature. Not only printing microvasculatures of 1-10 pm, but reliably visualiz-
ing them is a challenge too. Since blood vessels are not simply passive vessels,
replicating physiological flow mechanics is not trivial when accounting for blood
rheology, pulsatility, and tissue compliance and active contractility [51]. Thus far,
more traditional 3D printing has been applied for CFD applications, but similar
applications of 3D bioprinting have yet to be augmented.

5.5 3D Bioprinted Heart Valves

Heart valve diseases are a serious dilemma worldwide with nearly 80,000 heart valve
replacements occurring annually [6, 65]. Current treatment options are valve replace-
ments with mechanical valves [66], bioprosthetic valves from porcine or bovine peri-
cardium [67], or the Ross Procedure [68]. However, there are several downsides to
each of these procedures. Mechanical valves often cause problems as a foreign body
within the heart. Patients receiving these valves have to be on heavy medication for
anticoagulation and immunosuppression for the rest of their lives [24]. Contrarily,
bioprosthetic valves deteriorate over a shorter amount of time but can be placed less
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invasively, reducing patient morbidity [67]. To improve valve longevity and func-
tionality, tissue engineering approaches including decellularization, molded or struc-
tured scaffolding, electrospinning, or 3D bioprinting are being explored. Being able
to 3D bioprint a biologically compatible heart valve would reduce time, costs, and
risks that normally occur with a traditional valve replacement [69].

3D bioprinting allows for accurate replication of heart valves by scanning the 3D
conduit, converting it to a STL file for post-processing and printing, and printing a
cellular or acellular construct (Fig. 5.4). Bioprinting technology has greatly evolved
over the past decade with new approaches allowing for manufacturing heart valves
containing more cell types and biomaterials, as well as enabling more patient speci-
ficity [70, 71]. The biomimicry of engineered valves is rapidly improving, allowing
for greater mechanical integrity, functional longevity, and cell viability [71]. In the
future, bioprinting could create heart valves that are able to self-repair or grow as
the patient’s body grows [72]. The long-term goal for most heart valve tissue engi-
neering studies is to create a valve that would be fully integrated with the host tissue
to ensure long-term functionality [14]. Bioprinted valves are also being used in drug
screening applications. For example, valve models, bioprinted using encapsulated
human valvular interstitial cells (VICs) and exposed to osteogenic media, demon-
strated enhanced micro-calcification. Such models can serve as an in vitro platform
to study the pathogenesis of calcific aortic valve disease [70].

There are different hydrogels and biomaterials used for 3D printing of heart
valves. Some commonly used bioinks include poly-ethylene glycol-diacrylate
(PEG-DA), gelatin methacrylate (gelMA), and methacrylated hyaluronic acid (Me-

A

Fig. 5.4 Process of biomanufacturing mitral valve through direct 3D printing: segmentation (a),
skirt addition (b), 3D model (¢), template mold for 3D printing (d), final rendering (e), and printed
valve within mold [73]
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HA) [74, 75]. PEG-DA bioinks supplemented with alginate can be adjusted to have
different concentrations of the material, leading to altered flexibility. This capability
has been used to print both stiff and soft models. In particular, the stiff hydrogel is
used to print the root wall of the valve and soft hydrogel is used to print the leaflets
[75]. Results showed that bioprinting can create mechanically heterogeneous ana-
tomical heart valve conduits. Major cell types that make up the human heart valve
are SMCs, valvular endothelial cells (VECs), and VICS [65, 69]. Most studies use
one of these cell types to determine the viability of the cells within the construct
post-printing over desired periods of time. For example, porcine aortic VICs were
cultured for up to 21 days in a construct made of a PEG-DA hydrogel with nearly
100% viability [75]. More recent findings show that anatomically complex, hetero-
geneously seeded constructs can be created using 3D bioprinting. This was done,
for instance, using an alginate/gelatin bioink, printed with directly encapsulated
human SMCs in the root wall of the construct and porcine aortic VICs in the leaflets
of the valve [74].

5.6 3D Bioprinted Stents

3D bioprinting has been used to fabricate stents for endovascular or coronary
implantation to maintain vessel patency in partially or fully occluded vessels [76].
Coronary artery disease (CAD) is attributed to plaque buildup (atherosclerosis)
within the arteries affecting blood supply to cardiac muscle by narrowing the vessel
lumen. Current treatments for CAD include coronary artery bypass grafting (CABG)
and angioplasty [77]. CABG is usually performed as a treatment option when there
is complete blockage of the vessel lumen, where an artery is grafted around the
blocked areas of the artery [78]. Angioplasty or balloon angioplasty is a less inva-
sive option for partial blockages [79]. Biomaterials for 3D printed stents often
include polymers such as polylactic acid (PLA) and polycaprolactone (PCL) while
stents containing metal alloys such as stainless steel and cobalt chromium are still
widely used [80, 81]. For instance, fused deposition modeling (FDM) has been used
to efficiently print composite polymer stents [82]. FDM is a rapid prototyping pro-
cess where a thermoplastic polymer is heated to melting point and then extruded in
a layer by layer fashion to create a 3D model [82]. Implantable, biodegradable, and
polymer-based stents have been produced for cardiovascular applications, exhibit-
ing minimal toxicity and suitable degradation rate for tissue remodeling [81].

5.7 Summary and Concluding Remarks

In summary, 3D bioprinting shows much promise for the future of cardiac medicine
[60]. It allows complexity in engineered models, specifically allowing the cardiac
construct to be personally created based on the individual patient needs. It also



158 A. Cetnar et al.

allows for creating heterogeneous structures by using multiple extruders/inks for
the prints, which is critical for recapitulating cardiovascular tissues with varying
biochemical and physiomechanical properties (e.g., cellar composition and
stiffness).

Bioprinted cardiac patches may not be fully viable yet as a clinical therapy for
human patients with acute MI, until a functional vascular network is incorporated
within the tissues. Co-culture integration and 3D fiber arrangement have been used
to achieve some degrees of patch vascularization [34]. Other significant consider-
ations must also be made, such as post-implantation cardiac arrhythmia occurrences
among tested subjects and the patch’s contractile capabilities. Implanted cardiac
cells in nonhuman primates have been successfully shown to be able to remuscular-
ize infarct primate but have been complicated by occurrences of arrhythmia [22].
These potential arrhythmic complications concomitant to cardiac patch implantation
will need to be eliminated in order for patient applicability. As more advancements
are made, though, with increased vascularization and little arrhythmogenicity, the
plausibility of having cardiac patches available for clinical use becomes more likely.

One of the biggest setbacks with 3D bioprinting heart valves is that little testing
has been done on the printed models under dynamic, physiologic conditions. Such
conditions are essential for the accurate development of the extracellular matrix and
tissue biomechanical testing [14, 83]. In addition, further testing is necessary to
determine whether the valves can withstand the high pressures created by the ven-
tricles during contraction, without tearing or regurgitation of blood upstream [72].
In the future, more studies will be needed to see whether these valves would be
functional in an in vivo setting and if they would be a viable replacement for
mechanical and biological valves.
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Chapter 6

Understanding Cancer Cell Behavior
Through 3D Printed Bone
Microenvironments

Yangyang Luo, Anusha Elumalai, Ahmed Humayun, and David K. Mills

Abstract Cancer is a significant health problem worldwide and forms through
orchestrated and highly complex biological processes. This process is mediated
through biophysical and biochemical signals that develop from within the tumor
microenvironment. Although two-dimensional culture systems of established breast
cancer cell lines are the most widely used model for cancer biology and preclinical
drug assessments, it poorly mimics the behavior of cancer cells in vivo and fails to
reproduce the in vivo tumor microenvironment, and accordingly, the data it produces
is not always predictive. Effective therapeutic strategies require a cost-efficient
in vitro model that can more accurately resemble the in vivo tumor microenviron-
ment, thus permitting a variety of in vitro studies. Rapid prototyping (RP) is one of
the most promising techniques for designing and producing three-dimensional (3D)
systems (hydrogels, scaffolds) for drug efficacy analysis, developing drug delivery
systems, and tissue engineering applications. The application of 3D bioprinting in
engineering a cancer cell microenvironment will be the focus of this chapter. We will
describe previous model systems used to understand cancer cell behavior. In particu-
lar, bioprinting methods and strategies that emphasize recreation of a cancer micro-
environment that promotes cultured cancer cells to express a more relevant phenotype
will be examined. Our focus will be on the 3D bioprinted models that serve as a
predictive model for understanding mechanisms leading to cancer cell metastasis,
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permit real-time study of cell—cell interactions, enable the analysis of growth factors
and cytokine expression that supports tumor cell growth or survival, and the molecu-
lar cross-talk between tumor and stromal cells. The chapter will conclude with an
assessment of the current state-of-the-art and future prospects.

Keywords Cancer - Culture models - Drug delivery - 3D bioprinting - Hydrogels -
Metastasis - Microenvironment - Rapid prototyping - Nanoparticles

6.1 Introduction

Cancer can be defined as an uncontrolled cellular growth and spread of abnormal
cells. It remains, worldwide, the second most common cause of death and it is pre-
dicted that by 2020 approximately 18 million new cases of cancer are expected [1,
2]. In the USA, there were 1,688,780 new cancer cases in 2017 and 600,920 cancer
deaths are projected to occur [1]. The overall number of cancer deaths worldwide in
2008 was 7,564,802 [2, 3]. Cancer remains a significant cause of mortality for
patients in the clinical setting. Patient death is strongly influenced by the cancer
type, and 13% of the US population will die from this disease [4]. Among cancer
types, the best survival rate (mortality/incidence x 100) is seen in patients with thy-
roid and testis cancer (16% and 18%, respectively), lung cancer (18.2%) while liver
and pancreatic cancer have the highest mortality rates (93% and 96%, respectively).
For all cancer types, the incidence of cancer is higher among men (20%) than in
women, and the death rate among men is 40% higher [1]. The greatest fear among
patients with cancer is pain, growing weakness, reduced quality of life, and medical
costs [3, 4].

6.2 An Overview of Current Cancer Treatments

Cancer treatment is mainly based on surgery, radio- and chemotherapy but also
other therapies are available: hyperthermia, targeted therapy, immuno- or photo-
therapy, the use of nanoparticles, stem cell transplant, or many lesser used therapies
such as tumor ablation (Fig. 6.1) [5-8]. There also exists a critical need for drug
delivery systems that are selective, targetable, deliver the proper dosage, and
offer combinatorial delivery (in association with other agents or drugs).

Many cancer drugs cannot be delivered through commonly used administra-
tion routes because they are susceptible to degradation. Drug delivery systems have
been under intensive investigation as a means to overcome this obstacle and achieve
the desired therapeutic effect in humans or animals [9, 10]. Numerous drug delivery
methods have been used over time, with the most common routes of administration
being injectable, peroral, topical, or inhalation. The desired features of pharmaceu-
tical carriers for parenteral administration include small size, biodegradability, high
drug load, and prolonged circulation time. The most popular drug delivery systems
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are based on polymers, ceramics, and their composites [9]. By far, polymers have
been used the most in developing drug delivery systems, with the most used being
PEG, PEO, PCL, chitosan, alginate, polyvinyl alcohol, PMMA, etc. [11-14]
Proteins, such as cellulose and collagen, have also been used as a matrix in some
drug delivery systems [14]. Many different types and shapes have been prepared
from albumin, soy and whey protein, collagen, and gelatin and used to deliver drug
molecules using protein-based systems, including various protein cages, micro-
spheres, nanoparticles, hydrogels, films, mini rods, and micropellets [15, 16].
Compared to synthetic polymers, their biocompatibility, biodegradability, low tox-
icity, cost-effectiveness, and availability make them well suited for drug delivery
[17]. Various proteins-based systems have been developed including the ferritin/
apoferritin protein cage, plant-derived viral capsids, and the small Heat shock pro-
tein (sHsp) cage [18, 19].
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6.2.1 Systemic Cancer Drug Delivery

Mainstream cancer treatments use radiotherapy, chemotherapy, and surgeries [20].
Chemotherapy treats by reducing metastasis, cell progression, and proliferation.
The drawback of this therapy is it unavoidably attacks normal body cells also.
Tumor-targeted drugs can reduce the severity of adverse effects [21]. When dealing
with multiple malignant sites, nanocarriers drug delivery has shown to be more
efficient than chemotherapeutic drugs. These approaches can be organic, or inor-
ganic based on the particles used for delivery [21, 22].

Inorganic carriers carbon nanotubes, quantum dots, mesoporous silica, and mag-
netic nanoparticles including the use of metals like iron have shown promise for
traceable drug delivery with real-time monitoring [22, 23]. Use of organic nanopar-
ticles like liposomes, dendrimers, lipids, emulsions, carbon nanotubes, and syn-
thetic polymers have small size and large surface area which allows them to bind
and carry anticancer drugs and agents with high efficiency such as many anti-
tumoral drugs, e.g., cisplatin, doxorubicin, mitomycin C, and ethiodol [24]. Ceramic
drug delivery systems are also used for the treatment of bone cancer [20]. Using
nanoparticles for drug delivery has gained potential in the past few years.
Encapsulating cancer drugs using nanoparticles decreases the side effects and based
on the nanoparticle platform type, these drugs can be modified for a more targeted
approach directed at drug-resistant strains of tumor cells with improved bioavail-
ability and specificity [21, 22, 25].

6.2.2 Targeted Drug Delivery

Compared to the conventional drug therapies, targeted drug deliveries have a lot of
advantages such as entering the tissue at a molecular level with increased localization
and cellular uptake [26]. These drugs can reach out a larger surface via direct and
selective targeting cancerous cells and have modifiable electronic, biologic, mag-
netic, and optical properties [27]. These drugs can identify molecular changes and
pass through biological barriers while mediating molecular interactions. The greatest
achievement these drugs have over conventional methods is the feasibility to recog-
nize the cancerous cells by adding organic molecules, antibodies, peptides, and
nucleic acids to the nanoparticles used in the drugs [27, 28]. Nanoparticles with PEG
and modified PEG have a prolonged circulation time in the bloodstreams. Drugs, like
albumin conjugated paclitaxel and liposomal doxorubicin are being clinically used
and have exhibited significant efficacy. Natural polymers like dextran, chitosan, gela-
tin, hyaluronic acid, and collagen polypeptides are now being used as compoents of
drug delivery systems for the treatment of cancerous tissues [28, 29].

PEG, PLGA, PVA, chitosan, PLA, PCL, and polyethylene oxide are biodegrad-
able polymers used to prepare nanofibers for drug delivery. Hydrogels usually in the
form of microspheres or nanoparticles allow for a more controlled drug release [30].



6 Understanding Cancer Cell Behavior Through 3D Printed Bone Microenvironments 167

Current targeted drug therapies are focusing on using the addition of folate and
transferrin receptors (Fig. 6.2) [31, 32]. Receptor-based targeted drugs like etopo-
side, gemcitabine, and vinorelbine have been developed and tested. The integration
of nanoparticles along with therapeutic agents has created a new trend for targeted
and precise drug release within cancerous sites by altering the conventional kinetics
and distribution of cancer treatment.
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Fig. 6.2 (a) Schematic representation of the conjugation of both FA and FITC to DAS which is
attached to the surface of the halloysite nanotubes (HNTS). (b) Phase contrast of bifunctionalized
HNTS. (¢) Same visual filed but viewed under fluorescent light. Key: DAS = N-[3-(trimethoxysilyl)
propyl] ethylenediamine, FA = folic to the surface of the HNTs. DAS = N-[3-(trimethoxysilyl)
propyl] ethylenediamine, FA = folic acid, FITC = fluorescein isothiocyanate. Micrographs cour-
tesy of the author
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6.2.3 Lipid-Based Drug Delivery Systems

Drugs that are applied through oral administration usually encounter problems of
low permeability, rapid metabolism, and nonspecific targeting [33]. Furthermore,
most of the newly developed anticancer drugs are highly hydrophobic (low solubil-
ity), toxic and exhibit short half-lives. Those drawbacks limit their use in treatment
[34]. Lipid-based drug delivery systems (LBDDS) are one of the emerging technolo-
gies to address this problem. The lipid-based formulations convert drugs to be solu-
bilized formulation. Simultaneously, the exogenous components of lipid-based drug
formulation (surfactants, co-solvents, and complexation agent) induce changes of GI
environment that increased secretion of biliary-derived solubilizing components
(bile salts and phospholipids). Thus, drug solubility is enhanced [35]. Besides, lipid-
based formulation alternates drug transport pathway from the portal vein to the intes-
tinal lymphatic system, which circumvents hepatic first passing metabolism [35].
Encapsulation or solubilization of toxic chemotherapeutics with lipid-based formu-
lation provide a safe and prolonged mean to deliver a drug to the intended site [35].

Lipid-based formulations can also be tailored to meet a wide range of require-
ments dictated by disease indication, selective absorption, root of administration,
product stability, and mechanism of controlled release [34, 36]. Detailed guidance
for design lipid-based formulations have been extensively reviewed by Porter et al.
[37], Jannin et al. [38], and Savla et al. [39].

LBDDS is a versatile platform to support a diverse set of highly lipophilic drugs.
They are widely used due to their safety, bioavailability, and efficacy for delivery
of high potent but toxic or drugs with poor water-solubility. There are 36 lipid for-
mulations that have been approved by FDA [39]. Drugs delivered by LBDDS
include retinoids, vitamin D analogs, and protease inhibitors [39]. When lipid-based
formulations cannot provide a suitable safety profile [40], or the active pharmaceu-
tical ingredient (API) included, is not stable in formulation or exhibits low bioavail-
ability [41], the LBDDS may not be the ideal approach.

6.2.4 Nanotechnology-Based Drug Delivery

Even though liposomes act to improve drug efficiency, they are limited by some
inherent defects such as low encapsulation efficiency, rapid leakage of water-soluble
drugs, and poor stability [42]. Nanoparticles (NPs) are another group of drug carri-
ers that are used to improve the therapeutic index of drugs by improving drug solu-
bility, reducing unwanted side effects, and delivering drugs to the target site
(Fig. 6.3). Compared to liposomes, NPs have better stability [43] and offer con-
trolled release [42].

Drug delivery nanoparticles are fabricated in the size range from 10 to 1000 nm.
Usually, they are made of natural or artificial polymers such as polystyrene (PS),
poly(methyl methacrylate) (PMMA), poly(lactic acid) PLA, and so on [43]. After
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decades of development, the materials used to make nanoparticle have increased. In
a recent review, the types of nanoparticles used in drug delivery include not only
polymers but also organometallic particles, viruses, and even liposomes [44].
Despite the significant advantages of NPs, several obstacles need to overcome to
promote its clinical advancement. It has been found NPs would distribute and
accumulate in the lung, liver, spleen, and kidney [45]. Also, biological barriers
inhibit the accumulation of therapeutics tumor sites, which results in low tumor thera-
peutic efficiency [46]. To address those obstacles, smart extended release NPs (SER
NPs) are developed. SER NPs are modified to release drugs with specific stimulation,
such as heat, ultrasound, electric/magnetic fields, pH changes, and light [47]. The cur-
rent advances of SER NPs are comprehensively reviewed by Kalaydina et al. [47].
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6.2.4.1 Nanocontainers and Nanocarriers

The discussion above has highlighted treatments using a variety of drug carriers
(liposomes, microcapsules, microbeads/spheres) primarily developed for use with
water-soluble drugs. Development of effective nanoparticulate drug carriers, and
combinatorial delivery systems, able to deliver anticancer drugs, including poorly
soluble pharmaceuticals, remains a major research challenge and also presents a
major opportunity (Fig. 6.4) [42]. The major challenges to using nanocontainer and
nanocarrier-based systems as a therapeutic modality include (1) means of delivery,
(2) drug concentration, (3) target site specificity, and (4) elimination of off-target
side effects [43]. The latter represents a major drawback of targeting, leading to
toxic effects on surrounding normal cells [42, 43].

Nanoparticles can be used as a means for carrying a molecule to a desired cell or
tissue [43, 44]. They can also be designed to shield the molecule from the harsh
environment of the body and because of their small size can easily interact with
cells by binding directly with the cell or being transported into the cell [45].
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material
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Fig. 6.4 Multifunctional nanoparticle example. In this system, one or more therapeutic agents can
be delivered through specific targeting ligands. The ability to visualize the nanoparticle and avoid
detection as well as open up biobarriers for delivery is highly desired [43]
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Lipinski’s rules severely limit the types of molecules that can currently be used to
treat various diseases. By encapsulating molecules that would otherwise be
destroyed in the body, inside of a nanocontainer, various anticancer agents can be
used to the fight the disease and other disease types as well [43, 45].

6.2.4.2 Metal Nanoparticles

Cancer research has progressed by leaps and bounds; however, targeted cancer ther-
apy that limits damage to non-cancer tissue remains the holy grail of cancer research.
Anticancer medications paired with metal nanoparticles are a widely researched
area in preclinical research. Metal nanoparticles (MNPs) having tunable physical
properties with enhanced physical and chemical properties are a promising candi-
date for targeted specific cancer therapies (Fig. 6.5) [48]. Gold and silver nanopar-
ticles are widely studied as potential therapeutic agents chiefly due to their strong
surface plasmon resonance holding a possible key to the future of biosensors [49].
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Fig. 6.5 MNPs can exploit characteristics of the newly formed vasculature supplying target
tumors. MNPs can act simultaneously as therapeutic agents, inducing hyperthermia, enhancing
radiotherapy, silencing genes, and/or delivering drugs to induce tumor cell death, and as imaging
enhancers or contrast agents
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MNPs can be used to target tumor tissue, passively or actively, and in some cases
the buildup of MNPs due to inadequate waste removal in older tumor cells results in
their bioaccumulation leading to cellular degradation. MNPs can be conjugated
with antibodies, amino acids, peptides, and nucleotides to accomplish a more spe-
cific action and with conjugation of fluorescent tracker moieties make them an
attractive anticancer therapy candidate [49].

6.2.4.2.1 Cancer Hyperthermal Therapy

Since the early nineteenth century, hyperthermal treatments (HT) involving local-
ized heating of tumorous tissue have been used for therapy. HT is based on the
principle that all living cells heated in the range of 41-48 °C exhibit apoptosis.
Accordingly, rapidly dividing cancer cells are more susceptible to HT as they have
poorly developed vasculature, hence they are more suceptible to heat as compared
to healthy tissue. Furthermore, localized increases in temperature leads to reduced
oxygen transport reducing oxygen levels for cancer cells while non-cancer cells
remain relatively unaffected [49]. Higher temperatures can also induce necrosis due
to denaturing of proteins leading to loss of enzyme function in mitochondrial-
associated release of cytochrome C. HT further triggers heat shock proteins that can
activate T cells and generate an immune response. HT can be local, regional, or
whole body wherein only a subset of tumorous tissue, an entire organ or a body cav-
ity and the whole body is subjected to HT, respectively. Localized HT delivers
extremely focused thermal ablation using radio, ultrasound, and microwaves,
regional HT, on the other hand, is based on selective isolation and heating of sys-
temic blood supply to the region of interest using heating devices, and lastly, whole-
body hyperthermia uses electric blankets, thermal chambers, or water baths to raise
body temperature [49-51].

HT is not a standalone therapy and usually paired with chemo- and radiation
therapy respectively where a synergistic effect is commonly observed due to sensi-
tizing of the cancer cells to the applied treatment. HT specifically complements
radiotherapy by inactivating enzymes needed for double-strand DNA repair, affects
S-phase cells, and prevents tumor angiogenesis by inhibiting tumor-derived vascu-
lar endothelial growth factors. Likewise, it supplements chemotherapy by increas-
ing cell wall permeability and decreasing the interstitial fluid pressure for better
drug uptake [52].

Metal nanoparticles are finding extensive use in localized and targeted heating of
tissues using gold nanoparticles, iron oxide nanoparticles, and carbon nanotubes
conjugates that can convert electromagnetic energy into thermal energy, thus prov-
ing a particular and controlled therapy. Gold silica nanoparticle conjugate having
plasmon absorption in the near infrared spectrum has been used as photothermal
agents to convert electromagnetic radiation to thermal energy. However, they are
limited to only tumors located near the body surface, whereas tumors situated far
from the body surface pose a challenge due to dissipation and absorption of the near
infrared radiation by the healthy body tissue [52].
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6.2.4.2.2 Cancer Magnetic Therapy

While HT is a promising method for conjoint anticancer treatment, it suffers from sev-
eral limitations including nonspecific heating and damage to non-tumor tissue sites; in
this regard, cancer magnetic therapy where in magnetic energy is converted into ther-
mal energy may be a feasible alternative. Cancer magnetic therapy uses magnetic
nanoparticles (MNPs) such as iron oxide core in the form of magnetite [Fe;O,] or
maghemite [yFe,O;] that can be encapsulated within a polymeric hydrophilic shell for
increased stability and biocompatibility; they can also be conjugated with other metal
nanoparticles such as gold to facilitate the attachment of functional moieties such as
antibodies and antigens. MNPs can be guided under magnetic fields to the area of inter-
est where on the application of an oscillating magnetic field they can generate heat
through friction and oscillation. Depending on the particle size and intensity of magnetic
field, they have a distinct advantage over HT using a magnetic field they can be guided
to a region which could easily be a deep-seated tumor inaccessible to infrared radiation
or localized heating [53]. Similarly, drugs can be adsorbed to MNPs and guided to ther-
apy site using magnetic fields, thus reducing/regulating the systemic circulation of the
drug. They can also be conducted using implants, e.g., intrathecal implants in the spinal
cord for treating central nervous system tumors; a preclinical study reported that using
MNPs the chemotherapeutic drug could be localized in the tumor and using only 5-10%
dose a 57.2% remission could be achieved [53, 54]. Further MNPs conjugated with
antibodies, adjuvants, or antigens to elicit an immune response towards tumorous tissue
in cancer immunotherapy is a promising field of research [54, 55].

6.3 Cancer Metastasis

Cancer cells can metastasize and migrate to other organs of the body. Breast cancer, in
particular, is often prone to metastasis to other organs, resulting in a highly problematic
condition that is often associated with high morbidity [56, 57]. Prostate, lung, mela-
noma, and skin cancers also preferentially home to the bone tissues and the frequency
of bone metastasis is as high as ~70% in these cancer types [58]. Advanced bone
metastasis accounts for the high morbidity in breast cancer patients. For example, the
5-year survival rate of breast cancer patients after bone metastasis is only 26% [57] and
breast cancer is the second leading cause of cancer deaths in women wherein approxi-
mately 85% of individuals will eventually develop bone metastases [58, 59].

6.3.1 Bone as a Microenvironment for Cancer Metastasis

As a cancerous tumor grows, cells break away and are carried to other parts of the
body by the blood or lymphatic system [60]. One of the most common places for
tumor cells to migrate is to the bone stroma, especially with breast, prostate,
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kidney, thyroid, and lung cancer [56, 59, 60]. The most common bones invaded by
cancer cells are the femur, humerus, spine, ribs, pelvis, and the skull. After tumor
cells have occupied bone and proliferated, they develop into tumor masses; they
are frequently associated with severe symptoms, including bone pain, leucoeryth-
roblastic anemia, bone deformity, nerve-compression syndromes, hypercalcemia,
and high levels of calcium within blood, that often causes nausea, fatigue, thirst,
and frequent urination [59, 60]. Bone weakening due to tumor growth often leads
to pathological fractures [61, 62].

The interaction between cancer cells and the host microenvironment is con-
sidered to be responsible for the establishment of metastatic lesions [62]. Cancer
cells homing to the bone might not immediately form metastases but remain in
bone marrow as solitary dormant cells to evade apoptosis induced by factors in a
foreign microenvironment [61, 62]. Colonies of cancer cells can reside in bone
tissue as quiescent cells for years before they become aggressive and grow into
macrometastases. These dormant cancer cells do not divide and thus have been
observed clinically to be resistant to chemotherapy. Some quiescent cancer cells
at some point can switch to a proliferative phenotype that is more aggressive in
nature [61]. However, there is relatively little known about the underlying mech-
anisms controlling cell cycle regulation and dormancy of solitary metastatic
cells. The interaction between cancer cells and bone tissue during this long time
period is currently not well understood. The prognosis for bone metastasis
remains abysmal with few treatment options available. Successful treatment
depends on detection of metastases and bone invasion at its earliest stages and
understanding the metastatic cascade at the cellular level as a prelude to develop-
ing new drugs and therapeutics [61, 63].

Despite the advances in the field of cancer treatment, increased knowledge of
the etiology and disease progression of cancer, the introduction of new cancer
drugs, and advances in prevention, and early detection, cancer continues to be a
significant health concern [56, 58, 59]. Breast cancer treatment could be signifi-
cantly improved if three key problems were considered. Cancer treatments
should be personalized to each patient, not a “one size fits all” approach. A more
detailed understanding of the mechanisms of drug resistance and relapse must
be understood [58]. Newer drugs and novel treatment modalities (co-adminis-
tration, synergetic drugs, and drug delivery system) should be identified, devel-
oped, and tested [58, 59]. Fundamental research into the underlying mechanisms
of cancer causation is also critical in addressing these issues. Experimentation
in the laboratory at the cellular level provides key information; however, much
depends on the design, development, and use of appropriate in vitro models and
robust assays to deliver accurate and representative cellular and molecular data
[59, 60].
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6.4 Current Treatments for Bone Cancer Metastasis

Treatments for bone metastases are designed to stop or slow tumor cell growth,
preventing further bone damage [61]. Bone-modifying drugs, which are medica-
tions that slow bone thinning, reduce pain, and decrease hypercalcemia, may be
given [62]. A bone metastasis that is located only in one area is commonly treated
with radiation therapy to relieve pain and strengthen the bone. Surgery may be used
to remove a tumor or prevent or treat a bone fracture, and a special cement can be
injected into a bone to stabilize it [64]. Chemotherapy, hormone therapy, and the use
of radioactive drugs are treatment options if bone metastases are found in more than
a single area [65, 66].

6.5 1In Vitro and In Vivo Models of the Cancer
Microenvironment

6.5.1 Two-Dimensional (2D) Monolayer vs. Three-
Dimensional (3D) Culture Systems

Much of cancer research relies on animal models; but these have associated feasibil-
ity and ethical concerns [67, 68]. These issues may be overcome using in vitro mod-
els that allow for a more controlled approach to investigating cancer cell biology,
compound screening, drug efficacy studies, and disease modelling. The vast major-
ity of such models involve culturing cells on conventional two-dimensional (2D)
cell culture dishes in which cells adapt to the flat substrate, flatten, grow as mono-
layers and may not fully express their 3D in vivo phenotype. Unfortunately, this
approach is a poor substitute for animal models and does not mimic the environ-
ment that cells experience in vivo [69, 70]. Although 2D cell culture affords sim-
plicity and low cost, it is generally acknowledged that it fails to adequately reproduce
the tumor environment. The morphology of cultured cells in monolayers cultures is
changes, cell-to-cell contact is limited, and the microenvironment generated by the
cells in monolayer offers biological, chemical, and mechanical cues that are reduced
or altered [71, 72].

To study cancer metastasis, three-dimensional (3D) in vitro models are becom-
ing a popular alternative to 2D culture assays and animal models. 3D systems rep-
resent a more realistic approach, enabling cells to retain their native 3D morphology,
form representative interactions with adjacent cells, and create more complex ECM
structures [70-72]. Many scaffolds have been fabricated over the past 20 years
using various compositions and geometry to study tumor cell growth [73, 74]. These
scaffolds serve as mimicked microenvironments to model and define mechanisms
associated with cancer cell behavior [75]. These 3D matrices are traditionally com-
posed of natural extracellular matrix (ECM) gels and synthetic polymers.
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A major obstacle to understanding the cancer microenvironment in vitro is the
lack of realistic bone tissue model suitable for long-term study of cell-to-cell inter-
actions. An in vitro bone metastasis model is ideal for various mechanistic studies;
however, the existing in vitro models are unable to fully replicate the cancer micro-
environment [67, 68]. Current culture models failed to mimic the bone tissue, as it
is a complex tissue where living cells are embedded in a mineralized organic matrix
composed mostly of hydroxyapatite, Type I collagen, and bone-specific proteins.
Recently, functional 3D bone tissues have been developed by combining osteogenic
cells with artificial scaffolds such as synthetic polymers, titanium, and ceramics
[76]. Compared to 2D models, these 3D models make significant improvements in
cell differentiation, mineral deposition, tissue organization, and physiological
response to different stimuli. Nevertheless, a natural bone microenvironment com-
posed of cell-synthesized, mineralized ECM cannot be achieved by simply mixing
cells with synthetic scaffolds [77].

6.5.2 Cancer Spheroids

Many biofabrication techniques have been developed for building tissues organs as
well as smaller organoids or spheroids [78, 79]. In contrast, models using cellular
spheroids offer a natural 3D microenvironment, where human cancer cells or small
tissue fragments can be transplanted into an animal to facilitate cellular growth and
metastasis. These approaches have several distinct advantages. It can facilitate rapid
tissue formation and accelerate tissue maturation [80, 81]. 3D in vitro models have
become a popular alternative that overcomes the limitations inherent in 2D culture
assays and animal models.

As a cancer model, in vitro 3D models allow a controlled approach to studying
cancer cell biology. These systems allow cells to grow and function and produce a
more representative tissue model. They further enable the creation of a morphologi-
cally and physiologically realistic microenvironment allowing a study of cellular
behavior, drug delivery, and drug discovery [82]. 3D cancer models permit cultured
cancer cells to form interactions with adjacent cells, the creation of tissues with a
high cell density, culture of multiple cell types, and production of more complex
structures [81, 83]. The 3D microenvironment often consists of highly porous and
inert scaffolds with multiple voids and interconnections wherein cells can freely
grow and occupy, creating cell appropriate ECMs in vitro [84].

Microfluidic 3D tissue models recreate complex in vivo microenvironment
including scale, morphology, hemodynamics, and cellular interactions. 3D systems
represent a more realistic approach that can be coupled with real-time visualization,
study of cell-to-cell communication, and analysis of secreted cellular products [85].
The microfluidic technology can provide micro-scale complex structures and well-
controlled parameters to mimic the in vivo environment of cells. The combination
of microfluidic technology and 3D cell culture has seen the development of many
in vivo-like tissue-based applications, specific cancer models, drug cancer efficacy
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and screening, and organ-on-a-chip systems [86, 87]. For an excellent review, please
see Duinen et al. [88].

6.6 3D Bioprinting

The application of 3D printing in medicine can provide many benefits, including: the
customization and personalization of medical products, drugs, and equipment; cost-
effectiveness; increased productivity; the democratization of design and manufactur-
ing; and enhanced collaboration [89, 90]. Medical uses for 3D printing, both actual and
potential, can be organized into several broad categories, including: tissue and organ
fabrication; creation of customized prosthetics, implants, and anatomical models; and
pharmaceutical research regarding drug dosage forms, delivery, and discovery.

3D cell bioprinting is a relatively new bioengineering tool being used to create
3D cell constructs for regenerative medicine and transplantation therapies [91]. A
broad range of printing technologies have been developed and are being used to
deliver cells and biomaterials for disease remediation, tissue repair and regenera-
tion, and organ transplantation [91-93]. The building block of this technology is the
“bioink,” typically a hydrogel-based composite of cells, instructive agents, and
polymers used in the printing process to produce three-dimensional cell structures
into designed architectures to generate small tissues or organs [94, 95].

Organ transplantation is the established treatment modality for patients whose vital
organs are failing (or failed) such as the kidney, pancreas, liver, heart, or lung [91,
96-98]. Restoration of organ function is vital to ensure the affected patient does not
die from a fatal disease or vital organ failure [94]. The need for organs replacement is
a great challenge in clinical medicine. In particular, the demand for 3D printed organs
and tissues is high owing to a shortage of donor organs, rising rates of lifestyle dis-
eases (i.e., type Il diabetes), trauma (gunshots, disasters, armed conflicts), and techno-
logical innovations such as autonomously driven vehicles (reduction in donated
organs) [95, 99, 100]. Accordingly, there is an intense research effort focused on the
application of 3D printing for the production of biomedical materials and devices for
dental and orthopedic applications. Medical applications for 3D printing are expand-
ing rapidly and are expected to revolutionize health care [94-98, 100].

6.6.1 3D Bioprinting Devices

3D bioprinting offers additional important advantages beyond the traditional regen-
erative method, which essentially provides seeded cells in a scaffold for support [91,
97]. The technical advantages of 3D bioprinting include highly precise cell place-
ment and high digital speed control, resolution, cell concentration, drop volume,
diameter of printed cells and inclusion of instructive bioactive agents, i.e., growth
factors [92, 100, 101].
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Fig. 6.6 3D printing methods commonly adapted for biomaterials fabrication. Extrusion printing
and inkjet printing rely on liquid intermediates or precursors which can solidify quickly after ejec-
tion. Selective laser sintering provides localized heating to melt or fuse powder granules.
Stereolithography relies on photoinduced polymerization of a liquid resin in the specific regions
exposed to light. (Artwork by Jacob Albritton and Jordan Miller)

Bioprinting of biological relevant materials has significant advantages over the
previous approaches as it allows for the precise deposition of cells, biomaterials,
and bioactive cues in three-dimensional space that is a better mimic for the native
tissue (Fig. 6.6) [92, 93]. Many different bioprinting systems exist; they can be
laser-based, inkjet-based, or extrusion-based, where inkjet-based bioprinting is
most common [94, 97]. This method deposits a “bioink,” droplets of living cells or
biomaterials, onto a substrate according to a computer-designed program to repro-
duce human tissues or organs [95]. Bioinks have specific requirements (and con-
straints) such as its viscosity as this depends on the printing process.

6.6.1.1 Inkjet-Based Bioprinting

Inkjet printing is one of the oldest printing methods and it still holds promise for 3D
printing of biological and biomedical applications [95]. This method is also known
as drop-on-demand printing, drop-by-drop or drop-on-demand bioprinting [99,
100]. Inkjet printing is a noncontact reprographic strategy and it is based on the
deposition of bioink droplets that are natural or man-made materials [101]. The
objective is to mimic an extracellular matrix environment and support the cell adhe-
sion, proliferation, and differentiation of mammalian cells [102].

The fabrication strategy for producing cell-seeded droplets can be printed and
assembled into a construct in a layer-by-layer fashion [103]. Inkjet printing relies on
three different mechanisms including piezoelectric inkjet (acoustic) [103, 104],
thermal inkjet [99, 103], and electrostatic bioprinting [105]. Piezoelectric bioprint-
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ers generate acoustic waves within the bioink chamber by using a piezoelectric
actuator that ejects droplets through the printer nozzle [104]. The thermal method
contains a fluid chamber and single, double, or multiple nozzle heads. Within the
bioink chamber, heat is generated and induces pulses of pressure, and the buildup
pressure results in the ejection of picoliter volume of droplets at the nozzle orifice
[8, 99, 103]. In electrostatic bioprinters, droplets are generated by voltage pulses
which are applied between a pressure plate and an electrode [15, 106].

These strategies also have some disadvantages for use in tissue biofabrication
especially the use of high viscose materials, high cell density loading can cause
clogging of the nozzle, droplet bioprinters use low viscosity bioinks, and the
mechanical strength of printed structures is generally inferior when compared to the
target tissue [107-109].

6.6.1.2 Laser-Based Bioprinting

Laser-based bioprinting or biological laser printing is a method for that patterns
arrays of living cells for tissue biofabrication. This strategy of printing is based on a
long wavelength laser or high energy light source [110, 111]. Cells are printed by
laser beam pulsating at controlled rates [112] onto a receiving substrate. A typical
laser bioprinting device set-up consists of a (1) pulsed laser beam, (2) a focusing
system, (3) a laser absorbing ribbon, (4) a receiving substrate, and (5) a cell-
containing material [113, 114]. Several factors influence the print outcome includ-
ing the resolution of laser bioprinting, surface tension, the air gap between the
substrate and the ribbon, wettability of the substrate, thickness and viscosity of the
organic layer, and laser type and its configuration [115]. Unlike the limitations with
inkjet printing, laser-based bioprinting can print a range of material viscosities
(1-300 mPa/s) [20]. The many advantages of laser bioprinting is that it is nozzle-
free so factors such as high density and viscosity are not an issue. Laser bioprinting
also has the ability to printing mammalian cells without significant adverse effects
on cell viability and functionality. However, this approach is not a commonly used
method but laser-based bioprinting is seeing increased application in tissue and
organ-engineering applications [95].

6.6.1.3 Extrusion-Based Printers

Extrusion bioprinting, also known as direct writing, is one of the more commonly
used 3D printing methods [116]. In extrusion bioprinting, the bioink is dispensed by
mechanical force typically via a screw or piston or by pneumatic gas or pressurized
air. The bioink is extruded continuously as a strand. Extrusion bioprinting generally
consists of dispenser (single ejector or multiple ejector) systems that are placed on
an automated robotic stage and controlled by a stage controller. The robotic scene
has three axes (x—y—z) [117]. The bioink containing encapsulated cells is deposited
on a building substrate placed directly below the dispenser [118]. The major
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advantages of this type of printing method are its compatibility for printing materi-
als with an extensive range of viscosities, bioinks with high cell densities, specialty
hydrogels, and biodegradable thermoplastics such as polycaprolactone [26, 119].
Additionally, it is a rapid method with an acceptable cell viability post-printing but
also has a low fabrication resolution (~200 pm) [25, 118].

For an extrusion-based bioprinting approach, the bioink should show shear thin-
ning behavior to facilitate extrusion through the printer needle and maintain cell
viability [94, 95]. Further, the ink needs to display quick shear recovery behavior to
guarantee immediate termination of flow upon deposition on a substrate in order to
retain the desired shape. A material with these properties allows the fabrication of
large structures with high resolution. Cross-linking or printing into a supporting
matrix (the fresh system) also permits shape retention [120]. Apart from the strong
material requirements during the printing process, the final mechanical properties of
the printed construct should also be sufficient for long-term shape fidelity, easy
handling, and post-printing processing [121]. Lastly, the bioink also needs to be
viable, extrudable and provide a supportive microenvironment [120].

6.6.1.4 Bioplotting

Bioplotting is another 3D printing method that is used for in tissue engineering and
biofabrication. Because of its versatility, it offers many interesting and new oppor-
tunities for biofunctional rapid prototyping [121]. Bioplotting uses a syringe to
extrude either tubes or spheroids of materials. These kinds of printers usually have
several syringes and can employ multiple cell types and fabrication conditions
[119]. The result of using several syringes enables construction of multiple tissue
types in the final construct, an ideal capability for producing bioengineered soft tis-
sues [121]. In this system, layers are arranged on top of each other and cured through
a chemical reaction or UV radiation [100].

Despite these advantages, the major challenge in bioplotting is choosing the
materials for extrusion because the materials have to be viscous, cell supportive and
provide a functional cellular microenvironment [122]. Biomaterials such as thermo-
set resins, polymer melts, pastes with high filler contents, cements, polymer solu-
tions, and even macromolecules such as proteins can be used with this method [28,
123]. According to some research, bioplotting is the best methods for generating
co-cultured scaffolds and tissues which don’t require high resolution details [29].

6.6.1.5 Fused-Deposition Modeling (FDM)

FDM is the oldest 3D additive manufacturing technology used in rapid prototyping,
modeling, and production applications [30]. This approach plays a significant role
in improving dimensional precision, the quality of products, reduced production
times, and cost of biofabrication [31]. This method of printing deposits a melted
thermoplastic in thin layers that provides support for hydrogel-based bioinks. This
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process begins with a CAD model. The model is produced by melting materials into
liquid state in a liquefier head to form layers of selectively deposited materials
through a nozzle [30].

There are several parameters that can affect the resolution of FDM constructs like
nozzle diameter and the type of polymers used. For having hard filament have to
work into raw materials and there are a small minority of materials can employed for
FDM technology [32]. Optimization of process parameters is one of the major
important design tasks in FDM. Usually for obtaining high quality structure, the
main research area is directed towards improving surface roughness, mechanical
properties, material behavior, building time, and dimensional accuracy [30]. One of
the major limitations of this method is lack of mechanical strength of molten thermo-
plastic because it cannot support itself during slow cooling and hardening [31, 32].

6.6.1.6 Stereolithography (SL)

Stereolithography was introduced in the late 1980s. It is a solid freeform technique
which uses light to cross-link polymeric materials [33, 34]. Most stereolithography
techniques use a laser (commonly UV light) and a directed mirror array to project a
light beam onto the surface of a liquid photocurable resin. After the resin is cured,
the fabrication platform moves in the z-direction, and then a fresh layer of resin is
added, and the process repeated to build up a 3D construct. Stereolithography has
become an accepted method because of its ability to prepare structures with high
resolution and the ability to remove uncured resin from the final product. In spite of
these advantages, this approach is slow and the resins that are used are non-
biomimetic and biomaterials scientists are working to develop resins that are appro-
priate for use in tissue engineering applications [29]. Visible light-based
stereolithography is a rapidly developing approach in bioprinting in which visible
light crosslinkable bioinks have been introduced [35-37].

3D bioprinting also offers a robust tool to precisely arrange multiple cell types
and biomaterials within one scaffold, leading to creating an organ containing
multiple scaffolds and cell types [101]. 3D printing addresses many of the difficul-
ties associated with the fabrication of artificial ECM scaffolds in its ability to con-
trol pore size, number, and distribution [92, 97, 101]. This technique has been used
to print multiple tissues and organs in a variety of regenerative medicine applica-
tions [101, 102]. The precisely controlled geometry of the printed construct makes
this technique preferable to conventional scaffold manufacturing strategies [102].

6.7 3D Printed Bone Cancer Microenvironment

Organ printing takes advantage of 3D printing technology to produce cells, bioma-
terials, and cell-laden biomaterials individually or in tandem, layer by layer, creat-
ing 3D tissue-like structures [92, 94, 101]. Various materials are available to build
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the scaffolds, and their selection is dependent on the desired strength, porosity, and
tissue type. Hydrogels are generally considered to be most suitable for producing
soft and hard tissues [100, 102]. A process for bioprinting organs has emerged. This
includes the creation of an organ blueprint with its vascular architecture. This is fol-
lowed by the bioprinting process design plan. Next, cell isolation and cellular cures
are incorporated as a means to preserve cellular phenotype and with stem cells and
to direct cellular differentiation [105, 106].

With the biocomponent completed, bioink reservoirs with organ-specific and
blood cells are added in a supportive medium. These are then loaded into the printer
and bioprinted. Maintenance, histogenesis, and organ formation will then occur
within a bioreactor prior to transplantation [100-103].

A 3D printer with multiple print heads can be used to deposit different cell types
(bone, cartilage muscle cells), a necessary feature for fabricating whole tissues and
organs [105, 106]. Such knowledge enables the 3D printing cells and materials into
tissues designed to provide a better understanding of how tumors are generated and
how cancer cell behave [107]. Scaffold porosity, which is the percent of empty
space created by pores in a structure, along with the size and shape of pores, can
change the permeability of nutrients and media, impact cell attachment, and even
facilitate cell migration. In an effort to simulate the cancer microenvironment, a
number of 3D printed matrices have been reported [108, 109].

6.7.1 3D Printed Cancer Model Examples
6.7.1.1 Preserving Cancer Cell Behavior

Preservation of cancer cell behavior is crucial and identification of the optimal
bioink (hydrogel) with cell supportive properties that promotes cancer cell
behavior phenotype and behavior is a major research goal [124]. Zhao et al.
developed a cervical tumor model by extruding HeLa cells and gelatin/alginate/
fibrinogen hydrogels through a commercial syringe in a layer-by-layer fashion
[125]. The authors found that increased cell proliferation, spheroid formation,
higher protein expression and chemoresistance occurred in the 3D printed and
patterned model when compared with 2D cell culture. In another study, ovarian
cancer cells were co-cultured with fibroblasts and micropatterned simultane-
ously on Matrigel using an inkjet printer [126]. In the latter study, the presence
of both cell types maintained viability and proliferation in the 3D matrix, sug-
gesting the promise of this methodology. 3D printed models are increasing
exploiting co-cultures and mixed cell cultures to understand cell-to-cell interac-
tions [127-129].

Such models are a significant improvement over 2D model systems which pro-
vide not only a 3D microenvironment that supports cell growth, but also allow a
means to study cell—cell interactions leading to cancer migration, progression, and
metastasis.
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6.7.1.2 Fabricating Bone Cancer Cell Models

Disease models for bone cancer, or metastatic cancers that spread to bone hold great
promise in obtaining an understanding of how cancer and bone cells interact with
each other. 3D printed cancer models of human tumors should mimic the structure,
function, and drug response of the in vivo condition [130-132]. Bioprinting can
facilitate this by fabricating 3D constructs that mimic tumor heterogeneity, vascula-
ture, cell-to-cell interactions, and cell clusters and spheroids [133, 134]. The bio-
printed models are enabling researchers in understanding tumor development,
cellular cross-talk leading to cancer-induced bone disease (osteolysis osteoblastic
disease), and the role of the vasculature and signaling agents [77, 124, 128, 129].
Zhou et al. (2016) used stereolithography to fabricate a 3D biomimetic bone matrix
incorporating the integration of human fetal osteoblasts, human bone marrow
MSCs, and BrCa cells to create a bone-like microenvironment for the study of can-
cer metastasis [128, 129]. For those readers seeking more information, please see
the review by Bray et al. (2015) for a great review on this topic [130, 131].

Furthermore, bioprinting can be used to fabricate physiologically relevant micro-
environments within a microfluidic device, thus creating “tumor-on-a-chip” mecha-
nism for high-throughput testing in a biomimetic microenvironment [134, 135].
Applications of tumors-on-a-chip include facilitating basic research to better under-
stand tumor development, structure, and function as well as drug screening to
improve the efficiency of cancer drug discovery [135-137].

6.8 Current State-of-the-Art and Future Prospects

Over the last 10 years, cancer research has been an area marked by rapid progress
and our understanding of cancer cell behavior has grown substantially. In particular,
due to 3D culture models and now 3D bioprinted cancer microenvironments, we
have reached a better understanding of cancer cell biology and the mechanisms of
tumor formation and metastasis. 3D bioprinted cancer models hold the prospect of
rapidly advancing our knowledge of cancer risk factors, cancer and host tissue cel-
lular interactions, and factors leading to metastasis.

Understanding cancer biology and translating this knowledge to the clinic will
improve the cancer therapy significantly. In particular, further understanding of the
cancer stem cells in tumor biology, the cancer stem cell microenvironment, and the
consequences of their inherent ability for self-renewal and the differentiation factors
will be critical in developing new treatment modalities. Personalized treatment has
the potential to increase treatment efficacy, and hence decrease mortality rates.
Moreover, 3D printed microfluidic systems and lab-on-a-chip technology are prom-
ising vehicles for developing personalized oncology. With the ability to predict
response or resistance to drug therapy, we can identify the right drug or drug com-
bination that will be more effective, thus sparing patients the morbidity and impact-
ful side effects.
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Chapter 7
Three-Dimensional Bioprinting: Safety,
Ethical, and Regulatory Considerations

Ippokratis Pountos, Nazzar Tellisi, and Nureddin Ashammakhi

Abstract Three-dimensional (3D) bioprinting of tissues or organs holds great
potential for several clinical applications in the future. Similar to all new biotech-
nologies, 3D bioprinting possesses both benefits and risks. Consequently, several
ethical, safety, and regulatory issues have to be addressed. Ethical concerns identi-
fied involve the ownership of prototypes, harvesting and type of cells and biomateri-
als, research as well as commercialization of produced constructs. Safety concerns
identified are linked to the biocompatibility of bioinks, ex vivo manipulation of
cells, and maintenance of aseptic conditions. Regulations are vague and are under
the provisions made for tissue engineering. Three-dimensional bioprinting should
be considered beyond a conceptual therapy; it would require ethical oversight and
the introduction of a robust regulatory framework.
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7.1 Introduction

Three-dimensional (3D) printing was originally developed as an industrial tool to
facilitate the development of concept-to-prototype designs. From the initial devel-
opment in aerospace and automotive industries over 40 years ago [1], 3D printing
was soon adopted in the medical field for prototyping medical devices and wearable
protheses, fabrication of 3D models of human anatomy and instruments to facilitate
surgical procedures, training of surgeons [2, 3], and the production of custom-made
implants [2]. In parallel, 3D bioprinting involves the use of cell-containing bioma-
terials to produce constructs that can imitate natural human tissues, and is evolving
rapidly [4-7]. There have been multiple clinical applications so far to show the
potential of this technology [4, 6]. So, 3D bioprinting will be a major source for
repairing tissues and organs and for developing novel regenerative therapeutics [8].

Bioprinting of tissues can be broadly divided into three types, biomimicry,
autonomous self-assembly, and the formation of mini-tissues [4, 5]. Biomimicry is
the printing of a tissue identical to the host tissue. This is a like-to-like printing
where cells, growth factors, and the whole extracellular matrix are printed.
Autonomous self-assembly uses cells to create the extracellular matrix and gradu-
ally form the whole structure or organ. Mini-tissue formation involves the printing
of simple structures such as heart valves, ligaments, or tendons, which will encour-
age cell invasion and growth. Despite the process used for printing human tissues,
several ethical and safety concerns are apparent. This chapter aims to discuss some
of the key ethical and safety challenges that 3D bioprinting poses and some of the
current directive and advice from regulatory bodies worldwide.

7.2 Ethical Considerations

Bioprinting is a unique technology, which once it matures, has the potential to allow
the fabrication of biomimetic 3D tissues and organs identical to the native ones,
including 3D printing in situ [9, 10]. Although there is considerable research in the
field today, there is little discussion of the socio-ethical aspect of this technology. A
number of ethical concerns can be identified regarding the ownership of prototypes,
harvest and type of cells and biomaterials, research and commercialization of grafts.

7.2.1 Ownership of Prototypes

It can be claimed that bioprinting enters a new virgin territory regarding legal and
ethical considerations. One of the biggest challenges lies with the ownership of the
prototypes. There are already concerns raised from law firms that “Inventors of
novel bioprinted materials and devices likely have significant concerns about piracy,
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quality control, and unauthorized products, so it will be critical for them to actively
pursue patent protection” [6]. But whose intellectual property is the way our body
is built? Is a human organ or a tissue a patentable entity or does it fall to the non-
patentable medical techniques category (under the medical treatment exemption)?
In the publication of JL Tran it is stated that bioprinting technique and products are
two different entities [7]. Although a bioprinting process can be patentable, with
some patents already approved, bioprinting human products is largely controversial.
If such practice is allowed, monopoly over grafts and organs can be the ultimate
outcome, which will lead to social stratification and unfair use of this technology.
On the other hand, who can bear the increased cost for the research and advance-
ment of this technology, other than companies aiming for future profits? The
International Federation of Associations of Anatomy states there should be no com-
mercialization of human parts for education and research [11]. So, can human struc-
ture prototypes be sold for profit? If, for instance, it is decided that human organ
structures are not patentable, what can happen for alterations? Will it be allowed and
if allowed surely there is a case of patentable entity (for example, skin with enhanced
dermis or epidermis or hearts with improved valves). It should be first decided how
the prototypes of tissues/organs will be acquired and scanned. Human anatomy is
not a one-fit-all construct. Variations regarding the structure of the human body
between people exist and even having a good idea of the histological structure of
such tissues, little is known of the myriad interactions of cells with their environ-
ment. So, considerable attention should be paid to advancing our understanding of
the basic biology.

Another factor to consider is that even if we produce 3D printed tissues and
organs from human cells, who can claim ownership of the final product? Is it the
donor of the cells, the clinician, the company, or the institution? [12—14] Also, there
are several safe-keeping issues that should not be underestimated. Predictions esti-
mate that approximately $100 billion are lost per year in intellectual property [6].
This raises concerns in terms of who will use this technology and how. The Liberator,
the first 3D-printable gun whose CAD files were released over the internet, is a real-
ity. So, there is a real danger that bioprinting of prototypes of organs and complex
structures can be weaponized by bioterrorism.

7.2.2 Cells

Bioprinting live tissues prerequisites incorporation of living cells. Most likely,
patient’s own cells won’t be available or if available, would have suboptimal proper-
ties and be of poor regeneration capacity. An example is the bone marrow-derived
stem cells from elderly patients, which is shown to have significant deficiencies in
function compared to those of younger individuals. In addition, the level of cell dif-
ferentiation required for the printed cells is unknown. Already differentiated cells
might be of poor function and adult stem cells will have to be included in the prints.
But, adult stem cells are rare and their ex vivo manipulation can make them lose
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some of their properties [15]. Hence, utilizing embryonic stem cells might raise
significant ethical and safety issues. Removing these stem cells requires the destruc-
tion of the embryo. Such practice has already triggered significant controversy as it
can be considered as destruction of a human being. Although many countries issued
a legal framework on this subject, deviations exist. In 2000 for example, the UK
Government voted to allow the use of somatic cell nuclear replacement [16]. In this
rather controversial vote, genetically matched patient-specific stem cells could have
been produced from cloned embryos. Besides the ethical issues, this program was
criticized to be costly and impractical [16].

Another potential area of concern is the use of fetal cells and tissues from elec-
tive abortions (also ectopic pregnancies, spontaneous abortions, or even stillbirths).
Fetal-tissue implants appeared to offer some clinical benefit to some conditions,
such as advanced Parkinson’s disease [17, 18]. Some claim this is the first step
towards the commercial use of such tissues [17]. Scepticists suggest that it is mor-
ally abhorrent for conception to take place to produce a fetus for abortion and sub-
sequent use or sale for cells, organ or tissue donations [17].

Regardless of the source of cells, questions arise about the ownership and overall
costs involved. Usually, worldwide it is illegal to buy or sell human organs, tissues,
and cells. However, “reasonable fees” can be charged for the processing of these
cells. So financial benefits exist. In addition, incidents involving non-consented pro-
curement, inadequate testing, inaccurate or false donor files, irresponsible alloca-
tions, and illegal trafficking of human cells, tissues, and products have been reported
[19, 20]. As with human organs and tissues, is it ethical or even legal to patent stem
cell lines? Definitely, it is not in the public interest to allow such practice [21]. The
second problem lies with the ownership of these cells; is it the clinician, the health-
care institution, or the bioprinting company that can claim ownership of the cells?
This is an ongoing issue faced in tissue engineering, which will require further clari-
fication and guidance when more complex tissues are fabricated. And finally, what
shall the consent process involve? Shall the clinician or surgeon be involved or sepa-
rated from the research process?

7.2.3  Justice

In today’s organ transplantation programs, provisions for fairly distributing organs
exist. These provisions consider the lifesaving nature of the transplantation, and the
probability of a good outcome is highly emphasized to achieve the maximum ben-
efit for all transplantations. Having the ability to print organs or tissues on demand
with their potential commercialization can restrict the use of this technology to
those unable to afford it. So, from organ transplantation being of an altruistic nature,
it could become a commodity for those who can pay for their organs. Perhaps those
who can pay for such services will live longer, have a better quality of life and avoid
the consequences of poor health or the need of prolonged drug therapies (for exam-
ple, insulin replacement). It could also mean that the financially unfortunate patients
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must still wait for their “secondhand” organs or get exposed to complex operations
(for instance, skin flaps or autologous skin grafts for skin loss). Even with a tight
regulatory framework, black markets of questionable-quality bioprinted organs or
tissues might thrive. Such unregulated printing of tissues could find applications in
many controversial scenarios like cosmetic surgeries or performance enhancement
in elite athletes [6, 22].

7.2.4 Degradation of Social, Moral, and Religious Beliefs
and Values

Perhaps on-demand bioprinting of organs and tissues could cause a change in our
views for life. If we see ourselves as the modulators of life, can we then lose rever-
ence for life? [23] Moral degradation can occur when the availability of human parts
changes our perception of unhealthy habits and practices (i.e., smoking, alcohol,
etc.). It could be claimed that we will transform the mystery and majesty of life into
a mere malleable and potentially marketable commodity. This argument could apply
to Louise Brown, the first baby born using in vitro fertilization (IVF). IVF treatment
is widely accepted today, but then, some people considered it a breakthrough
achievement while others considered it as the creation of a monster.

Ethical concerns related to the clinical translations also exist. Today’s scientists
and academics experience high pressure from the industry and universities for the
production of breakthrough discoveries and high impact research [24]. Exaggerated
claims and loss of their independence is often the case. If, for example, we take the
clinical use of mesenchymal stem cells (MSCs), would someone expect to analyze
their properties first before they are introduced to the clinical practice? To date, the
majority of research on MSCs has been carried out on animal cells, which have dif-
ferent characteristics to that of humans. We have not even identified a marker which
defines MSCs, hence International Society of Cell Therapies (ISCT) has issued
broad guidelines on the minimal criteria and properties that MSC should pose
(adherence to tissue culture plastic, phenotype and differentiation potential) [25].
With such little knowledge about these cells, MSCs are used, sold, and implanted
clinically and commercially. This raises significant ethical questions for those
involved in such programs and potential safety concerns for the patients. On the
other hand, if industry is not involved, who is going to financially support the bio-
printing technology?

Concerns derived from religious beliefs also exist. Some religions already pro-
hibit therapeutic and reproductive cell cloning (Catholic, Orthodox, and Islam).
Some prohibit therapeutic cloning (Buddhists) while others accept them (Jewish). It
is yet unknown how religious groups worldwide will perceive bioprinting.
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7.3 Safety

7.3.1 Safety: Ex Vivo Manipulation of Human Cells

The homeostasis and fate of the cells are strongly regulated by their environment.
Outside the body, the properties of the artificial cellular environment are crucial.
This environment should make handling the cells easy and should allow the cells to
survive and even proliferate, generating high yields. It is then crucial to optimize,
maintain, and monitor the culture conditions to expand the cells. One of the major
challenges is for the system to be neutral and to not alter the phenotype of the cells
and not induce karyotypic or genotypic abnormalities.

7.3.1.1 Malignant Transformation

Ex vivo culture and manipulation can cause early cellular senescence [26-33].
However, there is evidence that human stem cells could transform to malignant cells
in culture following chromosomal alterations and re-arrangements [26—31]. Rosland
et al. have shown rates of spontaneous malignant transformation in bone marrow-
derived MSCs in 11 out of 24 cultures (45.8%) [26]. High frequency of karyotype
alterations were also seen in cord blood endothelial progenitor cells [31]. Similar
results were reported by other authors but the significance of these results requires
further elucidation [27-30].

7.3.1.2 Culture Conditions

Besides the genotypic alterations, the culture conditions are crucial and can alter the
cellular behavior and fate. The work of Sotiropoulou et al. showed that the quality
and/or the properties of standard commercially available tissue culture plastics used
to expand MSCs is crucial for their proliferation ex vivo [32]. In addition, the same
cells in culture seem to alter their phenotype through passaging and also lose their
ability to differentiate towards specific phenotypes (cartilage and bone) while they
preserve their ability to become adipocytes [33, 34]. Schallmoser et al. have shown
significant gene expression changes with cell culture [34]. In particular, cell culture
was found to upregulate apoptosis, differentiation, and senescence while the genes
involved in mitosis and proliferation were downregulated [34]. Other studies have
shown that the phenotype of stem cells changes in cell culture even in early pas-
sages [29]. Therefore, besides the risk for potential tumorigenic phenotypic changes,
it is then questionable whether, in a potential future application, the cells implanted
would be the same or as effective as the native cells of the human body.
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7.3.1.3 Culture Media

Culture media are essential for cell manipulation outside the human body. These
media stabilize the cells in culture allowing their survival and attachment, and
deliver macromolecules, trophic factors, minerals, proteins, and trace elements [35—
37]. These media can cause toxicity and also inhibit specific functions of the cells
[33]. More specificaly they can for example, inhibit differentiation and proteases
production; and disturb the maintainance of ideal pH levels; inhibit proteases; and
are toxic for the cells’ molecules [33]. Fetal animal sera have been traditionally used
as it contains low levels of gamma (y)-globulins, hence it has a reduced risk for
antibody interactions with the cells [16].

The ideal composition of culture media in tissue engineering and stem cell
research has been a subject of vivid discussions over the last decades [33]. The cells
used in 3D bioprinting would have to be handled, manipulated, and stored ex vivo.
Ex vivo expansion prerequisites the use of media first for handling the cells and
secondly to support the growth of the stem cells in culture including media that
contain essential cues for cell growth [28]. For many cell types and especially stem
cells, culture media have to contain animal fetal sera with a concentration of 10-20%
[33]. Although these sera are heat inactivated, there is still a risk of transmission of
prions, zoonoses and immune reactions [33]. Research has shown that the fetal calf
serum used in clinical applications of cardiomyoplasty with the use of MSCs
resulted in episodes of life-threatening arrhythmias [38]. In addition, other studies
have reported immune reactions to fetal calf proteins [39, 40]. The risk for transmis-
sible spongiform encephalopathies was also reported [41]. Apart from the risk of
immunological reactions, the lack of standardization by the companies has led to
great variability in their performance [42]. Seasonal and continental variations and
batch-to-batch discrepancies were also reported [42]. More recently, knockout
serum replacement replaced fetal bovine sera as an equivalent but safer alternative
[43]. These sera, however, still contain animal-derived components. Other alterna-
tives include the use of media such as the mTesR1 (Stem Cell Technologies) and
StemPro (ThermoFisher) which are serum-free. However, these media contain
bovine serum albumin [44]. At present there is extensive research on xeno-free
media, but such products will require extensive validation [45, 46].

Using human blood products as substitutes for animal sera have been also
explored [33, 47-50]. The use of human serum to support the culture of human cells
in vitro is affected by the state of the body at the time of collection [51, 52]. Our
research on the effect of autologous serum derived from patients after bone fractures
has shown great variability on the proliferative and osteogenic capacity of the cells
when exposed to serums taken at different time points following the injury [51, 53].
In this study, significant changes in the growth factor content were noted even
within a 24 h period which affected the cell growth kinetics and differentiation [51].
Similar observations were reported in relation to donor age, with blood from
younger donors outperformed that of older in age [52]. Hence, it is understandable
that literature is controversial with a number of studies proposing that human blood
products are inferior to fetal animal sera [33, 49-51]. An alternative approach is the
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use of human platelet rich plasma (PRP). Using PRP has shown satisfactory results
[47, 51]. However, drawbacks similar to those associated with the use of human
serum do exist, adding more obstacles to the limited availability of platelet units
[47,52].

7.3.1.4 Sterility

Effective strategies for pathogen elimination should be implemented in all the steps
of bioprinting starting from the isolation of cells and materials to the ex vivo manip-
ulation of cells and the actual bioprinting of human tissues. In such a complex pro-
cess, reducing the viral and bacterial contamination is a challenge. Maintaining
sterility and sterilization of 3D printed implants is a vital factor when it comes to
clinical applications. Today’s technologies include solvent detergent treatment,
methylene blue with light, amotosalen or psoralen or rivofloxacin with ultraviolet
light [54, 55]. It is unknot known what the effect of these products is on the human
body and cells exposed to these treatments. Evidence shows that such treatments
could inhibit cellular growth ex vivo and are linked to genotoxicity, mutagenicity,
neoantigenicity, reproductive toxicity, and fetal developmental problems [56—60].

7.3.2 Safety: Use of Growth Factors

Three-dimensional bioprinting of human tissues could potentially include signals to
the cells from cytokines and growth factors. Although many cytokines and growth
factors are commercially available, it is not known what their effect on the cells and
a human body is, in general. There is evidence to support the view that exposure to
some growth factors can irreversibly alter the faith of the cells. For example, fibro-
blast growth factor-2 was recently found to induce malignant transformation of
MSCs [61]. Similarly, clinical studies have shown that high doses of bone morpho-
genetic proteins (BMPs) used in the treatment of fractures, bony fusions, and non-
unions can increase the risk for malignancies [62]. Our knowledge regarding the
effect of cytokines and growth factors is limited. It is unknown and difficult to
quantify the ideal concentrations of growth factors required at a cellular level.
Taking BMP-2 as an example, a molecule commercialized to miraculously induce
bone growth about 15 years ago, the results today are mixed [2, 63]. There are
reports of significant complications, mixed clinical results equivalent to pre-existing
low-cost techniques, and lack of understanding of its long-term effects [63]. This is
despite numerous in vitro and pre-clinical animal studies that failed to capture these
events and uniformly praised its use in bone healing.
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7.4 Regulation

3D printed human tissues are a reality that gradually evolves. Companies such as
the Organovo Inc. claim they managed to bioprint human liver and kidneys
(ExVive™ human liver or kidney tissue) that are offered for contract testing ser-
vices. However, the regulatory framework under which these tissues and services
are evolving is vague and partially captured by the tissue engineering regulations
[64]. Exaggerated claims and misconducts are a reality. A recent example is the case
of potential fraud involving FBS label non-conformances in the USA during the
period of 2003-2011 [65, 66]. During this period, approximately 280,000 L of FBS
which contained added adult bovine serum albumin, water, and cell growth promot-
ing additives were sold [65, 66]. When they were discovered, the FDA recalled
these products [65, 66].

There are several challenges which are faced, with an attempt to regulate bio-
printing. Take the FDA as an example of who is responsible for controlling and
distributing medical products in the USA (Fig. 7.1) [67]. At first, issues will arise
with the classification of these products as this dictates the pathway for the review
and approval of such devices. A complex bioprinting product is neither a device,
biologic or drug. Perhaps it may or may not fall under the generic and vague cate-
gory “combination product.” So, do we need a new category to capture such prod-
ucts? Adding to the complexities, the FDA vaguely mentions that some products
“might necessitate additional manufacturing process considerations and different
regulatory pathways”. However, often the FDA involves the CBER (Centre for
Biologics Evaluation and Research) in the decision process but at present, there are
no specific provisions for 3D printed organs or grafts. In Australia, the Therapeutic
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Goods Administration allows custom-made devices to be made without premarket
assessment. That means that if a 3D printed graft or organ falls within the device
category, it can then be fabricated with no control. There are similar problems in
Europe where bioprinting can be regulated under the provisions made for tissue
engineering [68]. In Asia, religious norms additionally influence the approval pro-
cess [69]. It is anticipated that the authorities and regulatory bodies across the globe
must discuss and conclude on the potential risks and conclude on the regulatory
framework governing this emerging technology [70].

7.5 Conclusions

3D bioprinting technology has the potential to produce complex tissue constructs in
the near future. However, several ethical and safety concerns are apparent. A strict
ethical framework regarding their commercialization should be put in place. Basic
research on the ex vivo cell handling and manipulation is required to assure safety
of the final products. Finally, the appropriate regulatory bodies worldwide should
produce advice and directives, as this technology is not currently captured in the
current legislation and regulatory frameworks at present.

Conflict of Interest No benefits in any form have been received or will be received from a com-
mercial party related directly or indirectly to the subject of this chapter.
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