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ABSTRACT: The lack of in vitro tissue and organ models capable of mimicking human
physiology severely hinders the development and clinical translation of therapies and drugs
with higher in vivo efficacy. Bioprinting allow us to fill this gap and generate 3D tissue
analogues with complex functional and structural organization through the precise spatial
positioning of multiple materials and cells. In this review, we report the latest developments
in terms of bioprinting technologies for the manufacturing of cellular constructs with
particular emphasis on material extrusion, jetting, and vat photopolymerization. We then
describe the different base polymers employed in the formulation of bioinks for bioprinting
and examine the strategies used to tailor their properties according to both processability
and tissue maturation requirements. By relating function to organization in human
development, we examine the potential of pluripotent stem cells in the context of bioprinting
toward a new generation of tissue models for personalized medicine. We also highlight the
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most relevant attempts to engineer artificial models for the study of human organogenesis, disease, and drug screening. Finally, we
discuss the most pressing challenges, opportunities, and future prospects in the field of bioprinting for tissue engineering (TE) and

regenerative medicine (RM).

3. Polymers as Bioinks in Bioprinting
3.1. Base Polymers

3.2. Moieties for Chemical Cross-linking
3.2.1. (Meth)acrylation

Special Issue: 3D Printing for Biomaterials

CONTENTS 3.3. Moieties for Physical Cross-linking M
3.3.1. Peptid Oli leotide Conjuga-
1. Introduction B ti(e;p; ide or Oligonucleotide Conjuga "
2 lec;p;\l/rlmng ':'ichmq.uesB ds g 3.4. Moieties for Host—Guest Interactions N
) 2'1 ?te,aa xtlrL;zsmn? ased Systems e 3.5. Moieties to Increase Bioactivity N
2' '2' C aterllg k.equlljrementé . D 3.5.1. Introduction of Cell Adhesion Motifs N
-1.2. Cross-lin ing During Extrusion 3.5.2. Introduction of Enzyme-Cleavable Link-
2.1.3. Co-extrusion Reinforcement D ages 0
2'11\/.l4' Sl'Jslpjend.ed Extrusion E 3.6. Other Modifications (0]

2.2 atelz\;:a gtltlgg . £ 3.7. Bioink Formulations (0]
2.2.1. .aterl? equirements 3.7.1. Methods for Improved Printability 0
2.2.2 Plezoelecinic Jetting - 3.7.2. Photoinitiators in Bioinks p
223 nerma NG e i 3.8. Bioink Sterilization p
2 .Alcrov§ vJe- ased Jetting i 3.9. Commercial Bioinks 2

2->. Acoustic etthg . 4, Structure and Properties of Polymers in Bioprint-

2.3. Vat Photopolymerization F ing R
2.3.1. Material Requwement.s . G 4.1. Rheology R
2.3.2. Two-Photon Polymerization (2PP) G 4.1.1. Viscosity S

2.4. Laser-Assisted Bioprinting : 4.1.2. Shear Thinning S

I
L
L
L

3.2.2. Ene or Thiol Moieties Received: April 23, 2020

3.2.3. Enzyme-Mediated Cross-linking Moi-
eties
3.2.4. Moieties for Dynamic Cross-linking M

—

© XXXX American Chemical Society

7 ACS Publications A

https://dx.doi.org/10.1021/acs.chemrev.0c00342
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+Clotilde+Fonseca"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ferry+P.+W.+Melchels"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miguel+J.+S.+Ferreira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samuel+R.+Moxon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Geoffrey+Potjewyd"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Geoffrey+Potjewyd"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tim+R.+Dargaville"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Susan+J.+Kimber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marco+Domingos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemrev.0c00342&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00342?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00342?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00342?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00342?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/chreay/current?ref=pdf
https://pubs.acs.org/toc/chreay/current?ref=pdf
pubs.acs.org/CR?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00342?ref=pdf
https://pubs.acs.org/CR?ref=pdf
https://pubs.acs.org/CR?ref=pdf

Chemical Reviews pubs.acs.org/CR
4.1.3. Yield Stress T covering the different aspects related to biofabrication.’”®
4.1.4. Recovery T Bioprinting falls under the general umbrella of biofabrication
4.1.5. Other Techniques u and can be defined as a group of computer-controlled

4.2. Stiffness and Network Topology u techniques operating in a layer-by-layer fashion that when
4.3. Gradients Vv combined with computer aided design (CAD), or medical
4.4. Degradability ' imaging, allow the production of patient-specific models/
5. Pluripotent Stem Cells and Bioprinting W implants with precise 3D spatial positioning of multiple living

5.1. Human Disease and Development Model-

ing X

5.2. Tissue Engineering Using Bioprinted PSC
Derivatives for Cell-Based Therapy Y
6. Bioprinted Tissue Models Y
6.1. Cardiac Y
6.2. Musculoskeletal YA
6.3. Dermal AA
6.4. Hepatic AB
6.5. Vascular AC
6.6. Cancer AD
7. Conclusions and Outlook AE
Author Information AG
Corresponding Author AG
Authors AG
Author Contributions AG
Notes AG
Biographies AG
Acknowledgments AH
References AH

1. INTRODUCTION

At present, most of our understanding of human physiology
and tissue/organ pathology arises from studies performed on
2D/3D cell culture systems and animal models. While
commonly used in vitro 2D culture systems are advantageous
for addressing specific experimental questions, they are often
oversimplifications that generally ignore the heterogeneity as
well as the complexity of the tissue microenvironment. Factors
such as tissue architecture, cell—cell and cell-matrix
interactions and biophysical cues of the 3D niche are all
critical characteristics of the system but are ignored in
reductionist 2D and even 3D cell culture systems.' Animal
models are frequently employed to satisfy regulatory agencies
of efficacy and safety by in vivo preclinical testing of human
therapies, and, although their usefulness cannot be argued
(e.g, wound healing therapies), the truth is that in most cases
the lack of genetic, molecular, and physiological relevance to
human clinical conditions strongly hinders their success in
human predictability.”’ Thus, models that more accurately
represent the human biology are needed for these purposes.
Biofabrication offers a potential route to generate complex 3D
biological constructs capable of replicating the functional
organization of human tissues while promoting physiologically
relevant cellular interactions. This emergent area in tissue
engineering (TE) and regenerative medicine (RM) comprises
both printing and assembly processes for the automated
generation of biologically functional tissue analogues from
living cells, biomaterials, and bioactive molecules.* Even
though it cannot be considered a bioprinting or bioassembly
technology on its own, microfluidics play a central role in the
field of biofabrication by enabling the handling of materials,
cells, and fluids on a small scale and with high precision.” This
and other areas have witnessed substantial development over
the past decade, and several reviews have been published

and nonliving materials.”® Depending on the printing
mechanism, bioprinting techniques can be subdivided into
four categories, namely, material extrusion, vat photopolyme-
rization, binder/material jetting, and powder bed fusion.” Since
their introduction in the field of TE, bioprinting techniques
have predominantly been used to manufacture 3D acellular
scaffolds with precise internal geometries capable of instructing
the function of adherent cells both in vitro as well as in
vivo.'"’”"? However, the combined use of prefabricated
constructs, cells, and molecules for direct in vivo implantation
or following in vitro tissue maturation process (e.g.,
incubation), has fallen short of ideal in replicating the
hierarchical organization of functional tissues. This can be
partially attributed to the fact that bioprinted scaffolds are
generally devoid of true 3D nano- and microscale features
essential for promoting homo§eneous colonization or spatial
organization of seeded cells."” Various methods have been
developed to pattern the surface of engineered scaffolds with
chemical or physical cues, and these are comprehensively
reviewed elsewhere.'”'® More recently, the use of bioactive
materials as cell-loadable systems has been investigated for the
automated manufacturing of 3D constructs with predeter-
mined architectural organization and cellular arrange-
ment.'””~*° This approach requires all components of the
final 3D construct (i.e., materials, cells, and bioactive
compounds) to be combined in the form of a printable bioink
thus further increasing the complexity of the process and in
particular of the materials.”" Their formulation encompasses
very stringent and sometimes even antagonistic requirements
in order to ensure the printing of well-defined constructs
without affecting cell viability and function. It is important that
engineered bioinks comply with requirements, including
printability, mechanics, bioactivity, and biodegradation.”” The
level of printability of a bioink depends both on its rheological
behavior during printing as well as on its ability to retain the
predefined shape post printing. Several rheological parameters,
including viscosity, shear thinning, recovery, and yield stress,
are likely to influence material printability at different stages of
the process and are imposed mainly by the printing system.”
Viscosity is clearly one of the most relevant parameters for
bioink design, as it can have a direct effect not only on
printability but also on cell viability by shielding the cells from
potentially damaging shear stresses. This and other rheological
properties are discussed in detail in section 4.1. Mechanical
stiffness plays an important role in directing the behavior of
encapsulated cells and should mimic the extracellular matrix
(ECM) microenvironment of healthy and diseased tissues.”***
Further insight into the contribution of mechanical stiffness
and network topology of polymeric hydrogels to controlling
cell behavior are provided in section 4.2. Encapsulated cells
should gradually replace structural materials with newly
synthesized ECM. This represents a key step toward the in
vitro and in vivo generation of functional tissues and should be
facilitated by the enzymatic degradation of bioinks.””*” Given
the above requirements, it makes sense for hydrogels to be the
main candidates for bioprinting of cell-laden constructs. These
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hydrophilic and highly hydrated polymers are extremely
attractive due to their biomimetic nature, which in many
ways replicates the native ECM. Besides allowing for
homogeneous cell encapsulation and colonization, most
hydrogels also display rheological properties suitable for the
manufacturing of 3D constructs without loss of shape fidelity.
The growing interest in hydrogels as biomaterials for bioinks
has resulted in numerous detailed reviews covering polymer
chemistries and their applications.””>**™*° Recent progress in
stem cell technology is likely to drive a paradigm shift in RM
and disease modeling. The integration of induced pluripotent
stem cell (iPSC) technology with advanced bioprinting
systems can potentially deliver a new generation of disease
models and tissue constructs for the development and testing
of personalized therapies with enhanced efficacy and reduced
costs.’*> This is especially so when combined with
incorporation of patient-derived iPSCs carrying heritable
mutations. The current review is not aimed at giving another
overview of the techniques and materials used for the
bioprinting of 3D tissue and organ models and their
applications in TE, RM, or disease therapeutics. This has
been well covered elsewhere, and we direct the reader to recent
review articles.”*”**** The focus is rather on the different
functions of polymeric materials, in particular cell-loadable
hydrogels, serving in bioprinting processes, and what proper-
ties of the materials are exploited in which way to serve these
functions. By relating behavior to structure and properties, this
review attempts to unravel why certain materials work well for
bioprinting, hence providing a guide toward the selection of
appropriate existing materials, and designing tailored matrices
that suit both the fabrication and subsequent tissue maturation
stages. Importantly, by bringing together two of the major
pillars in TE&RM (i.e., bioinks and stem cells) and discussing
how these can be effectively integrated using 3D bioprinting,
we aim to provide the reader with a unique toolbox for the
generation of tissue and organ models, where human
developmental pathways or disease mechanisms can be
replicated and studied through the adequate incorporation of
human pluripotent stem cells (hPSCs) or iPSCs, respectively.
After introducing the most relevant bioprinting systems used in
the fabrication of cell-laden constructs, we will give an
overview of polymeric hydrogels used as biomaterials in
bioinks, including both the base polymers and their functional
modifications. The dichotomy between the properties required
for the fabrication and tissue maturation stages is discussed and
how these properties can be decoupled, allowing researchers to
engineer suitable bioinks for both stages. We then outline how
the combination of stem cell technology with bioprinting
opens new avenues for the development of personalized
therapies while placing additional requirements on the
materials and techniques used for the fabrication of patient-
specific tissue models. We review the most recent progress in
bioprinted tissue/organ models aimed at tissue regeneration,
disease modeling, and drug screening. The latter is not the
primary focus of this review, and we direct the reader to a
recent article where this topic is covered in detail.’ Finally, we
conclude with a critical overview of the challenges in
bioprinting and discuss future prospects for the design and
manufacture of realistic tissue models.

2. BIOPRINTING TECHNIQUES

2.1. Material Extrusion-Based Systems

Extrusion bioprinters work on the basis of dispensing a
continuous filament of bioink to generate 3D structures in a
layer-by-layer fashion.*’ Generally, extrusion systems comprise
a material reservoir, a printing head which deposits the bioink,
a moveable printing stage, and a positioning system that allows
the printing head to move along the ¥, y, and z axes. Extrusion
bioprinters can be classified into pneumatic or mechanical
depending on the driving mechanism used to assist the
dispensing. The latter can be further divided into piston- or
screw-driven systems. Pneumatic and piston mechanisms are,
however, often preferred for the extrusion of cell-loadable
bioinks, with screw-driven systems commonly applied to the
printing of acellular materials.*' ™ Despite sharing the same
working principle, the two platforms (pneumatic and piston)
utilize different mechanisms for dispensing. Independently of
the configuration (i.e., valve-based or valve-free), pneumatic
bioprinters use air pressure to promote the extrusion of bioinks
through the print head and nozzle. Valve-free configurations
are preferred because of their simplicity and ease of operation
but are clearly limited by the lack of precise control over the
material flow rate. On the other hand, the incorporation of
pneumatic valves allows for better pressure control and pulse
frequency, which is vital for high-precision applications. Piston-
driven systems use positive displacement to trigger extrusion
and provide a higher degree of control over the flow rate of
bioinks compared to pneumatic set-ups.** This review will,
therefore, focus on pneumatic and piston driven extrusion
systems. For more detailed information on extrusion
bioprinting principles and applications, we refer the reader to
other excellent recent review papers.”"*’

2.1.1. Material Requirements. Materials used for
extrusion often require distinct mechanical properties to
facilitate control over their deposition with viscosity and
gelation mechanisms being of critical importance. These and
other properties of polymers for bioprinting are discussed in
detail in section 3. Briefly, cell-loadable hydrogels require shear
thinning properties to allow for extrusion through a print head
and nozzle.”® Ideally, the hydrogel ink solution would be
viscous enough to allow for storage/loading in a print cartridge
without leaking and preventing cell sedimentation. Exact
figures vary, but it is generally accepted that a bioink should
display viscosity values in the range of 30 mPa-s (lower limit)
to 25 X 10° mPa-s (upper limit) to be considered suitable for
printing.** The application of pressure and, consequently,
shear force to bioinks in a print head should then trigger shear
thinning and a reduction in viscosity allowing for direct
dispensing onto the building platform. As the material is
extruded, viscosity should increase as the shear force is
removed, allowing for control over flow of the material and
maximizing resolution.'”****~** Traditionally, gelation would
be subsequently triggered, allowing for preservation of the
printed structure. This is, however, often difficult to achieve
when using hydrogel precursor solutions of low viscosity. The
high water content determines their propensity to flow
immediately after printing, thus inhibiting the generation of
complex, high-resolution structures.” To overcome this issue,
hydrogels used for extrusion are often developed to exhibit
high viscosity or have self-assembling properties that allow for
structuring independent of external factors.'”***° This can
improve resolution but often limits the system to biomaterials
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Figure 1. Schematic drawing demonstrating extrusion-based platforms commonly applied in bioprinting. Pneumatic vs piston-assisted extrusion
mechanisms (top) and strategies for retaining the shape of structures printed with easily deformable hydrogels (bottom).

for stiff mechanical environments. While useful for tissues such
as bone and cartilage, this does not usually allow for printing of
materials for soft tissue applications such as the brain.”"** In
these cases, there is often a trade-off between using a
biomaterial that is optimal for cell phenotype and one that
provides the desired printing resolution. To avoid such
compromise and yet improve resolution and construct
complexity in extrusion bioprinting, different new strategies
have been developed. Herein we report on three of those
strategies and how they can be employed in bioprinting of cell-
loadable materials.

2.1.2. Cross-linking During Extrusion. Controlled
gelation during extrusion is one strategy that has been applied
successfully to improve the complexity and shape fidelity of
bioprinted constructs. This process involves modifying a
printing system to allow for bioink gelation before, during,
or shortly after extrusion in order to prevent flow of the
deposited bioink and the subsequent loss of structural
resolution (Figure 1).*7°° The rheological properties of low-
viscosity inks can be manipulated prior to extrusion to improve
printability by promoting low degrees of covalent cross-
linking.”” Another common approach is to chemically modify
bioinks into photopolymerizable polymers with the addition of
photoactive functional groups, such as methacrylates, prior to
extrusion to allow for UV curing during printing. For this
purpose, the printing system can then be designed to include a
light source that can irradiate the bioink through a transparent
nozzle using either UV or visible light. This method, also
known as in situ cross-linking improves material flow, filament
stability and allows for the use of a wide range of polymeric
materials including norbornene-modified hyaluronic acid
(NorHA), gelatin methacrylate (gelMA), and poly(ethylene
glycol) diacrylate (PEGDA).**"% Alternatively, bioinks can be

extruded directly into a bath of cross-linker to trigger physical
or chemical cross-linking immediately after deposition or
printed with cross-linker solutions simultaneously in a coaxial
system to trigger gelation during extrusion.’”®> These
mechanisms can dramatically improve printing resolution but
can also limit layer integration, particularly for materials that
undergo rapid gelation with one layer undergoing full gelation
before the next layer can be added. The resulting structures are
often weaker at the interface between layers, bringing their use
for modeling of tissue gradients into question.

2.1.3. Co-extrusion Reinforcement. Another technique
that has been explored to improve printing resolution and
facilitate the creation of layered structures is co-extrusion or
thermoplastic reinforcement. Originally used for the printing of
macroporous 3D acellular scaffolds, thermoplastic extrusion
has recently been explored as a tool to generate hybrid
constructs containing low-viscosity hydrogels. This technique
requires the use of two or more print heads for the
simultaneous or alternated deposition of structural and cell-
loadable materials and the capacity to manipulate the
processing parameters of each material independently.”®*
Utilized materials vary, but generally, one of two approaches
can be used. The first involves the combination of a hydrogel
bioink (often cell-loadable) with a more rigid, cell-free,
thermoplastic material such as poly(e-caprolactone) (PCL).%*
Commonly, a layer of thermoplastic is extruded via a screw- or
piston-driven printing head and allowed to cool before
subsequent addition of a layer of hydrogel into the same Z-
plane via either pneumatic or piston-driven extrusion. This
creates a hybrid layer with the thermoplastic controlling the
flow of the hydrogel and allowing for the generation of
constructs with enhanced structural and mechanical perform-

ance.””*® The use of PCL allows for the printing of well-
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defined structural templates at relatively low processing
temperatures (e.g., approximately 60 °C) and fast solidification
rates, which is beneficial for the viability of encapsulated cells.
However, the dimensions of printed filaments (usually
hundreds of micrometers) strongly limit the creation of
effective interfaces between thermoplastic and hydrogel
materials. Therefore, another interesting approach involves
the use of either pneumatic or piston driven mechanisms to
deposit, in an alternated manner, two cell-loadable bioinks with
distinct mechanical properties.”* This method allows miti-
gation of some of the issues around the interface between the
two materials while improving oxygen/nutrient diffusion in
both soft and hard tissue implants. To avoid potential flow of
one material into another, this technique can be combined
with self-assembling hydrogels, photo-cross-linking, or ex-
trusion into cross-linker solution in order to create defined
structures with biological and mechanical gradients.®”*®

2.1.4. Suspended Extrusion. Multiple research groups
have also started to explore the extrusion of bioinks into a
secondary structure (i, suspension bath) that provides
support and flow restriction throughout gelation. This has
been shown to improve resolution and accuracy, particularly in
the generation of gradient structures.®” "% In addition, the use
of a secondary support to restrict bioink flow during printing
has been shown to facilitate generation of bioprinted
constructs with controlled heterogeneity in physical and
biological properties such as layered osteochondral plugs and
cardiac ventricles.”””" Previous methods have utilized materials
such as soft §els or high viscosity solutions to improve printing
resolutions.”” The use of casting molds comprised of
“sacrificial materials” that can be easily removed without
compromising cell viability after %eneration of a 3D structure
has also been widely explored.””’* More recently, significant
promise has been demonstrated in the extrusion of bioinks into
a self-healing suspension of hydrogel particles referred to as a
fluid gel. This process is commonly referred to as suspended
layer additive manufacture (SLAM) or freeform reversible
embedding of suspended hydrogels (FRESH) depending upon
the nature of the fluid gel used for printing.”””"”® In both
formats, it is theorized that the fluid gel restricts flow without
interacting and mixing with deposited solutions, thus allowing
for layering of different materials of varying densities into high
resolution constructs. Cross-linkers can then be introduced to
promote the gelation of a suspended structure allowing for
generation of heterogeneous structures capable of mimicking
biological interfaces. 3D bioprinting using suspension baths has
raised significant interest among the scientific community, and
we direct the reader to a recent review by McCormack et al. for
more in-depth information.”®

2.2, Material Jetting

Material jetting is commonly referred to as “inkjet printing”
and involves the dropwise deposition of small volumes of ink
to fabricate 3D constructs in a “bottom-up” manner. The
concept of inkjet bioprinting was first introduced in 2003,
when Boland demonstrated the feasibility of printin_g living
cells without compromising their viability or function.”” Since
then, many other research groups have adopted this
technology and showed its potential in TE,”*”° RM,*>*' and
more general biomedical applications.””*’ Depending on the
ejection mode, material jetting technologies can be classified as
continuous streaming (CS), drop-on-demand (DOD), acous-
tic, or microvalve printing.** In CS systems, the bioink is

ejected from the print head and through the nozzle, producing
a continuous jet that breaks into a stream of droplets as a result
of hydrodynamic instability.*> The process is spontaneous,
providing little control over the bioink stream. To improve on
this, research groups have developed DOD printing systems to
facilitate better control over bioink deposition.*® DOD systems
work on the same principles as in CS, but droplets are only
formed when required. The ink is held in place inside the
material chamber until a piezoelectric or thermal actuator
generates enough pressure to overcome the surface tension
present at the nozzle orifice and forces the ejection of small
droplets of bioink (as small as 10 um).*” The systems can
contain a single or multiple print heads that move to a desired
coordinate before droplet formation, and the bioink is only
ejected in specific spatial locations.”® This allows for small
volumes of cell-laden bioink to be patterned into high
resolution structures not obtainable via CS, albeit at a much
slower printing speed. Acoustic and microvalve are two of the
most recent developments in material jetting technology,
which make use of acoustic waves or solenoid pumps to eject
droplets, respectively.

2.2.1. Material Requirements. Material jetting platforms
often place fairly stringent rheological boundaries on candidate
bioinks, the most significant of which is viscosity.”” As stated
previously, the main mechanism behind bioink ejection is the
ability of the material to overcome the surface tension present
at the inner wall of the printing nozzle. In material jetting,
nozzles are generally small in order to promote the dispensing
of droplets of the order of 10 ym.*” Consequently, bioinks
should display low viscosities, normally in the range of 10—100
times the viscosity of water, which helps preventing nozzle
clogging™ but restricts the use of high cellular densities.
Although lower and upper limits can vary, it is generally
accepted that a low shear viscosity of 30 mPa-s represents the
upper boundary of what is printable in a material jetting system
without causing cell damage.”’ Microvalve-based systems can
potentially open up the possibility to print materials beyond
this limit, but the lack of studies on more complex 3D cell-
laden constructs generated with this technology prevents
further insights into the maximum usable viscosities.”> A recent
development has, however, demonstrated the potential to
considerably broaden the printability spectrum in material
jetting systems. In a seminal study, Foresti et al. highlighted the
possibility of printing materials with viscosities ranging from
0.5—25 X 10> mPa-s.”> The process involves the application of
a subwavelength Fabry—Perot resonator to induce an acousto-
phoretic force (dominating the gravitational forces) on bioinks
that overcomes the opposing capillary forces and allows for
droplet ejection. This new development could, therefore,
hugely improve the versatility of material jetting systems in
biological applications.

2.2.2. Piezoelectric Jetting. Piezoelectric systems eject
bioink droplets using a polycrystalline ceramic actuator placed
inside the fluid chamber of the print head. A voltage pulse
triggers a change in the actuator shape, resulting in the
deformation of the fluid chamber with a subsequent variation
in the chamber volume. This sudden change sends a pressure
wave that allows droplets of bioink within the print head to
overcome the surface tension at the nozzle orifice and be
ejected. Piezoelectric jetting has, however, been reported to
compromise cell viability, with voltage pulses shown to damage
cell membrane integrity and trigger cell death.”* Therefore,
and despite some research groups still reporting successful
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biological applications,”” thermal jetting is often preferred over
piezoelectric systems. =9

2.2.3. Thermal Jetting. In thermal jetting, a vapor bubble
is generated inside the fluid chamber due to the localized
heating provided by a thermal actuator. The bubble expands
rapidly reducing the volume inside the chamber. When the
bubble collapses, the resulting pressure pulse triggers the
ejection of bioink droplets through the printing nozzle while
simultaneously applying heat to the drops (~4—10 °C).
During this process, the size and volume of the droplets can be
precisely controlled by varying the temperature gradient that is
applied to the bioink or by increasing the frequency of the
pressure pulses.”” Additionally, the viscosity of the bioink can
also be modified to control droplet volume. The successful
regulation of all three parameters can directly impact on
bubble size, thus resulting in droplet volumes ranging from 10
to 150 pL.'” Consequently, thermal jetting is a popular tool
for cell-based bioprinting, particularly in applications requiring
high levels of control over the spatial orientation of cells such
as osteochondral, vascular, and oncological models.'?' 719

2.2.4. Microvalve-Based Jetting. Microvalve-based jet-
ting systems are generally composed of one or more print
heads attached to a robotic mechanism that can move across
the x, y, and z axis.'"® An electromechanical microvalve
comprising a solenoid valve and a plunger is present within
each print head between the pressurized bioink cartridge and
the nozzle. Upon the application of a voltage pulse, the
solenoid generates a magnetic field that pushes the plunger up
and opens the nozzle, allowing for the ejection of material. By
applying and removing the voltage pulse, it is possible to
control the opening and closure of the valve at defined
intervals, often on the scale of milli- and microseconds, to
precisely control the frequency and size of droplet extrusion.
This results in a highly controlled bioink deposition and allows
for extrusion of layers of material as thin as 1-2 pm.
Depending on the pressure applied to the bioink cartridge and
the valve opening time, it is possible to operate microvalve
jetting systems in either CS or DOD mode. Tuning these two
process parameters along with nozzle geometry, cellular
density, and bioink rheology allows for higher resolution and
has been shown to improve throughput, precision of cellular
positioning, and cell viability,'> leading to many applications
including bioprinted structures for bone, cartilage, and ocular
models. **7'%

2.2.5. Acoustic Jetting. Acoustic jetting systems differ
from the previously reported platforms due to the absence of a
printing nozzle that defines droplet size. Because nozzles are
prone to clogging, particularly with high viscosity fluids, the
ability to jet bioinks without a nozzle can widen the range of
processable materials.'” To dispense bioinks in acoustic
systems, a droplet is ejected from an air—liquid interface via an
acoustic force applied by an ultrasound field. Droplets on a
scale of picoliters can be ejected when the acoustic pressure
exceeds the surface energy of the liquid, and materials with
viscosities up to 150 mPa's can be dispensed via this
method."'® The technology was first reported in 2007, when
acoustic waves were applied to eject picoliter-sized droplets
from an ejector array, allowing for the encapsulation of single
cells with micrometer precision.''' Acoustic jetting is now
applied in a wide variety of settings, but bioprinting
applications are still limited. A few research groups have
reported positive data regarding cell-based applica-
tions,"'" "> but the technology is still early in development

with regards to biological systems. A summary of the different
material jetting systems is illustrated in Figure 2.

Piezoelectric Jetting Thermal Jetting

; ; Vapour Thermal

/lzl(iﬁgtegrectnc Bubble Source
[ X N N J o060

Microvalve Jetting Acoustic Jetting

Microvalve

Electromagnetic Sound

Opening of Microvalve Waves
eocoo

Figure 2. Schematic drawing demonstrating different DOD platforms
used in bioprinting. Variations in the volume of the printing chamber
are generated via the deformation of a piezoelectric actuator
(piezoelectric jetting) or expansion of a vapor bubble (thermal
jetting), leading to the formation and ejection of bioink droplets
(top). The application of electromagnetic pulses or of an ultrasound
field control the ejection of droplets in microvalve and acoustic
jetting, respectively (bottom). The latter is the only nozzle-free
system currently used in material jetting bioprinting.

2.3. Vat Photopolymerization

Another technique commonly applied to the bioprinting of
cell-laden hydrogels is vat photopolymerization, the most
common of which is known as stereolithography (SLA).'"*
This technology is usually comprised of a building platform, a
vat of photopolymer resin, and a light source that irradiates the
resin in a layer-by-layer fashion.'"> Since it was initially
introduced in the 1980s by Charles Hull,"'® two different
patterning methods have been developed, including vectorwise
and mask irradiation. In the most traditional apparatus of SLA,
also known as vectorwise, scanning galvanometers are used to
scan the surface of the resin with a high-resolution UV, infrared
(IR), or visible light laser beam. At the scanned regions, the
laser will initiate a spatially controlled radical photopolymeri-
zation reaction with subsequent solidification of the liquid
resin. Once the first layer is built, the building platform
descends inside the vat; it is homogeneously recoated with
resin and another layer is built on top of the previous one. On
the other hand, projection techniques use a dynamic mask to
irradiate and solidify the entire surface of the resin in a single
step.''” Digital micromirror devices (DMD), a technique
developed and patented by Texas Instruments, is currently the
most used dynamic generator of masks in SLA. It consists of a
large array of microsized mirrors that can be rotated to either
+12 or —12 degrees, thus allowing for a fast and precise spatial
modulation of different light patterns.''® Generally, mask
projection facilitates a much more rapid generation of complex
bioprinted shapes when compared with standard vectorwise
SLA.'" The flexibility provided by the different patterning
systems enables the use of SLA for the precise structuring of a
wide array of photopolymers and cell-laden hydrogels, as
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Figure 3. Schematic drawing demonstrating the different irradiation techniques that can be used in vat photopolymerization, two photon
polymerization, and laser-assisted bioprinting. Geometrical features can be imprinted in each layer using a point-by-point scanning approach
(vectorwise SLA) or in a single step through mask irradiation (top). The combination of optical transparent materials and an ultrafast pulsed laser
allows for the direct writing of submicrometer features inside a vat containing photopolymerizable resin (2PP). Transfer of cellular or acellular
materials from a metal-coated substrate (donor material) to the building platform (receiver) is triggered by a pulsed laser and allows for the

generation of high-resolution constructs in LIFT (bottom).

demonstrated by the growing number of recent publica-
tions,120-123

2.3.1. Material Requirements. Adaptation of SLA to
bioprinting processes does not necessarily place stringent
rheological requirements on materials in the same way as
extrusion and jetting do, but there are still accommodations to
be made. A much wider range of viscosities can be used with a
suspension viscosity of 5 Pa-s considered to be the upper
limit.'** There is no generally accepted lower limit for resin
viscosity, but it is widely agreed that the material must be
sufficiently viscous to prevent cell settling during the curing
process. In addition to this, there are key chemical properties
that a bioink needs to exhibit in order to be processed via SLA.
The process often involves modifying hydrogels to contain
chemical groups that can facilitate photoinduced cross-linking
such as azides, epoxides, or (rneth)acrylates.115 This cross-
linking reaction proceeds through radical or ionic species and
is initiated by the cleavage of a labile molecule upon exposure
to light: the photoinitiator. The wavelengths of the used light
source has to match that of the employed photoinitiator and
can range from UV to VIS to IR. The result is the rapid
formation of an organized polymer network and transition

from a sol to gel state.">”'?® This subsequently allows for the

generation of hydrogel structures of higher resolution than
those commonly obtained from extrusion printing. Cell
viability can, however, be compromised by the gelation
mechanisms utilized in SLA. Numerous studies have reported
the cytotoxic effects of free radicals and pH changes, both in
vitro and in vivo. Additionally, exposure to UV light can cause
considerable damage to DNA within bioprinted cells.'””~"*" As
an alternative, light sources in the visible spectrum can be used
to photopolymerize bioinks with negligible impact on the
viability of encapsulated cells. The cross-linking chemistry is
typically identical to that in UV-initiated cross-linking but
using photoinitiators that absorb in the visible part of the
spectrum, 5130131

2.3.2. Two-Photon Polymerization (2PP). Two-photon
polymerization (2PP) further builds on the process of SLA by
adding the capacity to accurately control the spatiotemporal
polymerization process of the resins, thus enabling the
generation of high-resolution constructs.'>> As with standard
SLA, 2PP involves the application of focused light beams to
trigger photopolymerization in a resin vat. However, 2PP
employs an ultrafast pulsed laser to generate a flux of photons

https://dx.doi.org/10.1021/acs.chemrev.0c00342
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Table 1. A Comparison of Bioprinting Techniques Based on Resolution, Rheological Requirements, and Key Advantages and

Disadvantages
maximum
printing platform  resolution bioink viscosity key advantage key limitation ref
pneumatic/ ~200 ym  30—600 X 10° printing high viscosity, cell-laden materials with high shear forces required to print can
piston mPa-s high cell density compromise cell viability
extrusion
cross-linking ~100 ym  30—600 X 10° printing low viscosity polymers with high fidelity ~ delamination of printed layers due to rapid cross- 44
during mPa-s linking
extrusion
co-extrusion ~20 ym 12—600 X 10° allows for the generation of structures with requires multiple print heads capable of 64,141
mPa-s mechanical and biological heterogeneity extruding materials under different conditions
suspended ~20 pm 5—800 mPa-s high-resolution printing of low viscosity polymers precise mechanisms behind flow prevention still 70,71,75
extrusion with control over flow postprinting poorly understood
piezoelectric ~45 pym 3.5-30 mPa-s high resolution and high printing speed allow for  piezoelectric pulses have been shown to 28,91,93
jetting rapid cell patterning negatively affect cell viability
thermal jetting ~45 pm 3.5-30 mPa-s thermal ejection process is far more favorable for  narrow range of bioink viscosities can be used 28,91,93
cell viability than piezoelectric jetting when compared to extrusion-based systems
microvalve-based ~220 ym  1-70 mPa-s increased viscosity range for bioinks high shear stress can compromise cell viability 104,142,143
jetting
acoustic jetting ~60 pm 1—-150 mPa-s wide range of bioink viscosities can be used due to  disturbancies can easily affect droplet ejection 110,112
the system being nozzle-free
vector-wise SLA ~1 ym <5 Pas high speed and high-resolution generation of difficult to combine multiple materials 140
structures
mask irradiation ~1 ym <§ Pass ability to reticulate multiple areas of a resin in a  difficult to combine multiple materials 130
single laser pulse
two-photon 100 nm <5 Pas highest resolution form of bioprinting optically transparent materials are needed 144
polymerization commercially available
laser-assisted ~20 pm 1-300 mPa-s high resolution generation of structures from laser pulses can impact viability with >15% cell 44,139

bioprinting

bioinks in solid or liquid phase

death

that promotes the simultaneous absorption of two photons by
a single molecule, thus producing a higher and more focused
energy state within the photopolymer resin.'>® Despite
requiring the use of optically transparent materials to operate,
the system allows for the generation of constructs with features
on a submicrometer level, a resolution not achievable via
standard SLA techniques. Such resolution is, however, smaller
than a mammalian cell and, thus, 2PP is more commonly
applied to the generation of high resolution templates that cells
can be seeded into instead of being directly used for
bioprinting of cell-laden structures."**™"*° A small number of
studies have, however, demonstrated applications in the

generation of cell-laden constructs albeit on a larger
137,138
scale.””"

2.4, Laser-Assisted Bioprinting

Laser-assisted bioprinting, often referred to as laser-induced
forward transfer (LIFT) is viewed as one of the technologies
developing fastest in the field. LIFT printers have three major
components; a pulsed laser source, a ribbon from which a
biological material is printed, and a substrate that collects the
printed material.** Generally, the ribbon is made of a thin
absorbing layer of metal (e.g., gold or titanium) coated onto a
laser transparent support (e.g., glass)."”” Similarly to acoustic
jetting and SLA, LIFT bioprinters provide the operator with a
nozzle-free printing platform. Cells are mixed in a hydrogel and
deposited at the surface of the metal film. The laser pulse
induces vaporization at the metal film, resulting in the
production of a jet of liquid, which is deposited onto the
facing substrate. Printed materials can range from solids to
liquids with solid hydrogels, often preferred for bioprinting
applications. Printing cell-laden structures using this technique
is, however, often inhibited by issues in cell viability. During
the printing process, cell-loaded hydrogels are exposed to high
levels of thermal energy. This often occurs on a time scale of
nanoseconds, but it is enough to significantly impact cell

viability with studies reporting up to 85% cell death.'”
Modifying the intensity and extent of laser exposure is often
employed to try and improve viability, and this has yielded
constructs with much greater cell viability,” but the technique
is still perhaps the least commonly applied form of bioprinting
for in vitro tissue models. A summary of all the printing
techniques outlined in this section can be found in Figure 3,
while information regarding resolution, material requirements,
advantages, and limitations can be found in Table 1.

3. POLYMERS AS BIOINKS IN BIOPRINTING

As previously mentioned the materials or “inks” used in
bioprinting may contain living cells (the presence of which
distinguishes a bioink from a biomaterial ink),”" bioactive
molecules, and/or biomaterials. Here we report exclusively on
the different polymers used in bioink formulation, i.e.,
hydrogels that can be printed with encapsulated cells.
Traditionally, they are classed by source, separating naturally
derived polymers from synthetic polymers.®>*>%73%3936.145
Many natural polymers possess an inherent bioactivity
(although not always toward mammalian cells and enzymes)
are often derived from and hence mimetic of an ECM (of
either animals or plants), but compared to their synthetic
counterparts have less controllable mechanical, chemical, and
other properties and typically suffer from batch-to-batch
variation. Additional issues related to the immunogenicity of
the materials may arise if proteins are used in their formulation.
For more information on natural polymers for bioprinting, we
direct the reader to a recent review on the topic.'*® Synthetic
polymers, in turn, have the possibility of being synthesized with
tailored properties (e.g., molecular weight, chemical structure)
for a specific application and, although not inherently
biomimetic of the ECM, they can be modified to include
bioactive motifs (e.g, adhesion promoters).”” Depending on
the gelation mechanism, hydrogels can be further classified
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into chemically cross-linked or physically cross-linked."*” In
chemically cross-linked hydrogels, also known as chemical
hydrogels, polymer chains are linked by covalent bonds that
can be formed using different methods, including free radical
cross-linking, enzymatic cross-linking, Michael type-addition,
Diels—Alder reaction, or Schiff base reaction. These hydrogels
possess better mechanical properties and better physiological
stability than their physically cross-linked counterparts. Further
details on the different methods of gelation can be found in the
excellent reviews by Hospodiuk et al.”* and by Hu et al."*’ In
turn, physically cross-linked hydrogels are formed by
intermolecular reversible interactions, like ionic interactions,
hydrophobic and hydrogen bonding interactions, crystalliza-
tion/stereocomplex formation, and self-assembly. When ionic
interactions are used as the gelification method (e.g., alginate
in the presence of Ca’* ions), a hydrogel can be obtained
within few seconds, contrary to what is commonly observed
with the chemical cross-linking methods. The great advantage
of these gelation methods lies on the fact that the reactions can
occur in the absence of reactive cross-linking agents, thus
avoiding any potential cytotoxicity from unreacted cross-
linkers.””'*” The chemically cross-linked hydrogels are often
preferred over their physically cross-linked counterparts
because of the fine control that could be achieved over the
cross-linking density, that rules the porosity, homogeneity of
the hydrogel at the microscale, and, consequently, its
mechanical properties. However, chemically cross-linked
hydrogels usually exhibit an elastic behavior, which is believed
to impede the migration and proliferation of the cells. In turn,
physically cross-linked hydrogels display a viscoelastic
behavior, recapitulating in a better way the microenvironment
of tissues and ECM, and allowing better cell spreading,
proliferation, and differentiation.'**~"*° Many polymeric
systems used in bioinks comprise several components, each
introducing additional functionality. Rather than reporting on
all combinations found in the literature on a case-by-case basis,
here we first provide an overview of base polymers with key
characteristics, followed by a range of modifications commonly
encountered for bioprinting purposes. Finally, some examples
of mixed systems are presented, demonstrating that the
complexity required for this application often requires a
combination of base polymers and modifications, to achieve
both processability and the desired biological response.

3.1. Base Polymers

Naturally derived polymers can be divided into the main
classes of proteins and polysaccharides. Proteins are often
extracted from ECM and therefore come with inherent
biofunctionality such as cell-adhesive ligands, cleavable peptide
links, and cell-instructive domains that steer cellular differ-
entiation, migration, proliferation, and protein expression.
Collagen (many subtypes exist) and fibrin are natural ECM
and blood clots molecules, respectively, and are suitable
materials for encouraging encapsulated cells to proliferate and
produce tissue. However, the use of such materials for
bioprinting purposes is very challenging. For instance, collagen
1, at neutral pH, self-assembles into fibrillar structures that may
cross-link or entangle generating a gel-like structure.'>' This
situation is critical in bioprinting because the continuous
collagen cross-linking makes the process difficult to control,
with repercussion in the properties of the 3D construct that
usually exhibits low mechanical stability.'>> To avoid this,
collagen solutions have to be kept at temperatures between 4

and 10 °C'* and combined with supporting materials.'>*

Insoluble fibrin is formed through the cross-linking of soluble
fibrinogen by action of the enzyme thrombin. This solid-
ification is similarly challenging to control in time and space,
requiring additional support strategies to harness the tissue
healing potential of fibrin, which readily binds to cells and a
range of growth factors, while easily allowing the cells to
remodel it. The same holds for Matrigel, which is not a single
polymer but a mix of proteins including collagens, laminins,
and growth factors, secreted by Engelbreth—Holm—Swarm
(EHS) mouse sarcoma cells. Its composition is ill-defined and
varies from batch-to-batch, but its high bioactivity make it a
popular material for 3D cell culture and biofabrication,
particularly for organoid culture.”>> Gelatin is obtained from
the thermal denaturation of collagen. It has the ability of
undergoing a sol—gel transition in water, for temperatures
between 20 and 30 °C, forming hydrogels upon cooling.
During this transition the gelatin molecules reorganize
themselves and are linked together by noncovalent bonds,
such as hydrogen bonds, electrostatic, and hydrophobic
interactions.'*® However, unlike Matrigel or collagen I, these
hydrogels melt at physiological temperatures. In the context of
TE and RM, this constitutes a major reason why gelatin is
modified prior to the printing process or cross-linked
afterward,” as will be presented in section 3.2. Polysaccharides
are usually derived from plants (e.g., agar, agarose, and alginate
from seaweed, and cellulose and pectin from terrestrial plants),
or expressed by bacteria (e.g, gellan gum, dextran, xanthan
gum) and lack the bioactivity of mammalian cell proteins.
Some enzymes, such as alginate lyase and dextran hydrolase,
can degrade plant polysaccharides. However, these are
normally not expressed by mammalian cells. Polysaccharides
do degrade by hydrolysis, a spontaneous process that typically
takes weeks to months for these kinds of polymers. Although
most polysaccharides do not inherently interact with cells,
employing them for 3D cell culture can retain the desired
phenotype that would be lost in conventional 2D culture, as is
the case for chondrocytes in agarose."®’ Alginate is the most
used polysaccharide for bioprinting purposes.”>® It is a linear
anionic polysaccharide obtained from the cell walls of brown
algae, being composed of two uronic acid units, S-p-
mannuronic acid and a-L-glucoronic acid, linked together by
p-1,4 glycosidic bonds."> Alginate readily gels in contact with
solutions containing divalent cations (e.g, Ca** or Sr**),
through ionic cross-linking, at ambient temperature. These
amenable conditions of gelation are very advantageous for cell
encapsulation.'°”'®" However, this polysaccharide is inad-
equate for cell attachment and often has to be modified with
moieties that promote cell adhesion (e.g., arginylglycylaspartic
acid (RGD) peptide).”>'** Hyaluronic acid (HA) and chitosan
are the other polysaccharides with wide applications in
bioprinting. Both polymers (as well as chondroitin sulfate)
belong to a specific class of polysaccharides, known as
glycosaminoglycans. They are composed of disaccharide
repeating units, in which one or both sugar rings in the
disaccharide repeating unit has a nitrogen-substitution (e.g,
aminosugar). HA is a linear nonsulfated glycosaminoglycan,
composed of disaccharide units [p-glucuronic acid and N-
acetyl-D-glucosamine] linked by f-1,4 glycosidic bonds, with
each unit connected by f-1,3 glycosidic linkages.'"> It is
abundant in the extracellular matrix of connective tissues, bein§
also a component of the vitreous humor and synovial fluid.'®
HA establishes strong interactions with water through
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Figure 4. Structure of the most used base-polymers in bioprinting: (A) hyaluronic acid, (B) chitosan, (C) alginate, (D) collagen (primary

structure), (E) gelatin, (F) PEG.

hydrogen bonds via its hydroxyl, carboxyl, and acetyl groups.
Along with its typical high molecular weight, this makes its
aqueous solutions highly viscous. HA is also known for its
excellent biocompatibility (as a scaffold) and biodegradabil-
ity.'® It is continuously degraded in vivo by hyaluronidase
enzymes, as well as bemg recognized by cells through CD44
cell surface receptors.'®* Because of its low in vivo stability,
HA'’s structure is usually modified with different moieties (e.g.,
(meth)acrylate, thiols) before being used in bioprinting. By
doing such modifications, HA is able to participate in cross-
linking react1ons, yielding constructs with an increased in vivo
stability."®*

Chitosan, is a linear cationic polysaccharide obtained from
the alkaline deacetylation of chitin, an arthropod and fungal
polysaccharide also found in some vertebrates like fish. It is
composed of f-1,4-linked p-glucosamine groups with randomly
located N-acetyl glucosamine residues. The ratio of N-acetyl
glucosamine to D-glucosamine residues gives the deacetylation
degree, usually between 70% and 90%. This parameter rules
chitosan’s solubility, hydrophobicity, and its ability to interact
with polyanions.'> This polysaccharide is only soluble under
mildly acidic conditions, as protonation of a portion of the
amine groups renders the molecule more charged and hence
more hydrophilic.'>” This particular feature of chitosan is
highly disadvantageous for bioprinting purposes as it exposes
encapsulated cells to an acidic environment. To overcome this
limitation, Demirtas et al.'®® recently proposed the cross-
linking of chitosan with B-glycerol phosphate, thus allowing the
formation of hydrogels at neutral pH and 37 °C." After 21
days of in vitro culture, and when compared to cell-laden
alginate gels, chitosan inks showed a much higher ability to
promote the proliferation of encapsulated MC3T3-El
preosteoblasts. Chitosan is characterized by the presence of
numerous hydroxyl, carboxylic acid, and amine groups, thus
making it attractive for chemical modification or for the
attachment of moieties (e.g., epitopes) to enhance bioactivity.
This will be discussed further in section 3.2 of this review.
Another material that can be used to formulate bioinks is
decellularized natural ECM. As the bioink is aimed to take on

the role of the ECM postprinting, the use of native ECM can
satisfy many of the requirements, such as the presence of cell
adhesion sites and the allowance of cell-mediated degradation
to enable tissue remodeling."®” Typically, tissue from donors or
cadavers is subjected to a range of treatments which can
include freeze—thaw processes, hydrostatic pressure or
exposure to enzymes, surfactants (including sodium dodecyl
sulfate (SDS) and Triton X-100), and chelating agents such as
ethylenediaminetetraacetic acid (EDTA).'®® These decellular-
ized ECMs were first used as scaffolds for tissue or whole organ
engineering but are now increasingly being converted into
hydrogels. A myocardlal -ECM gel (VentriGel) is currently in a
phase 1 clinical trial.'® In recent times, decellularized ECM
has been receiving increasing attention as a potential bioink.'”’
Pati et al. re-engineered adipose, cartilage, and heart tissue by
printing of bioinks, each with their own unique rheological
properties, prepared from the respective tissues by decellula-
rization.'”" An alternative method to incorporate decellularized
ECM into bioprinted structures is to blend the FDA-approved
decellularized cartilage product BioCartilage with processing
agents, such as gellan gum and alginate. This bioink was used
to bioprint large, functional cartilage structures which
supported good deposition of cartilage matrix proteins.'”*
Synthetic polymers are the other class of materials with high
relevance for bioprinting. The polymers used for this purpose
are water-soluble, mostly bioinert, and nonbiodegradable.
Because of their nonbiodegradable nature, they are typically
synthesized with a molecular weight that is low enough to
allow renal clearance. Poly(ethylene glycol) (PEG) is a
polyether, soluble in water and in most organic solvents, and
it is widely used in biomedical and pharmaceutical applications.
It can present a linear or branched structure with variable
molecular weights, and its functionalization with other moieties
is relatively easy to perform.'”> PEG, in its native form, does
not have the capacity to form hydrogels. Typically, its hydroxyl
terminal groups are modified with different moieties to allow
the formation of a cross-linked structure. More details on the
types of modification will be given in section 3.2. Similar to
PEG, poly(vinyl alcohol) (PVA) is a bioinert water-soluble
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polymer that can be used as a template for a bioink by
functionalization with cross-linkable and bioactive moieties,
e.g, as a bioresin for digital light processing (DLP)
stereolithography printing of cell-laden constructs.'”* A
number of synthetic polymers displaying lower critical solution
temperature (LCST) behavior, meaning that upon heating a
gel is formed, have been employed in bioprinting. These
include poly(N-(2-hydroxypropyl)methacrylamide lactate)
(PHPMA), poly(N-isopropyl acrylamide) (PNIPAAm), poly-
(2-oxazoline)s, and poly(2-oxazines), and above all, poloxamer
407 (also known under trade names Kolliphor P407, Pluronic
F127, and Lutrol F127). References of their use in bioprinting
are found in Table 2.

Self-assembling peptides are a class of peptides able to
undergo hydrogelation via noncovalent interactions such as
hydrogen bonds, electrostatic interactions, hydrophobic
interactions, and 7—7 stacking, forming nanofibrous hydrogels.
Typically, the fibers inside the hydrogel have different
secondary structures (e.g., f-sheets and a-helices), and these
structures are highly dependent on intrinsic factors (e.g.,
charge of the @-amino acids in the peptide’s sequence, number
of repeating units of the assembling motif, and peptide
concentration) and extrinsic factors (e.g, temperature, pH, and
ionic strength of the medium)."”>'”° These hydrogels present
biodegradability and tunable mechanical stability and, very
important, their gelation can occur within physiological
conditions. These remarkable features place self-assemblin:
hydrogels as logical candidates to formulate bioinks,”””'””~"”
although their exploitation for bioprinting purposes has only
recently started. Raphael et al."” used a synthetic peptide, with
the ability to self-assemble under physiological conditions, to
prepare cell-laden constructs via 3D bioprinting. The authors
demonstrated the possibility of creating bioinks with tunable
stiffness and adequate rheological properties for the printing of
3D matrices with enhanced structural integrity and shape
fidelity without jeopardizing the viability and proliferation of
encapsulated EpH4 cells. An overview of water-soluble base
polymers used in the formulation of bioinks for bioprinting
applications is given in Table 2, and the structure of the most
commonly used are shown in Figure 4.

3.2. Moieties for Chemical Cross-linking

Cross-linking is indispensable in biofabrication and bioprint-
ing, as it prevents the water-soluble polymers that bioinks are
made of from dissolving, and hence fixes printed shapes as well
as contributes to the stiffness of the material. Most often the
cross-linking is photoinitiated™® for reasons of high spatio-
temporal control and ambient temperatures.””” Yet, other
methods are increasingly being explored. This section
examines the chemical modifications available to improve the
performance of base polymers in bioprinting.

3.2.1. (Meth)acrylation. Acrylation or methacrylation of
polymers allows irreversible cross-linking via chain-growth
polymerization of unsaturated end-groups or side groups on
polymer chains. Cell encapsulation in hydrogels using this
chemistry was pioneered in the early 1990s by Hubbell et al.,
who used (meth)acryloyl chloride to functionalize PEG.*'
This strategy of (meth)acrylation is also widely used to modify
naturally derived polymers. The hydroxyl groups of HA are
commonly modified with methacrylic anhydride (MA) or
glycidyl methacrylate (GMA). The methacrylated-hyaluronic
acid (MeHA or HAMA) can be obtained with different
degrees of substitution, leading to hydrogels with a variety of

cross-linking densities, which in turn will dictate their
mechanical and biological properties.”'' Gelatin is commonly
modified with MA, leading to gelatin derivatives containing
both methacrylamide and methacrylate groups. The meth-
acrylamide groups result from the reaction of lysine (—NH,
groups) residues with MA, whereas methacrylate groups are
obtained from the reaction of threonine, serine, and tyrosine
(—OH groups) with MA.>"> GelMA can be used in material
extrusion,'** material jetting,”"® and vat photopolymerization
bioprinting processes. ' The chemical modification of base
polymers can sometimes introduce some changes in the
behavior of the material. For example, the self-assembly of
collagen and gelatin are frequently weakened by methacryla-
tion; gelMA forms weaker physical gels than its corresponding
gelatin, whereas in collagen the otherwise irreversible thermal
gelation becomes completely reversible.”'*

3.2.2. Ene or Thiol Moieties. As an alternative to chain-
growth cross-linking through (meth)acrylate groups, thiol—ene
step-growth cross-linking has been developed with a number of
potential advantages, including higher reaction rates, lower
oxygen sensitivity, more homogeneous network topology, and
the absence of nondegradable chains that are formed in the
chain-growth of (meth)acrylate cross-linking.”'> In thiol—ene
chemistry, a radical abstracts a hydrogen atom from a thiol
(sulthydryl or SH) group, after which the sulfur-centered
radical reacts with a carbon—carbon double bond (ene). The
newly formed carbon radical can homopolymerize with
another -ene but is often more likely to terminate by
abstracting a hydrogen from another thiol group, after which
the process can start again. To obtain the “ene” moiety in the
base polymers, those can be modified with allyl, norbornene,
maleimide, or acrylate groups. Gelatin, for instance, can be
modified with allyl glycidyl ether (AGE), at 65 °C in alkaline
solutions, to yield allylated gelatin (gelAGE).”'® The
norbornene group, in turn, can be used to modify gelatin,217
HA,>"* alginate,””” and PEG.”*”**" Each polymer is modified
under specific conditions, depending on the type of
norbornene-containing reactant used for the modification.
The thiol moiety is usually donated by materials that are
commercially available like, for instance, dithiothreitol
(DTT)?*"” or thiolated-PEG.”'”**° The use of thiolated HA
is also reported as a thiol moiety for bioinks."””*** The
thiolation of this polysaccharide can be obtained by different
routes as described in a recent review by Griesser et al.'** For
example, Yan et al.”*’ used the thiol-maleimide reaction to
promote the reaction of thiolated gelatin with PEG function-
alized with two maleimide groups, forming a covalent network
with thioether bonds. The bioink was supplemented with
laminin-derived amphiphilic fibril-forming peptides that
supported the formation of a noncovalent network at 4 °C
and improved cellular adhesion.

3.2.3. Enzyme-Mediated Cross-linking Moieties. En-
zyme-mediated cross-linking is very attractive for bioprinting
purposes as it enables a highly specific bio-orthogonal control
of the gelation process. Despite its potential, very few studies
so far report on the use of enzyme-mediated cross-linking
methods to generate bioinks. Perhaps because of this,
horseradish peroxidase (HRP) is the only enzyme used and
described in the literature as capable of promoting the cross-
linking of polymers containing phenols (Ph), phenylamines,
indoles, sulfonates, and other similar groups in their
structures.””* When such groups are not present, as in the
case of HA,>® gelatin,225 and alginate,225 it becomes necessary
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Figure 5. Chemical groups typically used to mediate the chemical cross-linking of bioinks (R corresponds to the polymer, and X corresponds to the

chemical bond that is formed between the polymer and the modifying agent containing the group of interest (e.g, ester, amide).

to introduce a tyramine (Tyr) modification for the enzymatic
gelation to occur. The cross-linking occurs through the
oxidative coupling reaction of Tyr moieties, using hydrogen
peroxide (H,0,) as the oxidant reactant.”*® This type of cross-
linking is characterized by short reaction times, and the cross-
linking density of the hydrogel, that dictates its mechanical
properties, can be easily tuned by the amount of H,0,. This
strategy has been used recently to create hybrid HA-Tyr
bioinks for the encapsulation and 3D printing of mesenchymal
stem cell-laden constructs.”® Although some polymers have to
be modified to introduce the moieties needed to the HRP-
mediated cross-linking there are others that already possess
such groups in their structure. This is the case for silk fibroin
that, due to the presence of the tyrosine residues in its protein,
can be cross-linked through the HRP/H,O, route. Despite
being intensively studied for TE applications, the bioprinting of
silk fibroin is challenging because of the poor gelation kinetics
under mild conditions and lack of suitable rheological
properties at concentrations relevant to the printing process.227
This limitation can be circumvented by mixing and printing
silk fibroin together with rapidly gelling components that act as
support, while the gelation occurs upon addition of HRP/
H,0,. This approach has been reported by Compaan et al.,***
in which alginate cross-linked with Ca** ions acted as the
sacrificial support, while the enzymatic cross-linking of silk
fibroin took place.

3.2.4. Moieties for Dynamic Cross-linking. The Schiff-
base reaction is a type of reaction that involves the formation
of a dynamic covalent bond upon the ligation of aldehyde
groups with different amine nucleophiles. There are different
types of Schiff base linkages, including imines, hydrazones, and
oximes. Imines are obtained from the reaction of aldehydes
and amines, while the hydrazones and oximes are obtained
from the reaction of aldehydes with hydrazides and hydroxyal-
amines.””” These are dynamic bonds, meaning that they are
reversible and in constant equilibrium between the bound and
unbound state, while having significant higher strengths than
physical bonds. Hydrogels based on such type of cross-linking

are characterized by their %ood injectability, shear-thinning,
and self-healing properties.11 In the context of bioprinting, the
cross-linking mediated by this kind of chemistry is very
advantageous as it occurs under physiological conditions.
Besides, these hydrogels also display shear-thinning properties,
which are extremely beneficial in protecting cells from
damaging shear forces during printing.””° Wang et al.''®
prepared a bioink from HA derivatives bearing both hydrazide
and aldehyde groups. The obtained constructs exhibited high
shape fidelity, stability to relaxation, and high cytocompatibility
with encapsulated fibroblasts (>80% cell viability). In other
work, oxidized dextran hydrogels were functionalized with
aldehyde groups and gelatin for application in material
extrusion bioprinting. The reaction of the aldehyde moieties,
present in the dextran, with the amine groups of gelatin took
place at physiological pH, yielding imines.”*" Figure 5 gives an
overview of the main chemical groups involved in the chemical
cross-linking of bioinks.

3.3. Moieties for Physical Cross-linking

The cross-linking of polymeric materials can also be achieved
through physical interactions, but similarly to chemical
hydrogels, this can be controlled through further modification
of base polymers with specific moieties. Some exceptions are
alginate, gellan gum, and pectin, which gel in the presence of
cations or gelatin, poloxamer, and PNIPAAm, which gel above
or below specific temperatures.

3.3.1. Peptide or Oligonucleotide Conjugation.
Functionalization of polymers with peptides or oligonucleo-
tides is a method that allows the creation of aqueous-
compatible, weakly associated, reversible, and self-assembled
networks via molecular recognition. The use of peptides or
oligonucleotides presents several advantages, including the
abundance of functional groups in their structure (suitable as
conjugation sites to base polymers) and the well-established
solid-phase chemistry used for their synthesis (often using
automated systems) either with short peptides and oligonu-
cleotides or recombinant protein technology for long peptides.
The exploitation of protein—protein interactions between
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Figure 6. Demonstration of employing transient cross-linking in extrusion 3D bioprinting. (A) Schematic of gelatin chains physically cross-linked
through thermal gelation into a robust, solid gel at 17 °C, or a weak, semisolid gel at 30 °C. (B) Temperature sweep of 10% w/v gelatin showing
weak gel state at 30 °C. (C) Strain ramp revealing yield point of 10% w/v gelatin gel at 30 °C. (D) Storage modulus, complex modulus, yield strain,
and yield stress of 10% w/v gelatin at 25 °C (robust) and 30 °C (weak and printable), respectively. (E) A weak gel of MeHA chains physically
cross-linked through guest—host interactions: (1) is broken up through shear in the nozzle (2) and recovers upon exiting the nozzle (3), to be
further stabilized by photoinitiated chemical cross-linking (4,5). (F) Photographs of the printing process and a printed multilayer structure of
MeHA-based guest—host gels.260 (A-D) reproduced with permission from ref 309. Copyright 2017 Nature Publishing group under CC BY 4.0.
(E) adapted with permission from ref 238. Copyright 2016 American Chemical Society. (F) Adapted with permission from ref 260. Copyright 2009

Royal Society of Chemistry.

specific peptide domains is an interesting approach to be used
in bioprinting, as the gelation of the hydrogel occurs at
physiological conditions.”****> The technology used for the
gelation process is called mixing-induced two-component
hydrogel (MITCH) and has recently been reported by Dubbin
et al.>* for the preparation of a dual-cross-linked bioink. The
authors employed MITCH to formulate a dual-component
system based on alginate modified with proline-rich peptide
domains and a recombinant engineered protein. The peptide
domains were conjugated to alginate through the common (N-
hydroxysulfosuccinimide) (NHS) conjugation chemistry. The
other cross-linking method was based on the ionotropic
gelation of alginate with Ca** ions. The cell-laden constructs
exhibited high shape fidelity and over 90% of cell viability
(fibroblasts and human adipose stem cells) one week
postprinting. Analogous to peptide molecular recognition,
hybridization of DNA is an equally appealing approach to
bioink gelation. Combination of a polypeptide—DNA con-
jugate and a complementary DNA linker forms a gel within
seconds of mixing under physiological conditions due to the
DNA hybridization. The gel is degradable by proteases and
nucleases.””

3.4. Moieties for Host—Guest Interactions

Host—guest chemistry is based on the self-recognition and
noncovalent interactions between a receptor (host molecule)
and a Ii§and (guest molecule), yielding a supramolecular
complex.”>***> One of the most used host—guest interactions
is that between p-cyclodextrin (f-CD) and adamantyl
moieties, as the latter tightly fits the f-CD cavity, leading to
a host—guest complex association constant of 10* M.**
Highley et al.”*” reported the application of this type of
chemistry to create gels for bioprinting through the
modification of HA with adamantane or f-CD. Similarly,
Ouyang et al.*** developed a hydrogel based on a dual cross-
linking system, one of which was based on the f-CD-Ada
host—guest interaction between HA derivatives (Figure 6E,F).
The synthetic route used to modify the HA was the same as

previously reported by the authors.”*” Other common host—
guest interaction is that between cucurbit[6]uril (CB[6]) and
alkylammonium ions, in aqueous solutions. CB[6] tightly
binds amines (e.g, 1,6-diaminohexane (DAH)) in their
protonated forms to make very stable host—guest complexes
with a binding constant up to 10'° or 102>****" Shim et al.***
used CB[6] modified-HA and DAH modified-HA to prepare
multilayered constructs for osteochondral tissue regeneration.
Before the preparation of the constructs, HA was modified
with CB[6]°** and DAH groups.244

3.5. Moieties to Increase Bioactivity

A second class of modifications aims to introduce some of the
functionality that is inherent to cell-binding proteins, into
other polymers, both natural and synthetic. Typically, they
involve the introduction of synthetic oligopeptides that are
naturally found in the ECM.

3.5.1. Introduction of Cell Adhesion Motifs. The
arginylglycylaspartic acid (RGD) peptide sequence is by far
the most commonly incorporated cell-adhesion motif. RGD is
the minimal binding domain of fibronectin, and its popularity
stems not only from its relatively cheap cost of synthesis (being
a short peptide) but also because of its efficiency in targeting
integrin receptors, that allow cells to adhere to substrates that
would ordinarily not support cell growth very well.**’
Incorporation of RGD onto synthetic polymers is relatively
trivial given the abundance of chemical functionalities that are
available for conjugation. For instance, an acrylate-PEG-NHS
was functionalized with an RGD-serine peptide and was further
incorporated into PEGDA hydrogels using a commercial SLA
printer. As expected, the peptide improved cell viability,
proliferation, and spreading.”*® In another vein, a norbornene
moiety was introduced in the RGD peptide, and this was
conjugated to PEG-8-arm-thiol hydrogels using the thiol—ene
photochemistry.”*” The norbornene group was introduced in
the RGD sequence, by the reaction of S-norbornene-2-
carboxylic acid with the N-terminus of the peptide by the
HATU technology (i.e., using 1-[bis(dimethylamino)-
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methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexa-
fluorophosphate). Despite the ease of incorporation of the
RGD peptide into hydrogels, there is great potential in using
other peptides or proteins and combinations of these to
simulate diseased tissue’*’ or to drive stem cell differ-
entiation.”*® To the best of our knowledge, these approaches
have not yet been applied to bioprinting.

3.5.2. Introduction of Enzyme-Cleavable Linkages.
Modifying polymers with enzyme-cleavable links is an elegant
method to mimic the natural ECM remodeling found in tissue
and was made popular by Hubbell and Lutolf for bulk PEG
hydrogels.”*”**” In synthetic polymers, the enzyme-mediated
degradation might be achieved by inclusion of selected enzyme
substrates in the cross-linking molecules. For example,
although not strictly bioprinting, Fairbanks et al. photo-
patterned PEG-4-arm-norbornene with dithiolated chymotryp-
sin-degradable peptide and cysteine-RGD to control the
spreading of human mesenchymal stem cells (hMSCs).”"
Many of the natural polymers used in bioprinting will undergo
enzymatic degradation without the need for modification, but
for instance alginate,””">** one of the most used poly-
saccharides in bioprinting, does not present such ability. To
endow alginate susceptible to enzyme attack, Fonseca et al.”>
functionalized it with a matrix metalloproteinase (MMP)-
sensitive peptide. The functionalized polysaccharide was then
successfully used in the preparation hydrogels for the
encapsulation and release of hMSCs, being released faster in
the MMP-sensitive hydrogels. Although, not strictly related to
bioprinting, this work shows the potential of the enzyme-
cleavable alginate hydrogels as a cell-delivery material for tissue
engineering applications. Hydrogels prepared from gellan gum
were also provided with the ability of being degraded by the
action of enzymes. For such purpose, gellan gum was first
modified with divinyl sulfone moieties and then made to react
with a dithiol MMP1-sensitive cross-linker, through a Michael
addition reaction. The hydrogels were used to promote the
adhesion and proliferation of endothelial cells.”® The results
presented in this work confirm the potential of the developed
hydrogel as a bioink material for bioprinting applications.
Examples of this approach being used in biofabrication include
supramolecular polypeptide—DNA hydrogels®* and self-assem-
bling peptides,257 while the wider engineering of proteolytically
degradable artificial extracellular matrices was reviewed by
Fonseca et al.***®

3.6. Other Modifications

Besides the main objectives of cross-linking or augmenting
bioactivity, other modifications can be performed to make base
polymers more suited for a specific application. One type of
modification is aimed at influencing nonenzymatic degradation
kinetics. For example, partial oxidation of alginate®” or gellan
gum has been employed to speed up their degradation. For the
latter, perhaps an even more important result of the partial
oxidation is the lowering of the gelation temperature, while
native gellan gum260 gels when cooled below temperatures
exceeding 40 °C (depending on concentration), partial
oxidation brings this gelation temperature down into the
physiological range.”®” Other modifications are aimed at
improving processability with a specific technique, such as
the acetylation of gelatin to inhibit physical gelation, making it
more suitable for material jetting.”"

Additionally, to mechanically reinforce bioinks and facilitate
the generation of scaffolds of high stiffness, polymers can be

physically modified via blending of nanocrystalline inorganic
compounds. Nanoclays such as laponite, montmorillonite, and
sumecton’® and nanocomposites like hydroxyapatite’® can
be incorporated into hydrogel structures. The resulting
interactions between the hydrogel polymer network and
nanoceramic phase results in a significant increase in bulk
hydrogel stiffness and increase bioink viscosity, thus improving
printing resolution.**®

3.7. Bioink Formulations

Most bioinks are formulated by combining different polymers
with a set of different functionalities. Rarely is one type of
unadorned polymer used, as most miss one or more key
properties. For instance, gelMA has too low viscosity,”** HA is
viscous but does not solidify,”*® agarose solidifies but too
slowly.'® By judicious choice of bioink components, the
appropriate rheological properties can be met, greatly broad-
ening the repertoire of printable materials.

3.7.1. Methods for Improved Printability. MeHA has
been printed on its own but requires rapid photo-cross-linking
after printing.”*® Improvements in printability have been made
through functionalization to achieve short-term stability to
printed constructs by physical gelation prior to photoinitiated
cross-linking*®*” or combined with a thermoresponsive
PNIPAAm grafted HA to obtain short-term shape stability.”*°
As mentioned before, collagen is a highly desirable material for
bioprinting, however, its inherent cross-linking ability makes
the process very difficult to control, with repercussions in the
properties of the 3D construct which usually exhibits low
mechanical stability."*” Although some works in the literature
report the use of neat collagen as a biomaterial ink,**’ it is
important to mention that, due to the particularities of
collagen, some modifications to the printing processes were
needed to generate 3D constructs of good quality. In this
sense, and as a way to improve the quality of the constructs
without changing the printing processes, the use of mixtures of
collagen with other polymers, both natural and synthetic, are
being used for 3D bioprinting, as reviewed in ref 267.
Formulations of alginate and gelatin were optimized by
Ouyang et al, who classify the inks into “under-gelation”,
“proper-gelation”, and “over-gelation” to supplement their
more quantitative “printability characteristic” parameter based
on how close were the shape to squares at the point where two
struts overlap (the interconnects).”*® By doing so, they attempt
to address the challenge that there is no universally accepted
definition for printability, although attempts at standardization
have been made.”””™*"' The aim of Ouyang et al. was to
investigate the effect of the ratio of alginate to gelatin,
temperature, and holding time on the rheological properties.
This last parameter, holding time, is one often overlooked. For
many of the ratios of alginate to gelatin at different
temperatures, the holding time had no effect on the
printability, but at low temperatures (25 °C) and high gelatin
concentration, the printability became worse with holding
time. In other words, the bioink was gelling in the syringe.
Alginate/gelatin has also been formulated with hydroxyapatite
for radiopacity, osteogenicity, and mechanical stiffness.””” The
viscosity was dictated largely by the hydroxyapatite loading (up
to 8%) and also increased the gel point from to 25.6 °C (no
hydroxyapatite) to 28.2 °C (8%). Combining materials is one
way to obtain the desired rheology; functionalizing polymers
with reversibly interacting groups to form weak printable gels is
another way, which arguably allows tailoring of rheology more
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independently from final properties, which will be decisive in
its success as a 3D cell culture substrate postprinting.

3.7.2. Photoinitiators in Bioinks. Radical and thiol—ene
photopolymerization are the most used methods to promote
postprinting cross-linking. This requires the presence of a
photoinitiator in the bioink formulation. To date, a limited
number of photoinitiators have been reported for bioprintin§,
mainly due to their cytotoxicity and poor water solubility.””*
The most commonly used photoinitiator for bioprinting is the
commercially available Irgacure 2959 (2-hydroxy-4'-(2-hydrox-
yethoxy)-2-methylpropiophenone), identified as the only
viable candidate for the preparation of cell-laden hydrogels
by UV photo-cross-linking, in a pioneering comparative study
testing several commercial initiators for cell encapsulation.””
Irgacure 2959 has, however, limited water solubility and low
quantum yield,””* but still remains popular due to the lack of
alternatives. The need to use UV light to cross-link polymers in
the presence of cells is often met with alarm due to the
perceived potential to cause DNA dimerization””> and other
damage due to the high concentration of free radicals present.
Of course, any photochemical events will be highly dependent
not just on the wavelength used but also the intensity and
duration as well as any other competing radical chemistry (e.g.,
free radical polymerization). Examination of gene expression in
hMSC:s irradiated with UV in the presence of functional PEG
concluded that changes in gene expression were observed not
due to the use of UV light but rather due to the polymerization
system used.”’® Yet, there is a strong drive toward the
application of visible light photoinitiators such as lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP),””* ruthe-
nium (Ru)/sodium persulfate (SPS),””” and eosin Y."*"*”
The latter can be excited with visible light within the green
spectrum (500—56S nm), such that it releases eosin radicals
capable of chemically cross-linking hydrogel solutions. This
consequently facilitates the generation of bioprinted structures
using SLA with a visible light source, replacing the need for UV
radiation, and this has been shown to significantly increase cell
viability.''” While the use of visible light may potentially cause
less damage to the cells and be cheaper in terms of the light
source, presumably much greater care must be taken to avoid
undesirable stray-light cross-linking events prior to bioprinting.
Even so, the search for more eflicient photoinitiators than the
commonly used UV active Irgacure 2959 is sure to continue. In
a completely different vein, Tromayer et al.”’* conjugated a
two-photon initiator onto the hyaluronic acid (HAPI)
backbone and used this new conjugate as the photoinitiator
in the bioprinting of gelMA. The cytotoxicity tests indicated
that the HAPI was less cytotoxic than the conventional water-
soluble two-photon initiator from the family of the cyclic
benzylidene ketones. Also the cells in the construct presented
higher viability after S days of printing. This promising novel
strategy of conjugating the photoinitiator onto the polymer
prevents the cellular uptake of the small photoinitiator
molecule that is cytotoxic and could potentially be applied to
most photoinitiating systems currently used.

3.8. Bioink Sterilization

An often overlooked, but important, aspect of bioprinting
using bioinks is sterilization, especially when the bioprinted
product is to be used in vivo. Obviously, like any cell therapy,
terminal sterilization of cell bioink constructs is not possible,
but fortunately the high level of automation intrinsic to robotic
bioprinting means that the process itself should be amenable to

aseptic closed process manufacturing. Sterilization of the
bioinks prior to bioprinting, however, creates challenges. This
is exacerbated by the sensitivity of the bioprinting process to
small changes in physicochemical changes that can occurring
during sterilization processing.

Common sterilization methods such as gamma-irradiation
and steam treatment (autoclaving) can be detrimental to the
physical properties of polymers and result in a change to their
rheological properties. Autoclaving of alginate (either in
solution or dry form), gelatin, gelMA, HA, and HAMA leads
to nonprintable, low-viscosity materials.””***" Similarly, and
not surprisingly, gamma-radiation treatment of gelMA reduced
printability as it is susceptible to modification of the sol—gel
transition due to chemical changes in the polymer,”" as well as
presumable radiation-initiated polymerization of the meth-
acrylate groups. Using lower energy photons such as UV
radiation does not impact printability of alginate but does not
fully sterilize the material.”* Ethylene oxide sterilization has
been recommended for gelatin, gelMA, HA, and HAMA>"
and has also been shown to work with alginate but comes with
high safety requirements, high cost,”* and potential long-term
health concerns as a carcinogen.

Filtration through common small pore filters (e.g.,, 0.2 ym)
is a well-established method for sterilization has been used to
sterilize alginate solutions prior to encapsulation of pancreatic
islets for implantation into macaques.282 For bioprinting,
sterile filtration caused no change in physicochemical proper-
ties and printability for alginate,”*" but for gelMA some high
molecular weight fraction was removed, thereby affecting the
bioprinting.””

The important issues of sterilization of bioinks and aseptic
bioprinting are not insurmountable challenges, however, it is
clear from the recent literature that the sterilization method
must be matched to the polymer and the printing method.
Beyond alginate, gelatin, gelMA, HA, and HAMA, though,
there is little evidence on how sterilization affects the
rtheological properties of bioinks, hence warranting further
investigation. Similarly, novel sterilization methods such as
super critical CO, may provide a means for gentle
sterilization”**** of bioinks.

3.9. Commercial Bioinks

Prompted by recent technological developments, bioprinting
has found numerous applications in the field of medical
research. With an increasing demand for printable materials
capable of supporting cell function, many companies have
turned their attention to the development and commercializa-
tion of bioinks. The Swiss company RegenHU Ltd.
commercializes since 2017 the ECM-Bioink, which is a grade
of bioinks based on self-assembly peptides.”®> The company
offers five different bioink grades that differ in the electrical net
charge and stiffness of the obtained scaffold. As stated in the
company Web site the ECM-Bioink were successfully used in
supporting the growth and differentiation of a wide range of
cell types, including fibroblasts, stem cells, neurons, etc. The
company also sells Osteolnk, an ink based on calcium
phosphate, that is mainly used for hard tissue engineering,**’
All these inks were designed and optimized to work exclusively
with the 3D Discovery and BioFactory printers, also
commercialized by RegenHU, which can somehow be a
limiting factor for a more widespread use of this technology.
Biogelx is a Scottish company founded in 2013 as a spin-off
of the University of Strathclyde. It commercializes bioinks
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Table 3. Overview of Commercially Available Bionks for 3D Bioprinting

bioink

ECM-Bioink

Biogelx-INK-S

Biogelx-INK-RGD
Biogelx-INK-GFOGER

Peptilnk series

Gel4Cell
Gel4Cell-peptide

A Series

CELLINK series

collagen series

GelMA series

GelX series

LifeInk series

PhotoCol series

PhotoGel series

material

RegenHU Ltd.
self-assembly peptides
BiogelX
self-assembly peptides

self-assembly peptides functionalized with biorelevant peptide sequences

Manchester BIOGEL
alpha 1: self-assembly peptides (neutral charge)
alpha 2: self-assembly peptides (charged)
alpha 4: self-assembly peptides (charged)

Bioink Solutions Inc.
GelMA

GelMA functionalized with growth factors mimetic peptides

Cellink Life Sciences
alginate (CELLINK A)
RGD-functionalized alginate (CELLINK A-RGD)

alginate and nanofibrillar cellulose (CELLINK), CELLINK supplemented with fibrinogen (CELLINK
FIBRIN and CELLINK SKIN), laminin (CELLINK LAMININ), and CELLINK in which the alginate

was functionalized with RGD (CELLINK RGD)

collagen type 1 (Coll 1) or collagen methacrylate (ColMA)

GelMA and carbon nanotubes (Bio Conductink)

GelMA

GelMA and alginate (GelMA A)

GelMA and CELLINK (GelMA C)

GelMA with methacrylated hyaluronic acid (GelMA HA)

solution of GelMA with high concentration (GelMA HIGH)

GelMA, xanthan gum, and alginate (GelXA)

GelMA, xanthan gum, alginate, tricalcium phosphate, and hydroxyapatite (GelXA BONE)

GelMA, xanthan gum, alginate, and fibrinogen (GelXA FIBRIN)

GelMA, xanthan gum, alginate, and various laminins (GelXA LAMININ)
GelMA, xanthan gum, alginate, and fibrinogen (GelXA SKIN)

GelMA, xanthan gum (GelXG)

Advanced Biomatrix
collagen type 1 (LifeInk 200)
acidified collagen type 1 (LifeInk240)

ColMA (PhotoCol)
ColMA + Irgacure (PhotoCol-IRG)
ColMA + LAP photoinitiator (PhotoCol-LAP)

ColMA + ruthenium photoinitiator (PhotoCol-RUT)
GelMA (PhotoGel)

GelMA + Irgacure (PhotoGel-IRG)
GelMA + LAP photoinitiator (PhotoGel-LAP)

type of cross-linking

self-assembly
self-assembly

self-assembly

self-assembly
self-assembly

self-assembly
UV cross-linking
UV cross-linking

ionic gelation

ionic gelation or Ionic gelation/throm-
bin (in the case of bioinks supple-
mented with fibrinogen)

self-assembly (Coll 1) and self-assembly
followed by UV cross-linking
(ColMA)

photo-cross-linking (LAP photoinitia-
tor)

photo-cross-linking (LAP photoinitia-
tor)

photo-cross-linking (LAP photoinitia-
tor), followed by ionic gelation

photo-cross-linking (LAP photoinitia-
tor), followed by ionic gelation

photo-cross-linking (LAP photoinitia-
tor)

photo-cross-linking (LAP photoinitia-
tor)

photo-cross-linking (LAP photoinitia-
tor) and ionic gelation

photo-cross-linking (LAP photoinitia-
tor) and ionic gelation

photo-cross-linking (LAP photoinitia-
tor), ionic gelation and thrombin

photo-cross-linking (LAP photoinitia-
tor) and ionic gelation

photo-cross-linking (LAP photoinitia-
tor), ionic gelation and thrombin

photo-cross-linking (LAP photoinitia-
tor)

self-assembly

self-assembly

photo-cross-linking
UV cross-linking (365 nm)

blue light mediated cross-linking
(405 nm)

visible light mediated cross-linking
(400—450 nm)

photo-cross-linking
UV cross-linking (365 nm)

blue light mediated cross-linking
(405 nm)
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Table 3. continued
bioink material type of cross-linking

Advanced Biomatrix

GelMA + ruthenium photoinitiator (PhotoGel-RUT)

PhotoHA series HAMA (PhotoHA)
HAMA + Irgacure (PhotoHA-IRG)

HAMA + LAP photoinitiator (PhotoHA-LAP)

HAMA + ruthenium photoinitiator (PhotoHA-RUT)

thiolated HA (HA-SH) and PEGDA (HyStem )
HA-SH, PEGDA, and thiolated gelatin (HyStem-C)

HyStem series

HA-SH, PEGDA, thiolated gelatin and thiolated heparin (HyStem-HP)

HA-SH, thiolated gelatin, PEG-norbornene

visible light mediated cross-linking
(400—450 nm)

photo-cross-linking
UV cross-linking (365 nm)

blue light mediated cross-linking
(405 nm)

visible light mediated cross-linking
(400—450 nm)

Michael addition
Michael addition
Michael addition

Michael addition mediated by UV
photo-cross-linking (365 nm)

UPM Biomedicals

Growlnk nanofibrillar cellulose (GrowInk-N)

anionic nanofibrillar cellulose (GrowlInk-T)

nanofibrillar cellulose with alginate (GrowInk-ALG)

self-assembly

self-assembly (with possibility of post-
cross-linking)

self-assembly and ionic cross-linking

based on self-assembly peptides.”®” It has, in its products’
portfolio, three grades of bioinks: Biogelx-INK-S, Biogelx-INK-
RGD, and Biogelx-INK-GFOGER. The first one is solely based
on the self-assembly peptides, whereas in the other two the
peptides were functionalized with bioactive molecules, namely
RGD and tripeptide sequences present in collagen for
enhanced biofunctionality. Manchester BIOGEL, founded in
2014, also produces bioinks based on self-assembly peptides.
Its bioinks exhibit shear-thinning properties, being suitable for
use in extrusion-based systems. Different grades of bioinks are
available, being the main difference between them the charge
and type of functionalization that is made with specific
biomimetic sequences.”*”

Bioink Solutions Inc. is a Korean company that sells bioinks
based on gelMA, the Gel4Cell. The other grade of bioinks, the
Gel4Cell-peptide, are functionalized with specific growth
factors-mimetic peptides. CellinkLife Sciences, a Swedish
company, was founded in 2016 and is one of the most
important players regarding commercial bioinks. Interestingly,
and despite commercializing also their own 3D bioprinting
technology, the company was the first to develop and ofter to
their clients “standard™ bioinks that can be used in any
extrusion-based printer. The company has in its portfolio™*” a
variety of bioinks, for several applications, based on the most
common base polymers (e.g, alginate, collagen, gelMA), and
mixtures of them (e.g, gelMA and alginate) or in mixtures of
such polymers with others less common in bioprinting (e.g.,
xantham gum, nanocellulose). The main cross-linking methods
are the ionic gelation or photopolymerization along with ionic
gelation. Advanced Biomatrix is a North American company
that, similarly to CellinkLife Sciences, commercializes bioinks
based on the main base polymers (e.g, collagen, gelMA,
ColMA, and HA-MA).*”° Regarding the cross-linking
methods, the most used is photo-cross-linking and for some
bioink series (PhotoCol-RUT, PhotoGell-RUT, PhotoHA-
RUT), this can be accomplished under visible light. This is
highly advantageous because visible light does not have any
deleterious effect on cells. In the beginning of 2020, UPM
Biomedicals, a Finnish company, launched the GrowlInk, which
is a series of bioinks based on nanofibrillar cellulose. The

company claims that the viscosity of the bioinks can be easily
manipulated in order to achieve the construct with the right
mechanical properties for the embedded cell line. The cell
laden constructs are made by extrusion bioprinting and the
Growlnk is compatible with many of the commercially
available bioprinters.””’ Table 3 gives an overview of some
of the bioinks available in the market (many more are under
development), along with the mechanisms of cross-linking and
main producers.

Other companies like Allevi, Brinter, or Sigma-Aldrich also
supply bioinks, but these are mainly based on the solutions
presented in Table 3. Allevi, for instance, commercializes the
bioinks developed by Advanced Biomatrix. Brinter, in turn,
presents the general characteristics of different base polymers
that can be used to formulate bioinks but does not have
available a bioink portfolio.

4. STRUCTURE AND PROPERTIES OF POLYMERS IN
BIOPRINTING

4.1. Rheology

Stating that many bioprinting techniques rely on a liquid-to-
solid transition would be an oversimplification. Being
polymeric systems, for bioinks many states exist between a
(purely viscous) liquid and a (purely elastic) solid. Often, a
gradual or stepwise progression from liquid-like to solid-like is
required to ensure the ink can be processed into a designed
shape and have sufficient stability to retain the final shape.
Such transient behavior cannot be summarized in a single
parameter; hence, it is important to look at several rheological
parameters and behaviors together, including viscosity, shear
thinning, yield stress, and recovery. A good daily life analogue
is the application of tomato ketchup onto a plate with food. It
takes a certain amount of squeezing force to start the flow of
sauce out of the bottle (yield stress), then to increase the flow
takes only little extra force (shear thinning), and once it lands
on the plate, it should stay in place and not spread out into a
thin layer (recovery). As more and more studies into the
rheology of bioinks are published, generic parameters that are
associated with “good printability” are becoming apparent.
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Naturally, the requirements of rheology strongly depend on the
modality used. Material extrusion is the most widely used
technology for bioprinting; yet the rheological profiles of well-
performing inks are typically complex. Hence, the importance
of rheology of polymeric systems technique will be discussed in
particular detail for this technique, followed by a short
discussion of differences in rheological properties seen in
inks used with other bioprinting modalities.

4.1.1. Viscosity. Several leading reviews report
30—600 X 10° mPa-s as the viscosity range used for extrusion
bioprinting, all referring to a publication that employed
poloxamer 407 at 25—40% w/v, corresponding to 20—28.6
wt %.">* Many bioinks (and polymer solutions in general)
show a strong shear rate dependency, therefore viscosities
should always be reported alongside the shear rate at which
they were measured. A typical range of shear rates for extrusion
bioprinting would be 107'=10° s7', so it is worthwhile to
compare the viscosities of different bioinks at 10* s™'. At this
shear rate, 28.6 wt % poloxamer 407 shows a viscosity of
approximately 6 Pa-s, S orders of magnitude lower than the
widely reported upper value.””” Other bioinks show similar
viscosities in the range of 1—25 Pa-s around the same shear
rate,””* " implying this to be a target value for formulating
bioinks for this technique. As the main function of viscosity is
to counteract the detrimental effects of gravity and surface
tension, much lower viscosities could result in widening of a
printed filament or its breaking up into droplets and sagging/
flow of a printed shape. On the other hand, much higher
viscosities would result in increasing fabrication times (as a
result of lower flow rates) and/or potential damage to cells by
being subjected to high shear stresses. For example, a 10%
increase in cell death was observed when MSCs in a 10%
alginate ink were deposited through a 210 ym needle at 3 bar
pressure, while lower pressures showed no difference from
unprinted controls.””” Nair et al. saw higher cell deaths of 40%
at 2.8 bar and 250 um and still 25% at 1.4 bar and 400 ym
using a similar alginate-based bioink, demonstrating that some
cell types (endothelial cells in this case) are more sensitive to
shear stress than others.”>” Although shear stress is the main
parameter in process-induced cell death in most bioprinting
cases, for very sensitive cells such as embryonic stem cells,
other factors like gel concentration and temperature during the
holding time prior to printing can cause significant cell death as
well”® The effect of shear stress on cell damage was
investigated in detail using Schwann cells and 3T3 fibroblasts
combined with mathematical modeling, leading to the
establishment of a generalized “cell damage law” which
accurately predicts the percentage of cell death induced by
bioprinting as a function of force and exposure time.””' In a
follow-up study, the same cell damage law was used to predict
that straight/cylindrical nozzles would lead to much higher
shear stresses and cell death than tapered/conical ones at a
similar flow rate, which was confirmed experimentally with
high correlation.’®* Additionally, with tapered nozzles higher
flow rates can be achieved at much lower pressures, allowing
the use of viscous inks at considerable speeds with minimal cell
damage. The researchers also found that in contrast to shear
stress, hydrostatic pressures have a minimal effect on cell
viabilitg, with no significant effect at all up to S00 kPa (S
bar).*"

4.1.2. Shear Thinning. Many polymer solutions including
bioinks show shear thinning. As shear rates are increased, the
random coils of polymer chains are unwound, and the chains

28,292,293

are stretched in the direction of the flow. This change in
conformation reduces entanglements and flow resistance, and
hence viscosity. Shear thinning can be expressed as the flow
index n in the power law model, which fits many polymer
systems: 7 = K", in which 7 is shear stress (Pa), K the
consistency index (in Pa-s), and y shear rate (s™'). At n = 1,
there is no shear thinning, while an increased deviation toward
0 indicates a stronger shear thinning effect. For semidilute
polymer systems n depends on molecular weight and
concentration and is typically in the range of 0.5—0.9. Much
stronger shear thinning often indicates additional interactions
contributing to increased viscosity at low shear rates, such as
ionic interactions in partially precross-linked alginate®” or
entangled micellar coronas in poloxamer 407 (explaining the
strong shear thinning despite the low molecular weight). Shear
thinning can facilitate bioprinting by reducing the viscosity at
high shear rates within the nozzle, followed by a sharp increase
in viscosity after the material is deposited and only the smaller
forces of gravity and surface tension remain. A good example is
that of MeHA functionalized with either adamantane or j-
cyclodextrin groups.”*® These groups bind reversibly via
guest—host interaction, creating a supramolecular assembly
upon mixing that increases viscosity, particularly at low shear
rates (Figure 6E). As a result, flow of printed filaments is
slowed down considerably, allowing time for photoinduced
cross-linking through the pendant methacrylate groups and
making hyaluronic acid into a printable bioink (Figure 6F).***
It should be noted that shear thinning alone is by no means a
guarantee for printability. For example, gelMA solutions of
10% at 37 °C show considerable shear thinning, yet drip out of
a nozzle rather than forming filaments.”**** A gelMA solution
requires partial thermal gelation®” or addition of other
components increasing its viscosity’®* or inducing a yield
stress.”’”* For example, addition of 1% gellan gum at a tailored
cation concentration greatly improved printability of 10%
gelMA by inducing yield behavior, without changing the
magnitude of shear thinning.'”"*** Besides facilitating
printability, shear thinning can have a protective effect on
encapsulated cells. For a Newtonian liquid flowing through a
nozzle, the shear rate profile increases linearly from the center
to the needle wall. For shear-thinning fluids, this profile
becomes more parabolic, meaning a smaller part of the printed
cell population will be transported closely along the wall, where
shear stresses are high. Additionally, the residence time of an
equal fraction of the cell population traveling near the wall will
be shorter with increased shear-thinning, with shorter exposure
likely leading to less damage. This was demonstrated by Paxton
et al, who modeled shear profiles through the nozzle and
calculated residence time distributions.”” By simulating longer
term (60 s) exposure to shear stress in a rheometer, they
showed a reduction of cell viability at higher shear rates that
was not noticeable in bioprinted samples, in which only a small
part of the cell population is exposed to shear forces for a long
time. The combined importance of residence time and shear
stress was also demonstrated by Snyder et al.,, who performed
similar modeling and corroborated the results experimentally
using MSCs.” These reports demonstrate how shear-thinning
protects the majority of the cells against excessive shear forces.
Furthermore, shear-thinning gels can protect cells from
damage particularly at the entrance of a needle when dispensed
from a syringe, as has been studied in detail for stem cell
delivery via injection.”***"”
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4.1.3. Yield Stress. Yield stress is emerging as an important
quantitative parameter determining printability. It refers to the
threshold stress required to initiate flow, implying that below
this threshold the material behaves like a solid. Advantages of
this behavior are the elimination of cell settling in the print
cartridge as well as the retainment of shape directly after
printing. Yield behavior in bioinks is typically the result of the
presence of a polymer network with weak and reversible
interactions that can be broken up by moderate flow and re-
form when the flow-induced stress is removed. Interactions
employed in bioprinting to induce yield behavior include
partial chemical cross-linking,”*® partial physical cross-link-
ing,309 or weak ionic cross-linking such as for gellan gum with
tailored ionic strength.””* Some studies have quantified yield
stress through rheometry, which potentially serves as a potent
design parameter for bioink development. For example,
Laronda et al. employed partial physical cross-linking of 10%
w/v gelatin at 30 °C to obtain a yield stress of 233 Pa, which
was deemed optimal for printing gelatin constructs (Figure
6A—D).”” Well-defined structures were printed at 30 °C,
whereas at 37 °C the same 10% gelatin solution is a low-
viscous liquid that drips from a nozzle when extruded. At 25
°C, however, the gelatin (now exhibiting a yield stress of 5,042
Pa) becomes too robust to be extruded. Where yield stress is
the stress required to initiate flow, yield strain is the
deformation of the gel at that point. In the example here
described, yield strain was 518% for the weak gel at 30 °C and
119% for the rigid gel at 25 °C. As gels are mostly elastic up to
the yield point, the ratio of yield stress over yield strain
corresponds closely to the gel’s apparent modulus, which was
45 Pa and 2640 Pa for the weak and rigid gels, respectively.
Interestingly, a study into poloxamer 407 and its methacrylated
form for use as reinforcing inks for bioprinting found very
similar values for yield stress (in the 200—400 Pa range) of
printable formulations (all 28.6 w/w at 20 °C).*?> A systematic
study into the influence of yield stress in nonbiological
extrusion-based 3D printing corroborated these numbers,
relating the yield stress to the maximum achievable curvature.
For example, a particle-loaded ink with surface tension of
approximately 0.02 N/m required a counteracting yield stress
in the order of 100 Pa to prevent shape distortion of sin§le
filaments and overhangs of 0.2 mm radius of curvature.’'’
Besides the above examples on printing of cell-free inks,
evaluation of yield stress has also been performed for cell-laden
bioinks. For example, Mouser et al."”" identified yield stress as
an important parameter governing the printability of bioinks
for cartilage bioprinting, composed of gelMA and gellan gum.
At the optimal conditions (10% gelMA + 0.5% gellan gum in
0.09% saline at 28 °C), a yield stress of 482 Pa was
measured.'”" As an essential feature for cell printing, this study
also related yield stress to the ability to obtain a
homogeneously mixed, air bubble-free cell-laden ink.
GelMA/gellan composite gels with a yield stress of 35 Pa
and higher were too solid to enable the mixing in of cells.
Notably, the optimal composition mentioned above that was
best printable at 28 °C with a yield stress of 48.2 Pa, could be
mixed with cells at 37 °C when its yield stress was
approximately 6 Pa. It is therefore important to formulate
bioinks that allow mixing in of cells in a state of low yield
stress, which would subsequently be increased to higher levels
for accurate printing. Others have reported yield stresses for
printable gels that are higher than the values above, for
example, combining gelatin with a PEG-disuccinimidyl valerate

cross-linker (PEGX).”” Gelatin was used at 2—3% with a
PEGX:gelatin ratio of 0.2, or 5% gelatin at 0.1 PEGX:gelatin at
37 °C, resulting in yield stress values of 144—2,130 Pa.
Combinations of higher gelatin concentration or/and higher
PEGX:gelatin ratio resulted in robust gels of yield stress
around 3 kPa and were either unable to be extruded, or
required significant pressure, producing inconsistent strands at
very slow mass flow rates.”” The strategy of employing thermal
gelation to improve the printability of cell-free gelatin
described above was later extended to cell-laden gelMA,
where cooling enabled the extrusion of lower concentrations of
gelMA through partial solidification, at increased viscosity and
storage/loss moduli (yield stress was not assessed here).**®
The bioink herein is referred as “gel-phase bioink”, as in the
absence of flow these gels have a solid-like appearance. In
conclusion, yield behavior is important in determining
printability of a bioink, with the suitable range of yield stress
values being approximately between 2 Pa and 2 kPa for
printing, while at the time of mixing in cells, yield stress should
be below 35 Pa, or absent.

4.1.4. Recovery. Recovery of bioinks refers to the rate at
which a cohesive mechanism is restored after being broken up
by shear. Recovery is often measured on a rheometer by
exposing the ink to a low and a high shear rate alternately (e.g,,
0.01 and 100 s™"), and assessing how viscosity (in continuous
flow mode) or storage and loss moduli (in oscillatory mode)
are restored over time. For highly printable formulations such
as 25% poloxamer 407, the recovery is too fast to be followed
in a rheometer; after a plateau of 1.5 Pa-s viscosity at 895 s~
shear rate, the first data point when decreasing shear rate to
0.01 s™" is already at 5 X 103 Pa-s, at which flow is negligible.”*
For slower recovering inks, the increase in mechanical
properties over time gives an indication of the deformation
that can be expected after deposition of a filament, or of the
swiftness required to provide additional stability through cross-
linking. For example, the solidification of gelatin (or gelMA)
through thermal gelation is too slow to rely on a recovery
mechanism,*"" therefore, in order to print it, recovery has been
improved by partial gelation prior to printing,*'* very tight
temperature control throughout the cartridge and nozzle, or by
supplementing with faster recovering alginate®"’ or gellan
gum.’** Recovery rates are also strongly dependent on
concentrations of polymer and cross-linker molecules.”'*

In summary, the ideal bioink for extrusion printing with high
shape fidelity shows a number of rheological characteristics and
will progress through several states of liquid-like or solid-like
appearance during the process of bioprinting (Figure 6). If one
parameter had to be selected to judge printability it may be
yield stress, however, it does not tell the whole story. In the
earlier example of methacrylated HA functionalized with
groups that bind reversibly via guest—host interaction, shear
thinning was identified as the main parameter improving
printability.”*® In oscillatory strain sweep mode, yielding was
observed at a certain strain, which the authors also recognized
as essential for hydrogel extrusion. However, a simple vial
tilting test showed considerable gravity-induced flow after
approximately 10 min. This is 2 orders of magnitude slower
than for methacrylated HA without guest—host groups, giving
enough time for additional photoinitiated cross-linking, but
indicated yield stress alone was not enough to keep the printed
structure. It is likely that the magnitude of yield stress will
depend on the rate at which it is measured, and fast recovery
plus additional shear thinning will aid in printability.
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4.1.5. Other Techniques. Material jetting bioprinting
relies on low viscosities of 3.5—30 mPa-s (for reference, water
has a viscosity of 1 mPa-s),”® greatly limiting the use of
polymers in inks unless at very low concentration and/or
molecular weight. These techniques have therefore been seen
as more suitable for 2D patterning of cells or proteins, which
formed the pioneering work in the bioprinting arena.”””*”* To
use material jetting for 3D printing, a cross-linking solution can
be printed onto a viscous pregel, such as the printing of CaCl,
onto sodium alginate.’’> For nonbiological applications,
printing of small unsaturated molecules followed by rapid
photocuring into polymer networks has been developed into
the PolyJet technology commercialized by Objet (currently
Stratasys), which enables the fast 3D printing of smooth and
accurate objects with a range of material properties and
gradients thereof. This shows that the strict requirement of low
viscosity does not exclude material jetting technology from
being used for 3D printing, and more development in the area
of bioprinting is to be expected. Besides viscosity, other
rheological phenomena are of importance as well for this
technology. The same principles of cell protective effects due
to shear thinning are at play in material jetting processes.
Furthermore, the yielding behavior of gellan gum has been
exploited in these systems to obviate the persisting problem of
cells settling in the cartridge.”'® Because of its orifice-free
nature, laser-induced forward transfer (LIFT) can handle
bioinks of a somewhat greater viscosity range of 1—300 mPa-
s.>'° Inks used for LIFT-based bioprinting include cells
suspended or protein dissolved in culture media,>"” nano-
hydroxyapatite suspensions,”’® and (cell-laden) sodium
alginate at 1% w/v,”" all used for patterning on a 2D
substrate. The fabrication of 3D tissues via this technique has
been proposed through the alternating deposition of a layer of
substrate (here Matrigel) and a cell pattern printed onto it.**’
In stereolithography, viscosities up to S Pa-s (similar to
extrusion bioprinting) have been reported,”' which is limited
by the layer recoating process. Yet a reasonably high viscosity
slows down diffusion of propagating radicals out of the
exposed area and of monomers and photoinitiator into the
exposed area, thus improving the print resolution. The
subsection above focused on the viscosities of inks used in
several 3D printing techniques. Regardless of the printing
technology employed, a small yield stress or high zero-shear
viscosity might aid in preventing cell settling in the ink
reservoir'** and shear-thinning may facilitate processes and
reduce cell damage from shear stresses.

4.2, Stiffness and Network Topology

Structural features of a 3D network determine its stiffness and
make a major contribution to controlling cell behavior. So, it is
critical to consider the properties and influence of the natural
matrices surrounding cells of interest when seeking to create
the tissue engineered environment. It has become firmly
established in the literature, originating from the work of
Engler et al,**? that stiffness is a fundamental driver of cell
differentiation trajectory. A major contributor to the stiffness of
tissue is the ECM, in particular collagen. Using mesenchymal
stem cells, the original paper indicated that a soft matrix
around 1 kPa, akin to brain, was conducive to formation of
cells with neuronal attributes while an intermediate stiffness
(10 kPa) matrix facilitated differentiation toward muscle-like
and rigid (100 kPa) matrices toward bone-like cells.
Consequently, differentiation of a whole range of cell types
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including muscle,> c::trtilage,"’z4 cardiomyocytes, endo-
thelial cells’® as well as bone’* have been investigated
further, showing a preference for a particular range of matrix
stiffnesses for stable differentiation and function, loosely
related to that of their in vivo niche. Since then, we have
also learnt that there is a complex mechanotransduction
pathway, including cell surface molecules like integrins and
channel proteins like TRPV and piezo receptors connected
through numerous cytoplasmic transducer molecules and the
cytoskeleton to gene activation and cell behavior. These
together with nuclear lamina proteins and nuclear shape
comprise the machinery which senses external matrix stiffness.
Hippo pathway components Yes-associated protein (YAP) and
transcriptional activator with PDZ binding motif (TAZ) as
transcriptional coactivators are central to nuclear mediation of
substrate mechanosensing: phosphorylation of Yap holds it in
the cytoplasm, but activation of the stretch response and actin
cable formation leads to its dephosphorylation and trans-
location to the nucleus. These pathways respond to the nature
of the ECM, regulating how matrix stiffness together with
nanotopography, which mimics it in many ways, dictate gene
expression, cell proliferation, cell function, and differentiation.
Changes in substrate stiffness can alter the size, composition,
and density of focal adhesions which transfer cues from the
ECM to the cytoskeleton. Moreover, cell elongation and
associated cytoskeletal polymerization, influenced by stiffness
and ligand type and density, can dramatically influence cell
differentiation®****" also shown to be dependent on the
stiffness of the cells themselves.””> The mechanotransduction
mechanism can in turn drive matrix stiffness and in one
example (TRPV4 and epidermal keratinocztes) drove
epithelial-mesenchymal cell type transition.”*” Further,
physical cues from the matrix can change the effect of growth
factors and other biochemical ligands. For example, PSCs’
stiffness related Yap localization and spreading is reliant on
stiffness but in conjunction with biochemical ligand cues and
regulated by both the nature but also the density of the
biochemical ligands.***

Cells can migrate through 3D matrices in two distinct ways:
either through proteolytic (mesenchymal) or nonproteolytic
(amoeboid) strategies.”> The latter occurs particularly in
softer gels through physically pushing the gel aside, thereby
taking advantage of pre-existing microcracks and/or forming
new ones. The former can occur in gels of any stiffness as lon
as cleavable links are present, either naturally or engineered.”
As cross-link density controls stiffness (the importance of
which is iterated above), cross-link density is probably one of
the most important factors influencing encapsulated cells.**®
However, other topological features of polymer networks also
influence cell behavior. Within hydrogels, topology originates
from nano-/microstructures relating to network heterogeneity
based on the underlying architecture of the polymers,
porogens, defects, and cross-linking chemistry. Heterogeneity
may also include nanofibrils in peptide-based self-assembled
hydrogels. The influence of hydrogel network topography has
been illustrated by Sridhar et al., who show that in PEG
hydrogels neo-tissue growth by chondrocytes is linked to
weakly cross-linked regions around cells and dense cell
clusters.””” In their case, the heterogeneity originated from
possible interference of the radical cross-linking locally to the
chondrocytes and the hydrolysis of the networks without the
need of using more sophisticated cell-mediated degradable
networks, for example, those developed by Lutolf and
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Hubbell.”*’ Heterogeneous networks do not always lead to
more favorable conditions for cells. While chain-growth
polymerization of the methacrylate groups in gelMA is a
convenient method for cross-linking, there have been
suggestions that radical-mediated damage to cells and
heterogeneous network formation may negate any advantage.
Munoz et al. compared gelMA cross-linked via chain-growth
polymerization with norbornene-functionalized gelatin
(geINB) cross-linked by thiol—ene step-growth polymerization
with small molecular multithiols and found that both systems
cured equally quickly but that the geINB system had lower
shear modulus. When hMSCs were encapsulated in each type
of gel, higher intercellular connectivity, and faster cell
spreading were observed in the geINB system compared with
the gelMA gels for two different percentages of gelatin (4 and 8
wt %), highlighting the influence of network topology.
Interestingly, the synthesis of geINB was less efficient than
gelMA due to differences in reactivity of methacrylic anhydride
(for gelMA) and carbic anhydride (for gelNB).217 As discussed
above, the synergy between network topology and consequent
mechanical properties is a determinant to guide cellular
response and generate functional tissues. However, if the
final goal is to mimic the native ECM, then careful
consideration should to be taken to integrate its time-
dependent mechanical properties in the rational design of
dynamic bioinks. This is an area of growing interest where
many strategies based on supramolecular and dynamic covalent
chemistry are becoming available to introduce dynamic
reversible interactions in printable hydrogels and hence
controlling tissue maturation. To complement the information
provided in section 3.2.4, we direct the reader to another
comprehensive review on the topic of dynamic bioinks.**"

4.3, Gradients

Biochemical and physical gradients are commonly found at the
interface between natural tissues (e.g., tendon-to-bone, bone-
to-cartilage, muscle-to-tendon, etc.). These gradients govern
cell migration and differentiation, yet despite their importance,
creating gradients within bioprinted structures is not trivial.
Incorporation of chemical and physical gradients addressing a
range of cell movement “taxis” include chemo- and hepto-taxis
for soluble and immobilized chemical signals, respectively,
durotaxis for substrate rigidity, galvo-, photo-, geo-, and tenso-
taxis for electrostatic potential, light, gravity, and extracellular
tension, respectively. These have all been achieved within
hydrogels and nonhydrogel materials using a range of
methods.”” While gradients have been reported in 2D and
3D cell culture, microenvironments using lithography of
engineered proteins,”*” coprinting of cells in gradient materials
is relatively unexplored. Possible reasons are the additional
hardware and bioink demands. An elegant approach to simplify
the bioink requirements for gradient printing was reported by
Forget et al, who used a common agarose base material
modified with various degrees of oxidation of hydroxyl groups
(to carboxylic acid groups). This allowed the synthesis of a
range of chemically very similar materials but with different
elastic moduli (5—230 Pa) at almost constant shear viscosity
(10—17 mPa-s at the extrusion temperature of 37 °C)."** The
origin of the tailored elastic moduli is due to the shift in ratio
of a-helical to f-sheet upon carboxylation. This allowed them
to bioprint hMSCs in soft carboxylated agarose surrounded by
stiffer carboxylated agarose using a droplet-generating micro-

valve system with four print heads on a three-axis robotic
system.

Multimaterials have also been printed using a single print
head to improve continuity of the printing process. Liu et al.
demonstrated a system with seven small-volume capillaries
connected to a single head to allow near delay-free,
continuously ejection of bioinks filled with different dyes or
cells.* Initial fine-tuning experiments used shear thinning
nanosilicates at an optimal concentration of 5% (no polymer),
with different dyes to demonstrate the continuous switching
from one ink to another. They then used a bioink made up in
fetal calf serum consisting of 5% gelMA/1% alginate with 0.5%
photoinitiator to formulate five inks, each with its own cell
type—human dermal fibroblasts, HepG2 human hepatocellular
cells, hMSCs, and human umbilical vein endothelial cells
(HUVECsS). This bioink is shear thinning and has a viscosity at
the lower end of the range, typically ca. 1 Pa-s at 10 s™* rate (or
10 Pa-s at 0.1 s7'). Cells were added to the ink immediately
prior to printing, and a miniature heart-like structure and
microfluidic devices were printed, each undergoing secondary
UV curing of the gelMA. No mixing of the bioinks was
attempted, meaning the range of structures printed still had
distinct layers rather than continuous gradients. GelMA
semigradient constructs have also been exploited to mimic
the vasculogenic and osteoblastic niches in bone. Byambaa et
al. printed bundles of gel rods with a soft central rod printed
from rapidly degradable geIlMA with low methacryloyl group
substitution to create perfusable blood vessels. The outer
bundles consisted of composite rods made from silicate
nanoplatelets/gelMA (with high methacryloyl group substitu-
tion) to induce osteogenesis.”*' The complex bone-like design
required printing of the individual gel rods by drawing up the
gelMA and cells (HUVECs and hMSCs) into a capillary,
followed by UV cross-linking in the capillary, similar to the
approach of Burdick and co-workers,”® and then extrusion of
the gel into bundles. Gradients were introduced by printing gel
rods arranged in a predefined order with different concen-
trations of vascular endothelial growth factor (VEGF). After
several days of perfusion with media, there was evidence of
both blood vessel formation and differentiated osteoblasts.

4.4. Degradability

The degradation of polymer biomaterials is a continuous
“cradle-to-grave” process that takes place gradually or stepwise,
desired or undesired, controlled or uncontrolled. It starts from
the sourcing or synthesis of the base material and continues
throughout chemical modification, storage, sterilization, tissue
fabrication, in vitro culture and, eventually, in vivo after
implantation. Throughout this process, chemical, mechanical,
and biological properties of the material change repeatedly,
altering how cells interact with the material.

The deliberate degradation of polymers to modify their
rheological properties has been discussed in section 3.5.2, but
degradation of matrices postprinting either by random
hydrolysis or on-demand enzymatic degradation is also
important to the long-term performance of printed tissue. If
the bioprinted tissue is matured in vitro prior to implantation
in vivo, degradation can be controlled through culture
conditions, including culture medium composition. In one
example, the degradation rate of bioprinted alginate/gelatin/
collagen constructs was controlled through the addition of
sodium citrate to the culture medium. As citrate removes
calcium from the alginate gel, the latter softens (reversion of
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Figure 7. Diagram showing the work flow for generation of tissue engineered constructs or organoids from pluripotent stem cells. Human PSCs
derived either for embryos (hESCs) or somatic cells are expanded (blue cells) in 2D adherent culture and, with or without gene-editing,
differentiated toward the tissue of interest. As well as methods for differentiation in 2D on tissue culture plastic, cells may be aggregated at different
stages to generate organoids (orange), allowing more maturity of differentiation. Alternatively, they may be encapsulated in hydrogels (light blue)
as aggregates or single cells and deposited or printed into scaffolds to induce differentiation. Differentiation can be enhanced by use of soluble or
scaffold/hydrogel-bound molecules (green) such as ligands or growth factors.

cross-linking), which was found to have a profound influence
on cell proliferation and differentiation marker expression.>**
Alternatively, addition of alginate lyase to gelMA/alginate prior
to microfluidic based printing allowed double network printing
of constructs with good cell viability followed by degradation
of the alginate within the first 24 h of culture, leading to a more
open network for cell proliferation.”*’ Instead of reversion of
cross-linking or addition of enzymes, modification of the initial
alginate to make it more degradable is a strategy that promotes
the loss of low molecular weight degradation products more
likely to be cleared by the body. Jia et al. utilized oxidized
alginate to extrude encapsulated human adipose-derived stem
cells and found that the level of oxidation greatly influenced
the cell proliferation and spreading, assumed to be due to an
increase in porosity with degradation.”** The process to create
oxidized alginate was originally reported by Bouhadir et al. and
uses sodium periodate to cleave the C—C bond of the cis-diol
group in the urinate residues, resulting in an open-chain
adduct. The hypothesis is that this introduces rotation at the -
glycosidic groups, giving it acetal-like hydrolysis characteristics
such that the polymer degrades to low molecular weight
oligomers after 5 days in vitro or ca. 7 weeks in vivo.”**

5. PLURIPOTENT STEM CELLS AND BIOPRINTING

Adult human stem cells and human pluripotent stem cells
(PSCs) are ideal source materials for different targeted
biological applications involving 3D bioprinting. Mesenchymal
stem cells (MSCs) will not be considered further in this
section, and we refer the reader to a very comprehensive
review by Cidonio et al.>*® Rather, we will focus in this section

on PSCs. Human embryonic stem cells (hESC) are stem cells
derived directly from the inner cell mass of preimplantation
embryo,”*” which in humans comprises less than a dozen cells
found at day 5—6 of development. HESCs are widely used in
medical research and clinical grade hESCs, suitable for
therapeutic applications, are readily available.>****° Induced
pluripotent stem cells (iPSCs) have similar properties of
continuous replication without differentiation (i.e., self-renew-
al) and have shown the ability to generate virtually any cell
type in the body (i.e., they are pluripotent) if given the correct
induction cues. They can be generated by genetic reprogram-
ming of somatic cells, ie., nonreproductive body cells.”>!
HESCs and iPSCs have already been used extensively to
generate developmental tissue and organ models or for models
of disease.””” They are also becoming favored by the
biopharma industry for toxicity testing and drug efficacy
studies.”>> > The work flow for the generation of tissue
engineered constructs and organoids from pluripotent stem
cells is illustrated in Figure 7.

IPSCs have the advantage that they can be reprogrammed
from cells of patients with known genetic mutations and
patient etiology, meaning in vitro differentiation can be
measured against authentic human disease states in vivo.
Moreover, with the advent of CRISPR related technologies for
gene editing,®*® it is possible to create isogenic pairs of the
same cell lines with and without a particular genetic change.
Additionally, choosing the optimal cells for a biological
question is easier due to the vast array of hESC and iPSC
lines available, combined with careful sourcing for genetic
composition, histocompatibility status, and prior protocol
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optimization. Until recently, the majority of differentiation
models had concentrated on culturing cells on coated or
uncoated 2D tissue culture plastic with the addition of selective
growth factors. However, organs are three-dimensional entities
often containing multiple cell types, and although these 2D
models give good access to added reagents, it is difficult to
generate physiological tissues and organs using such systems.
The advent of organoid culture has partly solved this difficulty:
here cells are cultured as large aggregates encompassing several
cell types which mature together often over an extended period
of months.**”7*° All the same, there is a clear opportunity to
use bioprinting systems to mimic the native distribution of
cells occurring in vivo and facilitate generation of the correct
microenvironment for cells to proliferate or differentiate as
appropriate. The first step has to be to encapsulate PSCs, most
commonly in a natural or synthetic hydrogel.*****" This
hydrogel needs to both provide biochemical signals and the
right level of physical support. As previously mentioned,
natural hydrogels have the advantage that they can consist of
decellularized organ-specific ECM components**>*** bearing
epitopes which interact with the PSC receptor system (e.g,
integrins and their associated transduction machinery) and
they generally support PSC maintenance or differentia-
tion.”** %7 Synthetic hydrogels may provide more reprodu-
cible bioinks but they need to be cell compatible, and these can
be altered to allow stem cell-interaction as reported in section
4. Notably, routine fibroblast-compatible hydrogels do not
necessarily equate to substrates compatible with undiffer-
entiated PSCs or their committed progenitors. If we need to
grow the PSCs themselves in a bioprinted format, we have to
be aware that routinely they grow most stably as substrate-
attached cells and also that they are poised for differentiation.
Retaining appropriate conditions during printing and thereafter
to allow essential stem cell maintenance signaling”®® will be
critica. Many of the challenges experienced by those
attempting to print stem cells are similar to those affecting
other cell types. However, for PSCs we have the added
disadvantage that the cells may be expected to differentiate in
the printed construct. This process is tightly regulated by
intracellular and extracellular signals and is highly vulnerable to
shear stress related cell damage during printing. One further
consideration is the physical properties of hydrogels which
tend to be weak and poorly supportive. These properties mean
printing into a more rigid scaffold may be necessary to produce
constructs which can be handled, but the properties of the
scaffold directly influence the PSCs or progenitors. For
instance, stiffness or large fiber diameters (of the order of S0
um) will present to cells (of the order of 10—30 pm) as 2D
surfaces, and further, their stiffness will influence signaling
within the cell and may alter cell fate.>*® Thus, for use with
differentiating PSCs design of the entire construct needs very
careful thought.

5.1. Human Disease and Development Modeling

In the context of bioprinting the first question must be: will use
of bioprinting answer a question or provide a model that
substrate-based culture or organoid differentiation cannot?
This is a really important consideration for all bioprinting goals
but even more so when trying to mimic human developmental
pathways from PSCs. Most of our understanding of human
development comes from murine models, and we exploit this
knowledge to employ growth factors, cytokines, small molecule
agonists/antagonists, and ECM substrates in a temporal

sequence, guided by developmental principles. For modeling
developmental human disease, we have the benefit of applying
these protocols to patient-derived iPSCs carrying mutations or
those in which patient-relevant mutations have been
engineered and comparing to the nonmutant cells. However,
there will be numerous necessary optimizations to produce a
highly efficient, reproducible, and authentic human develop-
ment model, even in a plastic tissue culture dish. Further, some
cell selection may be needed because differentiation protocols
never produce 100% of a specific single cell type.****”" This is
generally through antibody-based fluorescence activated cell
sorting (FACS) or magnetic bead antibody separation
(MACS). If the aim is to use bioprinted 3D systems for
modeling human cell and tissue development, it is often
advantageous to generate PSC-progenitors in 2D and then
continue differentiation of the PSC progenitors within the 3D
structure. This is preferred to incorporation of previously
differentiated PSCs into 3D constructs, as these tend to have
very precise microenvironment requirements and are intolerant
of manipulations. The strategy will require not only a printing
regimen that supports cell viability and retains phenotype but
also the need to use bioinks and processing/culturing
conditions that suit both early and later differentiated states.
Moreover, we may now need to deal with a percentage of off-
target differentiation by, e.g., developing conditions where the
unwanted cells senesce or die. Penetration of inducing factors,
oxygen, and nutrients will need to be considered. Indeed, using
tethered bioactive inducers within the bioink itself may help to
ensure uniform differentiation. Additionally, if more complex
tissue models are needed, the use of PSC-progenitors
differentiated to more than one cell type will be the goal
For instance, for generation of vascular tissue, minimally we
require differentiation to endothelial cells and smooth muscle
cells/pericytes. PSC-smooth muscle cells and PSC-endothelial
cells will associate to approximate vascular tubes when
cultured®”**”*7*"* much as HUVECs and natural smooth
muscle cells. So, it may be most efficient to print the
progenitors together and allow them to associate once printed
in the appropriate hydrogel. Printing regimens will be needed
which are compatible with both cell types as well as
maximizing cell association. Of course, the human gestation
period is over 20 times as long as that of a mouse and even
allowing for the fact that much of human embryonic/fetal
differentiation and organogenesis occurs during the first 4—6
months, we still have an order of magnitude difference in time
required to develop human functional tissues compared to
those of rodents. We can speed things up to some extent.’”
However, this means that bioprinting must deliver sustainable
systems which will allow a longer time course for human
differentiation and so generate stable tissues. Complex models
such as the vascularized alveolar system recently developed®”®
will require more sophisticated methods in which cells are
added to previously bioprinted templates and coincorporation
of a means of oxygenation or simulated blood flow. Some other
systems such as articular cartilage (AC) may be simpler, but
even here capturing the regionalization seen in native cartilage
will be challenging although likely achievable. In theory, both
bone and cartilage cells can be derived from a PSC derived
skeletal progenitor which would differentiate according to the
local microenvironment after printing. To generate an
osteochondral construct mimicking the mineralized subchon-
dral bone together with overlying nonmineralized AC may thus
be achievable with the appropriate bioinks and scaffolds.
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5.2. Tissue Engineering Using Bioprinted PSC Derivatives
for Cell-Based Therapy

A plethora of stem cell-based therapies are currently reported
to be in clinical trials.’”” However, in most cases, these are
phase 1 safety trials and so we have little idea yet of efficacy.
For MSCs, it is clear that their most important attribute relates
to the factors they release, particularly for immunomodulation,
rather than as agents of cell replacement. For PSCs, a notable
success has been the use of hESCs in retinal pigment
epithelium (RPE) repair for wet age-related macular
degeneration.””® One frequently mentioned fear for PSC-
derived therapies is the development of teratomas from
residual PSCs. These were not found in this or other hESC-
RPE or iPSC-RPE trials, nor were other construct-induced
adverse effects reported.”’*™**' In fact, in some of these
studies, the implanted PS-RPE gave functional visual improve-
ment. However, it is important to mention that genetic
changes were reported in cells from one patient in a trial using
autologous reprogrammed iPSC-RPE,”* and the trial was
stopped. Here, a single layer of differentiated retinal pigment
epithelial cells is required to repair the macula. Although this is
a most promising proof of principle for human PSC-based
therapy, this single-cell-layer-type repair is not what is
necessary for most tissues. Therefore, bioprinting will have
an important role, as for disease modeling, in generating
multilayer native-like arrangements of cells for tissue
reconstruction. A major consideration is the best stage of
differentiation at which to implant the cells for in vivo
application. The answer is, unsurprisingly, cell type specific.
Interestingly, early day 12 progenitors survived and differ-
entiated better than a later stage of PSC-kidney progenitors
after subcutaneous implantation in mice,**> while day 25
differentiated dopaminergic neurons did better than PSC-
derived cells after day 16 and day 35 of differentiation in
generating functional recovery when implanted in a rodent
Parkinson brain model.”®** One of the challenges for
bioprinting PSC-derived cell constructs will be the survival of
the printed progenitors once in vivo. This will generally require
rapid connection of pre-existing vessels to the host vasculature
or host angiogenesis, although the latter may be too slow in
larger constructs. Existing printed vascular templates dis-
tributed through the construct could be the answer, around
which PSC endothelial cells would congregate and which
would then be remodeled or chemically removed to give patent
vessels. Another consideration is the cell density at which cells
should be delivered and which will be crucial for both cell
survival and function. Many groups in the past used very large
numbers of cells in an attempt to ensure sufficient living
functional cells in the repair site. This reflects the fact that
many cells do not survive implantation into a defect site which
may be an inflammatory or otherwise hostile environment.
However, for MSCs, higher (doubling) the cell density was
shown to promote cell communication and hence bone
differentiation in a rat model.**> A good strategy may be to
use moderate cell densities but deposit the cells as aggregates
exploiting the signaling triggered through cell—cell interactions
which promote cell survival. However, printing cell aggregates
may be challenging because of their dimensions (possible
occlusion of the nozzles), and aggregates may also be more
difficult to distribute evenly through the bioink. Moreover,
using aggregates will change the properties of the bioink. There
are many examples of preclinical PSC-based therapies in
development, some within section 6 of this review. TE vascular

grafts would be useful for repair of diseased or damaged blood
vessels after trauma or following stroke or thrombosis. PSC-
cardiac patches incorporating blood vessels could be printed
for repair after myocardial infarcts. Osteochondral constructs
may do better than just autologous cartilage for joint repair in
osteoarthritis because both the cartilage and subchondral bone
is frequently affected. PSC derived midbrain dopaminergic
neurons are being brought to the clinic for Parkinson disease
through clinical trials.” 86388 Using conventional grafting,
results in preclinical assessments have been good.”*® However,
performance and survival of implanted dopaminergic neurons
might be even better with midbrain organoids which include
interaction with supporting cell types, or these same cells
organized in multicellular bioprinted scaffolds. Overall, it will
depend on the application, together with the adoption of
appropriate bioinks and careful attention to cell microenviron-
ment requirements whether bioprinting will be suitable for use
of PSC—progenitor constructs as cellular treatments.

6. BIOPRINTED TISSUE MODELS

6.1. Cardiac

The human heart has a complex anatomy comprising four
different chambers and heart valves enclosed by a thick wall.
The latter displays a multilayered structure (i.e., endocardium,
myocardium, and pericardium), with a multicellular arrange-
ment where cardiomyocytes (CMs) and endothelial cells
(ECs) play a pivotal role in regulating heart function. Owing to
its specific fiber arrangement and cellular composition, the
myocardium is responsible for the contraction and relaxation
of the organ. CMs rhythmically generate contractile forces in
the myocardium so that blood can be pumped into the
circulatory system and supply cells with oxygen and essential
nutrients. These structural and functional features are
extremely challenging to replicate using traditional 2D or 3D
cardiac cell models considering the entire anatomy of the heart
is required for in vivo function. 3D Bioprinting offers the
possibility to manufacture anatomically relevant cardiac models
where the whole-organ architecture can be replicated with high
shape fidelity by direct extrusion of cell-laden hydrogels into a
fluid bath (Figure 8A).”> Recently, different cell types,
particularly iPSC-derived ECs and CMs, have been incorpo-
rated, and cardiac models with increased resolution and
complexity have been developed (Figure 8B) using hydrogel
formulations composed of different materials such as
decellularized ECM or collagen.”"**” Despite it being possible
to produce constructs with high shape fidelity, most research
has been focused on less architecturally complex models, which
are still valuable to study phenomena related to tissue
organization and organ functionality. An example employed a
scaffold-free coculture model composed of multicellular
spheroids containing iPSC-derived CMs, fibroblasts, and
ECs. By using an array of needles as the delivery system, the
ability of cells to self-organize after printing was demonstrated,
with iPSC-derived CMs arranged around the periphery of the
spheroid or tubular-shaped constructs.””® A three-step process
with enhanced control over spatial organization of cells was
also proposed by Zhang et al. for cardiac applications. First, an
endothelial cell-laden gelMA bioink was extruded into a lattice
structure. Then, ECs were allowed to self-organize around the
printed filaments into vascular-like structures. Finally, CMs
were seeded on top of the printed construct, resultin% in the
formation of an endothelialized myocardium model.*
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Figure 8. 3D bioprinted cardiac models produced by extrusion of cellularized hydrogels into a fluid bath. (A) Heart model printed using an
alginate-based bioink, displaying the main components of the organ. Reproduced with permission from ref 72. Copyright 2015 AAAS. (B)
Cellularized heart model containing human iPSC-derived cardiomyocytes (pink) and endothelial cells (orange). Reproduced with permission from

ref 389. Copyright 2019 Wiley. Scale bars: (A) = 10 mm; (B) = S mm.

To pump blood in an efficient manner, the heart requires
synchronous beating of the myocardial tissue. Bioprinted
models displaying contractile properties have been developed
using cell-laden bioinks containing CMs derived from murine
models,®*?3%2 hESCs,”"*”* or hiPSCs.>””*** Bioinks have
been prepared using materials such as gelatin or fibrin®"** and
processed using different techniques including material
extrusion’”” or mask irradiation.””* Mimicking the native
organization of cardiac ECM, where the parallel arrangement
of collagen fibers contributes to the alignment of CMs, is of
great importance to promote the anisotropic muscular
contraction. This feature has been replicated in vitro using
mask irradiation with a DMD and a bioink composed of iPSC-
derived CMs embedded in gelMA blended with decellularized
cardiac ECM. By patterning the bioink as parallel lines, it was
possible to generate synchronous contraction along the printed
structures.””" The replication of these features in bioprinted
cardiac models opens the possibility to study the effects of
biochemical compounds in tissue-specific aspects such as
changes in heart beating rate, force, and calcium gra-
dients.****?> However, to create more realistic models, it
becomes necessary to find a balance between architectural
complexity and functionality, as demonstrated by the
diminished functional outputs obtained when more structurally
complex constructs were produced.””**” Progress in bioprint-
ing techniques coupled with ex vivo perfusion systems are
expected to advance cardiac research toward the generation of
physiologically relevant tissue models where engineered
structures support biological function.

6.2. Musculoskeletal

The skeletal system is composed of bone, cartilage, tendons,
and ligaments. These have distinct load-bearing properties and
are subjected to different physiological stresses such as
compression, tension, and shear. Articular cartilage has a
multilayered structure, displaying gradients of composition,
mechanical, and biochemical properties, thus making it
extremely hard to replicate in vitro.””**" Working in a layer-
by-layer fashion, bioprinting techniques stand out as ideal
candidates to mimic the zonal organization of AC through the

deposition of multiple materials and cells with controlled 3D
spatial positioning. One of the earliest bioprinted AC models
was focused on the development of a decellularized tissue
specific ECM bioink processed by piston-assisted extrusion.
When combined with human inferior turbinate-tissue derived
mesenchymal stromal cells (hTMSCs), it revealed high cell
viability and increased expression of key chondrogenic markers
when compared to cells cultured in collagen.'”' Despite
physicochemical properties playing important roles in regulat-
ing the phenotype of encapsulated cells,””***” this can also be
modulated by controlling cell density and printing process
parameters. As reported in section 3, printing nozzles with
large internal diameters and tapered geometries have been
suggested as ideal systems for the printing of 3D constructs
with enhanced cell viability and chondrogenic expression. In
contrast, the reduction in diameter and the use of straight
geometries can lead to cell damage due to higher shear stresses
generated during the printing process.'°

Hydrogel bioinks have also been used to mimic features of
bone such as tissue mineralization. This has been reproduced
in vitro using bioprintin§ of polysaccharide-based hydrogels
containing osteosarcoma % or human bone-marrow derived
MSCs.**"*%* However, the use of hydrogels alone for bone TE
has the downside of mechanical mismatch between printed
constructs and the native tissue. Therefore, strategies such as
the use of microcarriers’’ and multimaterial 3D printing**®
have been used to reinforce hydrogels for skeletal tissue
applications. Co-extrusion reinforcement has been employed
by direct deposition of bioinks into the lacunae of porous
thermoplastic scaffolds*** (Figure 9A) or by extrusion on top
of or next to thermoplastic filaments®®'7140% (Figure 9B).
Strategies to increase complexity have also been developed by
combining melt extrusion and solution electrospinning with
extrusion of a cell-laden hydrogels to fabricate constructs with
multiscale physical features**’ (Figure 9C).

Besides the ability to allow for structural reinforcement,
bioprinting also offers the possibility to create heterogeneous
tissue constructs which can be used for interfacial TE in order
to replicate continuous or discrete gradients of mechanical and
biological properties present in biological tissues. One example
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Figure 9. Hybrid strategies for skeletal tissue engineering. (A) Injection of cellularised material into scaffold lacunae. Reproduced with permission
from ref 404. Copyright 2018 IOP. (B) Extrusion of a thermoplastic structure followed by printing of cell laden bioink. Adapted with permission
from ref 40S. Copyright 2017 IOP. (C) Hierarchical constructs fabricated by melt extrusion, solution electrospinning, and cell-laden hydrogel
printing. Adapted with permission from ref 400. Copyright 2013 Royal Society Of Chemistry. (D) 3D bioprinted skeletal muscle models with
distinct architectures using a myoblast-laden bioink and varying the deposition pattern. Adapted with permission from ref 408. Copyright 2016

Wiley.

of such interface is the osteochondral (OC) tissue. This is
comprised of a layer of AC interlocked with a layer of
subchondral bone with the AC, providing a low-friction, shock
absorbing surface that protects the bone from damage during
joint movement.**® Understanding how this function can be
compromised and restored is extremely important for the
treatment of joint disorders such as osteoarthritis (OA). For
that purpose, OC tissue models displaying functional and
structural gradients have been developed using 3D bioprinting.
Using techniques such as material extrusion,””’ or SLAM-
based bioprinting,”’ it has been possible to coculture
chondrocytes and osteoblasts in a precise spatial relationship.
This can result in the development of a hydrogel-based OC
plug with defined mechanical and biological gradients and
signs of OC tissue formation in vitro.”’ Extrusion bioprinting
has also been used to fabricate skeletal muscle models with
complex architectures (Figure 9D) by varying extruded
patterns and filament thickness, which resulted in distinct
levels of cell orientation.*” In fact, myotube formation has
been observed with cell fusion and aligned along the printing
direction.®” Using extrusion of cell-laden hydrogels into
dumbbell-shaped constructs attached to two postholders, it
was possible to create an array of tissue models with an
anisotropic microstructure displaying aligned myofibrils and
the ability to contract.*”” The application of mechanical stimuli
to musculoskeletal tissue engineered constructs has been
explored as a way to promote cell differentiation and tissue
formation using cyclic compression,“o’411 tension,*'* or
shear.""? Besides providing a unique environment mimicking
physiological forces in vitro, the use of dynamic cell culture
systems has been employed as an alternative to medium
supplementation with growth factors. One study evaluated the

AA

effects of cyclic compression in chondrocyte-laden GelMA
hydrogels reinforced with PCL fibers produced by melt
electrowriting. The application of mechanical stimulation
resulted in a similar GAG production to the addition of
exogenous TGF-f1 to culture medium after 28 days of
culture.'’ Despite their advantages, the use of specialized
bioreactors to apply mechanical stimuli is often a complex and
low-throughput process, which has limited their widespread
adoption. Bioprinting allows the fabrication of cell-laden
constructs in an automated and high-throughput manner,
which is helping to overcome the barriers of conventional
bioreactor systems. Recently, material jetting has been used to
fabricate an array of cell-laden GelMA microgels on top of a
stretchable PDMS platform. The application of a mechanical
stimulus led to cell alignment along the stretching direction,
which was dependent on hydrogel concentration and stiff-

412
ness.

6.3. Dermal

The main components of the skin are the epidermis, dermis,
and hypodermis. The epidermis is an epithelial layer with
keratinocytes as the main cell type covered by the stratum
corneum, a protective layer of dead cells on its surface.
Underneath it lies the dermis, a layer rich in collagen, elastin,
and GAGs in which fibroblasts are the key cellular
component.”'* The hypodermis in turn is the deepest
adipose-rich layer. Bioprinting offers the possibility to create
multilayered constructs mimicking the native skin organiza-
tion.”'> Using technologies such as DOD material jetting*'®
and material extrusion,”>*'” different in vitro dermal*'® or
full-thickness skin models have been developed.*">~*7*"
Whereas the DOD method only included fibroblasts, extrusion
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Figure 10. Histological comparison of a bioprinted full-thickness skin equivalent (BPSE) and human skin. All layers of the native skin are
represented in the skin equivalent, albeit with different relative thicknesses. Scale bar: 100 ym. Adapted with permission from from 415. Copyright

2019 Mary Ann Liebert Inc.

Figure 11. 3D bioprinted model with biomimetic hexagonal organization of liver lobules fabricated using mask irradiation. IPSC-derived hepatic
progenitor cells are labeled green and supporting cells are labeled red. Scale bar: S00 ym. Adapted with permission from from 423. Copyright 2016

PNAS.

printing has used both fibroblasts and keratinocytes which can
be sequentially deposited in precise locations*>~*'"7"*? to
generate full-thickness skin equivalents (Figure 10). To
replicate skin composition, natural materials such as type-I
collagen*'>*'**!? have been employed as bioink components.
However, using a combination of gelatin, alginate, and
fibrinogen, a bioprinted skin model was developed, resulting
in a similar morphology, histological features, and composition
to human skin, with production of key ECM proteins such as
collagen I and V, elastin and fibrillin. Interestingly, when
dermal and epidermal layers are cultured together, laminin
presence is detected at the interface, suggesting the formation
of dermal—epidermal junctions.*"”

The development of skin models with barrier functionality
similar to native tissue is important for applications such as
drug delivery and toxicity studies. The stratum corneum is the
top epidermal layer responsible for this feature in vivo. It can
be generated in vitro by culturing tissue constructs at the air—
liquid interface," >*'” and its barrier efficiency can be evaluated
using electric conductivity measurements.”'> Recently, efforts
toward increasing the complexity of skin models have been
taken, with the inclusion of structures such as vascular
channels,*"? the hypodermis,419 sweat glands,“o’421 and hair
follicles."**

6.4. Hepatic

The liver is composed of hexagonal-shaped lobules surround-
ing vascular channels. The microarchitecture of this organ has
been replicated in vitro using 3D bioprinting of cells organized
in hexagonal patterns. Using mask irradiation of a gelMA/
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MeHA bioink, it was possible to distribute hiPSC-derived
hepatocytes and supporting cells in a complex arrangement
resulting in an improved phenotype compared to 2D or 3D
monoculture*”® (Figure 11). Besides the use of this
technology, the majority of bioprinted liver models have
been fabricated using extrusion-based bioprinting,***~**
employing bioink components such as alginate,”"**”**°
gelMA,“é’428 or collagen.431

One of the main functions of the liver is the production of
albumin. This feature has been replicated in vitro using
bioprinted models containing various cell types including
mouse,””**' human PSC-derived,”’ or human hepatocytes.**”
Albumin secretion by hepatocytes has also been shown to
increase using coculture systems with endothelial cells**” or
fibroblasts.*’’ When the three cell types are cultured together,
a synergistic effect in albumin secretion has been detected,
highlighting the need to develop complex models.**!
Interestingly, coculture has also been shown to increase urea
production, showing the importance of creating in vitro models
with multiple cell types.”*”**' To provide more physiologically
relevant conditions, tissue constructs can be cultured within
tailor-made bioreactors. The ability to use a range of materials
during the bioprinting process can facilitate this process by 3D
printing the bioreactor and the tissue construct simultaneously.
This strategy was pursued by enclosing an in vitro bioprinted
liver model inside a 3D printed microfluidic device, which was
then perfused with cell culture medium under dynamic
conditions resulting in increased cell viability and albumin

. 429
secretion.
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Figure 12. Perfusable hollow channels fabricated using different bioprinting technologies to create in vitro vascularized models. (A) Cross-section
view of a thick (>1 cm) vascularized tissue model used to investigate the osteogenic differentiation of bioprinted MSCs. Through the combination
of material extrusion with sacrificial inks, hollow channels can be generated and perfused with growth media to support cell proliferation and
differentiation. Adapted with permission from ref 204. Copyright 2016 PNAS. (B) Vascularized distal lung model (subunit) generated by vat
photopolymerization and displaying the ventilated air sac enclosed by a red blood cell (RBC) perfused network. Reprinted with permission from ref

376. Copyright 2019 AAAS.

The liver plays a prominent role in drug metabolism and
detoxification, which makes it the focus of a large number of in
vitro models for drug screening. Its important role in first pass
metabolism, for which cytochrome P450 enzymes are
crucial,’ led to the development of models that assessed
the activity of these enzymes in vitro. This has been achieved
under static or dynamic culture conditions, using cell-only***
or cell-laden hydrogel"***** bioinks, with printed constructs
retaining the ability to metabolize known compounds such as
midazolam, a well-established cytochrome P450 3A4 sub-
strate.*”” Another use of bioprinted hepatic tissues is to model
liver damage, which can be caused by radiation or biochemical
compounds. The effects of radiation on the liver have been
evaluated using a coculture system of hepatocytes with
epithelial cells, with the bioprinted model being used to
evaluate the potential of amifostine, a cytoprotective drug to
avoid DNA damage. Interestingly, whereas treatment with the
drug resulted in lower levels of DNA damage after exposure to
radiation, the effects of this drug were enhanced in the
coculture system.'® Recently, a model using cell spheroids
embedded in a GelMA bioink was developed, by direct
printing onto a microfluidic system. This approach allowed
study of the response of a human hepatocarcinoma cell line to
acute exposure to acetaminophen, a known hepatotoxic
compound. This resulted in reduced levels of metabolic
activity and lower secretion of key hepatlc biomarkers such as
albumin, transferrin, and ceruloplasmin.**® Similarly, exposure
to TGF-f1, methotrexate, or thioacetamide has resulted in the
accumulation of fibrillary collagen in a bioprinted liver model
fabricated by material extrusion, which has allowed the
establishment of a disease model of liver fibrosis."*

6.5. Vascular

Macro- and microvasculature are present in most human
tissues and organs, being essential for the adequate supply of
nutrients and oxygen to the cells. Therefore, the ability to
replicate these features in vitro becomes of great importance
for TE and RM applications. Prevascularized tissue models
provide a unique opportunity to interrogate different biological
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mechanisms underpinning both organ development (e.g, the
role of angiogenesis) and disease progression (e.g, kidney
failure) under relevant physiological conditions. From another
perspective, vascular networks of relevant physiological
dimensions are also a key aspect in TE grafts. Without these
diffusion limits, they can result in hypoxic environments that
seriously compromise cell function and ultimately lead to
implant failure.”**37%*?° In this regard, 3D bioprinting has
proven to be extremely useful in the fabrication of vascularized
tissues, particularly through the combination of extrusion-
based processes and sacrificial biomaterial inks (Figure 12A).
These strategies harness the ability of materials with thermally
reversible gelation to be dissolved using high® or low
temperatures,'” resulting in the formation of hollow vessel-
like channels for perfusion purposes. An important feature of
vascular networks is the presence of an endothelial cell layer
lining the lumen. The most common strategy to achieve this is
by a three-stage process: (1) a filament of sacrificial ink is
deposited and surrounded by a cell-laden hydrogel, (2) the
sacrificial ink is then liquefied using high or low temperature
and removed by aspiration forming hollow channels, and (3)
channels are endothelialized by direct cell seeding through the
channels.'”*”*** More recently, using an extrusion-based
process and exploring the self-assembling capacity of
endothelial cells encapsulated in a sacrificial gelatin ink, an
alternative method was proposed to overcome the need to
perfuse the channels with a cell suspension.’®” A similar
strategy was employed using DOD bioprinting, allowing
replication of the stratified nature of native blood vessels
(i.e., tunica intima, media, and adventitia) by 3D patterning
different cell types.”*” The use of sacrificial biomaterial inks is a
versatile approach that has also been used to vascularize tissue
constructs of high cell densities (10° cells/mL) through a
process of sacrificial writing into functional tissue (SWIFT).
This technique harnesses principles of suspended extrusion by
using a slurry composed of cell aggregates within an ECM
solution as a self-healing suspension. By extruding the
sacrificial ink into this supporting structure, it was possible
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Figure 13. In vitro models used to emulate key aspects of tumor development. (A) 3D printed culture chamber containing endothelialized vascular
channels for the evaluation of growth factor gradients and anticancer drugs on guided tumor metastasis. Endothelial and lung cancer cells are
labeled in red and green, respectively. Adapted with permission from ref 447. Copyright 2019 Wiley. (B) Bioprinted mini-brain (left) and a
schematic representation (right) of a glyobastoma model established to investigate the interaction between macrophages and glioblastoma cells
(red area) during tumor progression. Adapted with permission from ref 442. Copyright 2019 Wiley.

to create perfusable channels within the cellularized
suspension. This technology has found applications in the
development of vascularized cardiac or cerebral models,
depending on the cellular composition of the aggregates.”*®
Vascular networks with increased complexity have been
recently obtained using vat photopolymerization processes in
combination with a PEGDA resin and nontoxic light blockers
(Figure 12B). These constructs were then used to create an
alveolar model to evaluate the transport and oxygenation of red
blood cells. By creating distinct channels for ventilation and
perfusion with red blood cells, it was possible to study the
influence of complex geometries on gaseous exchange, allowing
the in vitro modeling of phenomena such as bidirectional flow
and mixing of red blood cells as a result of ventilation.””
Vascularized constructs containing hollow channels can be
used to study biological processes such as the formation of
capillary networks and blood vessel sprouting.****** Impor-
tantly, by supplying relevant compounds through the channels,
it is possible to induce differentiation of the surrounding
cells®™ or evaluate molecular diffusion through the endothelial
barrier.””” The presence of engineered vasculature also
influences other phenomena such as the propagation of
calcium gradients in myocardial models.”® The principles
underpinning engineered vasculature have been employed to
create channels in various types of tissue models including
kidney. In this case, an in vitro proximal tubule model
fabricated using extrusion printing of a sacrificial ink followed
by seeding with epithelial cells was developed to model crucial
features such as albumin uptake.**®
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The use of bioprinting to generate vascularized channels has
also been applied for disease modeling and drug screening
purposes. A model of vascular thrombosis has been developed
by perfusion of hollow channels with blood supplemented with
CaCl,. This model was then further used to evaluate the effect
of thrombolytic drugs and investigate fibroblast invasion in
formation of fibrotic clots.*** Vascular channels fabricated
using 3D printing have also been used to evaluate the role of
an endothelial barrier in drug diffusion and metabolism. In a
model system, the presence of this endothelium resulted in
increased levels of viability of hepatocellular carcinoma cells
embedded in a gelMA hydrogel after perfusion with a toxic
compound. ™’

6.6. Cancer

The native tumor microenvironment (TME) is a complex
system with heterogeneous composition of cellular and ECM
elements regulated by specific biophysical and chemical cues.
The interaction between the TME and tumor cells is
responsible for coordinating intracellular signaling and
triggering downstream biological responses which regulate
cell survival, invasiveness, and metastatic dissemination. These
key aspects of tumor development and progression have been
the focus of many recent studies where the TME of
pancreatic,376 brain,**'~*** ovarian,"** cervical,*** and
breast™*° tissues was reproduced using 3D bioprintin§ and
used to evaluate increased cell proliferation levels,”*"**
formation of metastasis (Figure 13A),"* and tissue invasion
(Figure 13B).*** Tumors are often heterogeneous, and the
study of the influence of neighboring cell types and their
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microenvironment can be difficult to replicate with conven-
tional fabrication technologies. Bioprinting can be used to
address this challenge by allowing the combination of multiple
cell types with a controlled architecture to generate complex
constructs, >0 By using piston-assisted extrusion to
deposit breast cancer cells and fibroblasts in precise locations
separated by an acellular region, it was possible to investigate
the formation of multicellular tumor spheroids and to evaluate
fibroblast migration toward the tumor cells within alginate/
gelatin hydrogels.*** A different model used vat photo-
polymerization to fabricate a breast cancer model in coculture
with bone stromal cells embedded within a gelMA matrix.
When the two cell types were cultured together, increased
proliferation and secretion of VEGF by breast cancer cells was
observed**” Similarly, the extrusion of a gelMA-based bioink
containing glioblastoma cells and macrophages in distinct
locations made it possible to identify possible paracrine and
juxtacrine interactions between these cell types during tumor
development™* (Figure 13B). Bioprinted tumor models have
also been used for screening of chemotherapeutic drugs such as
paclitaxel, Temozolomide, or novel compounds for potential
antitumor applications.** #4740 Eyen  though the
majority of these studies were focused on evaluating the
effects of these compounds on cell viability,**"**>#745¢
molecules with the capacity to influence cell proliferation
and migration have also been assessed. These were able to
demonstrate the ability of bioprinted models to recapitulate
important features of disease progression as the response to
biochemical stimuli.**®

7. CONCLUSIONS AND OUTLOOK

The introduction of bioprinting technologies in the fields of
TE and RM has enabled mimicking human tissue complexity
through the 3D spatially controlled deposition of multiple
materials and cells, for the creation of tissue models for
organogenesis, disease modeling, and drug screening. Here we
have reviewed the latest evolutions in terms of printing
techniques for cell-laden hydrogels with a particular focus on
extrusion, vat photopolymerization, and material jetting
systems. Clearly, each system presents its own advantages
and limitations in terms of resolution, scanning speed, and
building volume, but ultimately, it will be the targeted cell
composition of the tissue/organ and the bioink’s properties
that dictate the choice of the manufacturing technique. Having
said this, and despite the limited resolution (compared to vat
polymerization and material jetting), it is plausible that in the
short term (2—S years) extrusion-based systems will retain
their status as the preferred bioprinting technique for the
generation of clinically relevant constructs. The building
volume, ease of operation, and compatibility with cells are
key advantages supporting the widespread use of extrusion-
based systems. Other, more recently introduced printing
systems (e.g.,, volumetric printing and LIFT) are expected to
greatly impact the field of bioprinting, driven mainly by
advances in scalability and printing speed. As briefly outlined in
section 2, the printing process of high shape fidelity constructs
capable of supporting adequate cellular function both in vitro
and in vivo, places very stringent requirements on the
formulation of bioinks. Modulating the rheological properties
of ink-materials does often imply a trade-off between the
requirements for optimal printability and intended biological
response. As reported in section 3, this can be achieved
through the combination of different base polymers with
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additional modifications to achieve the desired functionality,
with particular emphasis on cell adhesion motifs and enzyme
cleavable linkages. In section 4, we discuss on the effect of
viscosity, shear-thinning, yield stress, and recovery on the flow
and state transition (i.e., from viscous to purely elastic) of non-
Newtonian fluids in bioprinting, particularly in material
extrusion systems. While viscosity remains the first property
to consider for “’good printability” of bioinks, it is important
to bear in mind that small yield stresses and shear-thinning are
desirable to prevent cell settling in the cartridge and shield the
cells from damaging shear stresses, respectively. After
introducing the concepts underlying the rheological behavior
of polymeric materials, we conclude section 4 by discussing
some structural features (e.g, topology and gradients) of
bioinks that can impact the migration, differentiation, and
ECM deposition of encapsulated cells. As presented in section
5, the use of hPSCs as cellular components in bioinks is still in
its infancy. If the full potential of these cell sources is to be
exploited, then much of the future research will need to
encompass the design of polymeric materials specifically
tailored to match the unique functional requirements of
hPSCs and importantly hPSC-derived progenitors. Because of
their higher sensitivity compared to other cell lines, the
rheological properties and cross-linking densities (i.e., stiffness)
of selected materials will need to be carefully tuned to support
postprinting phenotype maintenance and long-term tissue
maturation. This sets the stage for the final section of this
review, where we report on the latest efforts to create 3D
bioprinted models of healthy and diseased human tissues and
organs. From cardiac to hepatic tissues, for therapy develop-
ment or drug testing, the number and diversity of studies
reported in the literature is vast. On the one hand, this reflects
the revolutionary benefits that bioprinting has brought to the
modeling of complex tissue microenvironments. On the other
hand, it also raises important challenges that need to be
addressed if a new generation of bioprinted models with
clinical relevance are to progress from the bench to the
bedside.** From a manufacturing viewpoint, we expect
significant advances in the hardware of 3D printing systems
to enable the expansion of processable ink materials at higher
printing speeds and increased spatial resolution. New
technologies will likely continue to emerge that allow for
greater control over both the complexity and resolution of
bioprinted structures. Recent developments have already
shown promise with technologies like acoustophoretic DOD
jetting, which expands the viscosity range for inkjet bioinks by
several orders of magnitude93 or volumetric bioprinting,
allowing for the generation of full-scale structures from a
wide variety of materials in seconds.”’ Moreover, develop-
ments in the application of magnetic fields to organize cells
into precise spatial locations represent a major step forward in
high resolution printing although a current lack of scalability is
an issue.''”****? Additionally, the development of SLAM and
FRESH systems facilitate the extrusion of low-viscosity
materials that would otherwise be very difficult to print. This
has already been explored in the fabrication of soft tissue
constructs,’”’"”> but other related fields like neurovascular
engineering are expected to greatly benefit from suspended
manufacturing methods.”"*>* The number of cell-based studies
involving SLAM and FRESH are few in number, but these are
expected to increase in the future with more attempts to build
large, complex, multimaterial, and multicellular constructs
being reported. While isolated advances in the hardware of
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manufacturing technologies can improve the resolution, speed,
and size of printed constructs, the fabrication of complex,
multiscale structures recapitulating biological tissue will
ultimately require the convergence of several technologies in
one device. For example, extrusion bioprinting can be used to
fabricate the bulk of a large and relatively coarse tissue
construct in a limited time, while employing material jetting or
LIFT where exact placement of certain cell types is required.*>*
Similarly, the coprinting of fibers using melt electrowriting and
bioprinting of bioinks allows control over spatial placement of
cells using the fibers to compartmentalize the cells.*>
Besides mimicking the ECM, polymeric materials can be
designed with additional functions to enhance the performance
of bioprinted constructs. These functions can relate to the
sensing or actuation but can also be connected with different
stages of tissue maturation (e.g,, preprinting and postprinting).
3D printing of living or nonliving constructs can be followed
by changes occurring over time after the printing process, often
referred to as 4D bioprinting. Arguably nearly all printed tissue
is 4D as it changes upon maturation, but in this case the
printed material, also referred to as shape memory polymer
(SMP), is designed to change shape over time, often as a result
of a specific stimulus. Actuation can be brought about through
a large array of stimuli, including thermal, electric, magnetic, or
immersion in water. One application of SMPs is the DLP SLA
printing of scaffolds from epoxidized and acrylated soybean oil,
which supported the attachment and growth of human bone
marrow-derived MSCs.**® The same group has further
exploited the potential of this bioprinting technique to
generate 4D cell-laden cardiac patches with physiological
adaptability. By tuning the cross-linking density of GelMA-
PEGDA bioinks, the authors demonstrate the ability of the
patch to undergo stress-induced morphing changes in response
to the dynamic heart beating of a murine model.*>” One other
study looked at the influence of shape recovery of a scaffold on
seeded cells, and it was concluded that the mechanical stimulus
imparted by shape recovery was able to influence the shape of
cells and nuclei.”® Yet, the influence imparted by a one-way
shape changing SMP on cells may remain limited. Complex
SMPs with adequate rheological properties that show
reversible shape memory behavior may one day be utilized
to direct cellular behavior over a longer term in more
sophisticated ways. The translation of well-established cellular
protocols and assays from 2D to 3D creates challenges but also
introduces new opportunities to add function and create in situ
monitoring techniques using sensors. Molecular force sensors,
relying on the self-assembly of molecules which can then be
pulled apart by application of a force, have recently proven
useful for investigating cellular mechanotransduction. Although
early studies have been conducted on gold or glass surfaces, the
technique is highly amendable for use in hydrogels as eluded to
in a recent article from the group of Blank.*” One of the major
questions pertaining to the evolving field of bioprinting that
remains, is to what extent spatial organization should be
engineered and what should be left to the cells to self-organize?
There is no doubt that most tissues require a strict
organization to function but that functioning also depends
on the interaction of the different cell types and tissue
structures. Hence, some degree of maturation is usually
required to obtain the desired responses. In this sense,
polymeric materials must be formulated to play an active role
in tissue maturation (pre and post printing), e.g, through
transducing mechanical forces, presenting or releasing signaling

AF

molecules, thereby maintaining or restoring phenotype,
inducing differentiation, or initiating certain signaling cascades.
In this context, it is important to realize that materials not only
directly influence the behavior of encapsulated cells but
perhaps even more so indirectly by influencing the ability of
cells to deposit pericellular proteins. Nascent proteins are
deposited at the cell-matrix interface within the first day of
encapsulation, their quantity and distribution being dependent
on the hydro$el’s cross-link density, viscoelasticity, and
degradability.**’ In turn, this structure of pericellular proteins
influences cell spreading, differentiation, and other behav-
iors.*" Besides this emerging field of research looking at cell
self-assembly within hydrogels, other researchers have focused
on self-assembly of cells in the form of organoids. Organoids
are self-organized multicellular structures typically originated
from a single stem cell, which recapitulate some of the
structural features and functions of an organ, or its primary
building blocks.*** As such, they are highly suited for modeling
tissue development and disease as well as for drug testing.
Combining organoid culture with bioprinting technology
presents a promising but largely unexplored opportunity to
engineer larger functional tissues and organs of more
sophisticated architecture and complexity.*”® In particular,
the ability to engineer vascularization in 3D organoid cultures
may provide critical cues required for large-scale and more
reproducible tissue organization, as complex networks of
vasculature do not only allow for oxygen, nutrient, and waste
exchange but also provide a structural template for growth and
spatially controlled gradients of growth factors.*** While the
lofty goal of creating whole organs using 3D bioprinting may
still be some way off, many other applications using
biofabrication are in the here and now. Microfluidics, in the
form of “organs-on-a-chip”, is one more example of this with
clear near-term commercial benefits in drug screening to this
technology. If, for example, multiple chips are connected, it is
possible to test the toxicity of secondary metabolites on organs
as it is these interorgan toxic effects that often lead to a drug
failing in the clinical stage. With this goal in mind, the group of
Atala have used PDMS molds as microreactors with liver,
heart, and lung organoids serially connected with PTFE tubing
in different pairs to test various metabolites.”*> A prerequisite
for integrated multiorgan fabrication is the development of
better multimaterial printing. Toward this aim, Khademhossei-
ni and co-workers have demonstrated a digital micromirror
device enabled DLP printing to rapidly switch between
different gelMA and PEGDA bioinks in microfluidic
channels.**® Using this technique, they were able to make
multimaterial cell-laden structures with 10 gm resolution. As
discussed throughout this review, the benefits brought by 3D
bioprinting to the field of TE and RM are undeniable, making
this group of technologies the most essential and cutting-edge
tool for the development of 3D models with a high degree of
human tissue mimicry. Despite the challenges that still need to
be addressed to improve the quality of bioprinted analogues,
particularly in terms of manufacturing hardware and perform-
ance of bioinks, the future looks auspicious. Driven mainly by
the recent advances in manufacturing technologies and
biomaterials, the bioprinting market is projected to reach
USD$ 1647.4 million by 2024.*” Companies providing 3D
printing technology are expected to retain the biggest share of
this market but not without significant changes to their
business model. With technology prices in a downward trend
(essentially due to increased competition) and facing an
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increase demand for standardization, many of these companies
are likely to make of the development and selling of inks their
core business, in a very similar process to that of inkjet
printers.”*® With pharmaceutical and cosmetic companies
leading the way, the demand for bioprinted tissue models to
replace animal testing is likely to increase in the coming years.
Companies like Organovo already offer such products (e.g.,
ExVive) for research purposes, and many more players are
expected to enter this market where regulatory compliance can
be simpler to meet than for other clinical products (e.g
implants). While research and commercialization continue to
advance rapidly, the translational pathway of bioprinted
products to clinical practice remains unclear and challenging.
If it is true that technical requirements for individual
constituents of 3D bioprinting technology such as material
compatibility, cell source, hardware (bioprinter), and software
are being met and, in some cases, regulated (e.g., materials for
in vivo application), the assessment of these same constituents
as a whole (e.g, tissue or organ model) is still lacking.
Fragmented guidelines provided by international regulatory
agencies, including Food and Drug Administration (FDA) and
European Medicines Agency (EMA) have proven insufficient
to regulate TE products. Therefore, the establishment of an
international agency supported by regulatory panels at the
national level becomes urgent to address all ethical, legal, and
social aspects of bioprinting and regulate its successful
translation to clinical practice.”” If we manage to overcome
these roadblocks and progress continues at the same pace as in
the past decade, then it is very likely that we will soon see the
effective integration of bioprinting with stem cell reprogram-
ming and gene editing technologies, thus definitely opening the
door to a new era of tissue models for personalized medicine.
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