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Preface

Introduction

3D bioprinting is an increasingly widespread
technology with promising applications
in disease modeling, drug discovery, and
regenerative medicine. Successful technology
bridges expertise in materials science,
engineering, and cell biology, making 3D
bioprinting a well-suited technology for
applications in pre-clinical testing and wider
disease research (Figure 1).
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3D Bioprinting enables the creation of functional tissue based on
additive manufacturing with improved physiological relevance,
in both pre-clinical and clinical applications. In pre-clinical
applications, 3D bioprinting can be used for in-vitro models
and drug discovery, while clinical applications focus on tissue
regeneration and functional organ replacement. 3D bioprinting
has the potential to improve the reliability and predictive power of
pre-clinical testing through the production of more realistic and
reproducible in vitro models.

Current 2D model systems have recognized limitations, such as
different genotypic and phenotypic cell responses, leading to low
drug candidate predictability and pre-clinical cell-based assay
results. In drug discovery and in-vitro testing, researchers are
seeking new approaches to overcome some of the limitations
of conventional cell culture. Many researchers believe that 3D
bioprinting can combine the ease of use of existing cell culture
methods with the physiological relevance of in vivo animal models
and human clinical trials. 3D bioprinting can help to address some
of the limitations of 3D cell culture by providing a scalable, and
highly reproducible method to form complex 3D structures that
can be automated.

3D bioprinting offers the potential of improved tools for disease
research overcoming the current shortcomings in disease models,
regenerative medicine, and drug discovery. However, in the
development of new 3D bioprinting applications, three main
elements must be considered: the bioink, printing method, and
application.
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Figure 1. 3D bioprinting is an additive manufacturing process that uses cells and biomaterials to print an object layer by layer. The steps to create a 3D
bioprinted structure include formulation, mixing, and printing. In formulation, polymers, cross-linkers, and additives are mixed in a matrix to form an
acellular bioink. Cells are simultaneously cultured or isolated and prepared in a solution. Next, the formulated acellular bioink precursor must be mixed
with cells for printing. Common techniques include using a Luer-lock coupler, a static mixer, or dish mixing. Creating the 3D structure by bioprinting is
next. The bioprinter prints the mixture via syringe while following a 3D computer-generated model. After the print is complete, the structure is cured
to prevent dissolution when cell culture media is added. The 3D structure now contains a scaffold and cells, which will grow to fill the 3D printed matrix.
Culture media and additives are required to optimize and enhance cellular expansion.




Table 1. Types of polymers used in bioinks.
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Type of Material

Examples

Initiators &
Additives

Rapid curing, water soluble hydrogel photoinitiators for
visible light polymerization

* TPO Nanoparticle

o LAPW

Traditional photoinitiators
e Irgacure 2959

Thermally
processable
polymers

Mimics bone or stiff tissues
Low melting point

Biodegradable
 Polycaprolactone
« Polylactide

Synthetic
Polymers

Includes reactive end groups for hydrogel network
formation and/or functionalization

» Poly(ethylene glycol)

» peptides

e PEG-diacrylate
Reversible gelation

e Pluronic® F-127

Natural
polymers

Mimics extracellular matrix components
Encourages cell adhesion, growth, proliferation

Examples:
» Sodium Alginate
« Low Endotoxin Gelatin
e Collagen
» Natural Polymer derivatives, e.g. GelMA, HAMA, AlgMA

While the application dictates the choice of cells used, the printing
method should be selected based on the mechanical and physical
requirements, such as shear rate, model complexity, and size.
Furthermore, the biomaterial ink must have compatibility with the
cell and properties type to ensure proper printing in the chosen
printer system. In addition, the ink should allow maturation or
differentiation of the type of cells used within the construct and
be complementary with the downstream analysis.

Bioink

A bioink is a material that acts as a microenvironment for
living cells. These materials can contain a variety of polymers,
biomaterials, extracellular matrix components, and living cells,
see Table 1 for the type of polymers used in bioinks. The
composition of biomaterial inks can vary in complexity, ranging
from single to multi-component mixtures, and offers varying
levels of modification and crosslinking. Furthermore, biomaterial
components can come from various sources, either synthetic or
natural origins, and are further modified to introduce cross-linking
or functionalization sites.

Polymers provide the acellular material in 3D bioprinting that
forms a scaffold and supports cellular growth. Researchers
have used many different polymers to find the best approach.
However, polymers alone cannot provide the physical and
biochemical requirements of cell growth without modification
or formulation with other materials. The most widely used
biomaterials in 3D Bioprinting include gelatin, alginate, collagen,
and hyaluronic acid. Alginate, the most popular material used,
derived from brown algae, is biocompatible and provides mild
crosslinking conditions. Disadvantages of this material include
slow degradation kinetics and poor cell adhesion. Gelatin and
collagen, require chemical modification for crosslinking making
high-resolution printing and high fidelity printing challenging,
however, these materials have shown high biological relevance
(bone, skin) and are also popular choices in bioink creation.
Hyaluronic acid has biological relevance in connective, epithelial,
and neural tissues, but suffers from poor stability.
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Even with the many tools and customized polymers now available,
it can still be difficult to make an effective bioink. A good
bioink formulation must balance material properties, printability,
biocompatibility, and biochemical cues. On one hand, a bioink
material must be sufficiently viscous for printing, but once
printed, have the mechanical strength and structural integrity to
maintain its shape. The printed structure must have both high
water content and porosity to enable cells to receive nutrients and
oxygen and remove waste and should be soft and biodegradable
to allow the cells to spread, migrate, proliferate, and interact with
each other.

In addition to biocompatibility, physical considerations, such
as viscosity, surface tension, temperature sensitivity must
also be considered. Currently, there is a need for high-quality,
commercially available ready-to-use bioink formulations, such
as our R&D created TissueFab® bioinks, to enable reproducible
fabrication of synthetic tissues and organs by 3D Bioprinting.

Printing

There is a wide variety of printing techniques including micro-
extrusion, SLA/DLP, LIFT, inkjet, acoustic, magnetic, and
volumetric technologies; and of these methods, the most popular
being extrusion-based and inkjet printing. Extrusion bioprinting,
in which printing speed and structures can be highly controlled,
but shear stress can impact cell viability. Inkjet-based printing is
well known for fast printing speed, biological compatibility, and low
cost, however, requires low viscosity materials.

Each method has specific capabilities making them straightforward
for a given application while demanding careful selection of
material properties from the bioink used. To this end, optimizing
the various material and system properties at an early stage will
result in robust and reliable methods for generating tissue and
disease constructs.

In addition to the type of printing, the technology can be sorted
into two categories: acellular and cellular constructs. In acellular
bioprinting, the scaffold and biomaterial itself are made in the
absence of cells during the printing process. The advantages
of this technique offer higher accuracy and greater shape
complexity, as the printing criteria can be more rigorous as cell
health does not have to be considered. In cellular bioprinting,
the scaffold and manufacturing are completed in the presence of
cells and other biological agents to mimic living tissue constructs.
Careful consideration must be taken into account as cells and

other biological entities can be sensitive to additive manufacturing
technigues. Both methods offer unique advantages, and the
printing parameters, biomaterials, and properties of the 3D-printed
constructs will depend on the presence or absence of cells and
biological substances.

Applications

3D bioprinting has the potential to improve the reliability and
predictive power of pre-clinical testing through the production of
more realistic and reproducible in vitro models. 3D bioprinting can
offer reproducible fabrication of 3D cell-laden constructs to better
mimic conditions in vivo, reducing the need for poorly predictive
2D models whether in drug discovery, in-vitro disease models,
or regenerative medicine. Vascularization offers significant
improvements in our ability to model tissues and disease states
while at the same time increasing our understanding of critical
disease pathologies and pathways. Understanding blood vessel
formation and function will develop the field of 3D bioprinting
into pre-clinical testing, broader disease research and precision
medicine approaches.

Final Thoughts

3D Bioprinting is a powerful tool which is enabling the fabrication
of complex tissue and structures for regenerative medicine
and drug discovery. 3D Bioprinting technology is still in its
early stage and several challenges remain to be addressed to
move the field forward. Current approaches have had limited
success for the development of the physical and functional
components required for tissue regeneration due to their
inherent complexity in biological, physical, chemical, mechanical
attributes. Newly engineered bioink materials and compatible
bioprinting applications on the horizon may provide improvements
in these challenging areas. Future endeavors in this space will no
doubt increase our ability to model tissues and disease states in
addition to expanding our understanding of disease pathologies
and offering insight into potentially druggable pathways.
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Introduction

Bioprinting has emerged as a disruptive biofabrication method for
producing three-dimensional (3D) tissue constructs.'? Bioprinting
potentially enables the customization of fabricated constructs to
match the unique anatomical structures of a patient, providing
personalized 3D representations of tissue structures for applications
in tissue engineering and regenerative medicine.>> The typical
bioprinting process involves the automated deposition of bioinks
into target geometries in a layer-by-layer manner, frequently
followed by selective material-solidification (i.e., crosslinking). A
major feature of the 3D bioprinting technology is the use of “bioinks”
composed of living cells, extracellular matrix (ECM)-like support
biomaterials, and/or other bioactive components to print 3D tissue
constructs.®” A prerequisite of the bioinks is their compatibility
for the survival of embedded cells. Biomaterial hydrogels with a
high-water-content environment similar to the physical properties
of the native ECM are extensively used for bioprinting. A variety
of natural polymers, including protein-based materials (e.g.,
collagen, gelatin, fibrin, and silk fibroin), and polysaccharide-
based materials (e.g., alginate, hyaluronic acid (HA)), as well as
some biocompatible synthetic polymers (e.g., poly(ethylene glycol)
(PEG)), have been used to formulate boinks.*# The bioinks
provide different rheological properties, crosslinking behaviors,
and bioactivities to accommodate successful bioprinting.

Up to date, there are several main categories of 3D bioprinting
techniques, i.e., extrusion-based bioprinting,**** inkjet/droplet
bioprinting,** and vat polymerization-based bioprinting.?°-*?
Extrusion-based bioprinting, continuously extruding bioinks from
a dispensing nozzle, is one of the most versatile bioprinting
techniques. Depending on bioink deposition features, this
technique can be further divided into direct extrusion, extrusion
with bath, and extrusion with microfluidics.?*!> Microfluidics-based
micro-extrusion using co-axial nozzle systems is extensively used
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for bioprinting of solid microfibrous and tubular tissues.?*?* Inkjet
bioprinting produces droplets from a low-viscosity cell-suspended
liquid in a “drop-on-demand” manner to pattern biomaterial inks.
Vat (photo)polymerization-based bioprinting refers to bioprinting
techniques that use light energy dispersion to manipulate the
solidification of photoactive bioinks. Each bioprinting technique
requires specific physical and chemical bioink properties. The
bioink formulation influences the viscosity, surface tension, and
crosslinking capability, which together determine printability. For
example, direct extrusion-based bioprinting usually requires high
viscosity and shear thinning of bioinks to facilitate shape-fixing
after material deposition. In situ crosslinking and extrusion in
a support bath allow for printing using low-viscosity bioinks.?>2%
Inkjet-based bioprinting is limited to low-viscosity bioinks. By
contrast, vat polymerization-based bioprinting requires use of
photocurable bioinks.?*>? More recently, volumetric bioprinting,
a subgroup of vat polymerization-based bioprinting, enables
layerless, ultra-fast biofabrication.?2° Besides, other bioprinting
technigues, such as acoustic bioprinting®® and spheroid fusion-
based bioprinting,** have emerged as parallel innovation tracks of
both bioprinting techniques and bioink design.

The design of customizable bioinks with proper printability
(viscosity and crosslinking) and cell viability is central to bioprinting
method selection and achieving optimal final tissue construct
properties.*=* This article presents an overview of crosslinking
strategies and covers the modification of common biomaterials
for the design of bioinks. The advantages and limitations of widely
used biomaterials are compared. In addition, bioink function
improvement in terms of printability, bioactivity, and physical
properties, is summarized. This review provides guidance on the
bioink design for various bioprinting and biomedical applications.
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Overview of Bioink Crosslinking

During most 3D bioprinting procedures, aqueous bioinks containing
living cells and ECM-like support biomaterials are patterned into
target shapes and transformed into solid network structures
via crosslinking. The crosslinking process plays a critical role
in bioprinting, influencing printing fidelity, mechanical and
physicochemical properties of the bioprinted tissue constructs,
and cellular behavior after printing.*>=” There are several general
principles in the design of crosslinking bioinks to consider for
bioprinting: /) biocompatible reagents and end-products for the
cells, and i) suitable crosslinking kinetics under physiological
conditions (aqueous medium at neutral pH). Depending on the
nature of crosslinking, both covalent and noncovalent bonding
can be used to form a chemical and physical network in bioinks,
respectively. Although some crosslinking processes are not
conducted under physiological conditions, they can still be utilized
in bioprinting with optimized reaction conditions to minimize
the side effects on the cells. In this section, we summarize the
primary crosslinking approaches used in bioprinting (Figure 1).

Physical Crosslinking

Physical crosslinking takes advantage of weak but collective
intermolecular interactions, such as electrostatic interactions,
hydrogen bonding, hydrophobic interaction, and host-guest
interaction, to form a physical network (Table 1). The electrostatic
interaction between carboxylic acid in polysaccharides, such

alginate,*®*# gellan gum,*% and divalent cations (e.g., Ca*,
Mg?*, Ba’*) are extensively used in bioprinting due to their fast
curing and good biocompatibility. Besides this, electrostatic
interaction between oppositely charged polymer chains, such as
blends of gelatin-hyaluronate,* chitosan-alginate,* and gelatin-
chitosan,* also enables hydrogel-gelation. Hydrogen bonding is
a strong intermolecular interaction between hydrogen atoms (in
amide and hydroxyl) and electronegative atoms (such as oxygen
and nitrogen). The binding energy of multiple hydrogen bonds
can be even stronger, which can induce polymer gelation. For
example, gelatin and agarose chains can self-assemble upon
cooling by forming helix complexes via collective hydrogen
bonds.#-#° Hydrophobic interactions, together with hydrogen
bonds, contribute to B-sheet folding of silk fibroin for gelation.>->
The charge screening of collagen upon pH change can also lead
to hydrogel-gelation.>>* In addition, host-guest interactions
also help to form physically crosslinked dynamic biomaterial
hydrogel.>* Physical crosslinking is usually used to impart shearing
thinning or assist shape-fixing in extrusion-based bioprinting.>>->°
It is noted that physical crosslinking can also be sensitive to the
physiological environment and pH levels.

Chemical Crosslinking

Chemical crosslinking is extensively used to improve the
dimension stability and mechanical properties of hydrogels.
Chemical crosslinking occurs within functional groups in either
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Figure 1. Three crosslinking methods and typical examples with involved interactions and reactions for bioink crosslinking. Physical crosslinking relies on
intermolecular interactions, including electrostatic interactions, hydrogen bonds, hydrophobic interactions, and Host-guest interactions. Popular chemical
crosslinking includes chain-growth photopolymerization of methacrylates, and step-growth polymerization using thiol-ene chemistry, photo redox, Schiff’s
base chemistry, acylhydrazone, CuAAC click chemistry, and Diels-Alder reaction. Enzymatic crosslinking of glutamine, tyrosine, lysine amino residues,

and glucose oxidation under relevant enzymes.
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Table 1. Three major crosslinking methods for common biomaterial hydrogels.

Crosslinking Specific Active Bioink R
. . eferences
methods mechanism species examples
Fast (+)
P . Carboxylate/multivalent Alginate, Gellan gum, _ . _
Electrostatic interaction Cations Agarose pH-sensitive (-) 38,43
Fast (+)
Gelatin/hyaluronate,
Anionic-cationic moiety Chitosan/alginate, Gelatin/ pH-sensitive (-) 44-46
chitosan
Weak (-)
Physical Gelatin
cry o Hydrogen bonds Oxygen/hydrogen atoms Tunable binding energy (+) 48-49
osslinking Agarose
Weak (-)
Hydrophobic interaction B-sheet-folding Silk fibroin 50-51
Polymer-dependent (-)
Fast (+)
Charge screening Amine Collagen 52-53
pH-sensitive (-)
. . Additional synthesis (-)
_ . . Cyclodextrin/ Cyclodextrin hyaluronate/
Host-guest interaction adamantane adamantane hyaluronate Weak (-) 54
. Fast (+)
Radical (Meth)acrylates, ; _
photocrosslinking (meth)acryamides Gelatin methacryloyl Free radical (-) 58-59
Fast (+)
Thiol-ene chemistry Thiol/vinyl Gelatin-vinyl ester/thiol 62-63
Free radical(-)
Fast (+)
Photoredox Tyrosine, tyramine Silk fibroin 64-67
Chemical Free radical (-)
crosslinking Fast (+)
Schiff’s base chemistry Aldehyde/amine Gelatin/oxidized dextran 72
pH-sensitive (-)
Acylhydrazone Aldehyde/hydrozide O'xidized'hyaluronate/ Fast (+) 73
chemistry dihydrozide pH-sensitive (-)
Efficient (+)
CuAAC Click chemistry Azide/alkyne Azide-modified polymers 68-70
Toxic copper (-)
Cell-benign (+)
Transglutaminase Glutamine/lysine Gelatin, Fibrinogen 76-77
Soft (-)
Slow (-)
Horseradish peroxidase Tyrosine, Tyramine Silk fibroin 78-79
Residual H,0, (-)
Enzymatic -
crosslinking Slow (-)
Lysyl oxidase Glutamine Elastin, Fibroin Noncommercial (-) 81-83
Copper (-)
Heparin-based hydrogels
Glucose oxidase Heparin, Acrylates poly(ethylene glycol)- Slow (-) 84
diacrylate

a step-growth or chain-growth manner,
polymer network. The typical
crosslinking of biomaterials are summarized in Table 1. Photo-
triggered chemical crosslinking is the most popular method

forming a covalent
reactions used for chemical

acrylates/(meth)acrylamides and formulated with water-soluble
photoinitiators to make photocurable bioinks.”®>® A variety

of water-soluble visible-light triggered photoinitiators,
2,2'-azobis[2-methyl-N-and

as lithium-acyl

phosphinate (LAP),

such

because it is contact-free, and provides spatiotemporal controlled,
on-demand, rapid curing.”* For example, the fast chain-growth
photopolymerization reaction of vinyl double bonds is the most
widely used chemical crosslinking method, particularly in vat
polymerization-based bioprinting techniques.®” Synthetic and
natural hydrogel precursors can be easily modified with (meth)

(2-hydrox-yethyl) propionamide] (VA-086), and eosin Y have been
developed for bioprinting with enhanced cellular viability.?*¢ In
the chain-growth photopolymerization, vinyl double bonds on
the hydrogel-precursors polymerize into carbon-carbon chains
by free radicals, forming a heterogeneous network with defects
such as dangling chain, loops, and different chain lengths.®* The
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chain-growth crosslinking kinetics are complicated and influenced
by reactive species diffusion and radical termination, such as
oxygen-inhibition.

In contrast, the photochemistry of the thiol-ene reaction
between the thiol and vinyl double bonds proceed in a step-
growth manner, forming more uniform networks and showing
less sensitivity to oxygen.®® Another increasingly popular
visible light-based crosslinking is the photoredox of tyrosine via
di-tyrosine bond-formation in the presence of ruthenium/sodium
persulfate (Ru/SPS).%* Since many natural proteins contain amino
residues of tyrosine, this crosslinking strategy can proceed in
the native form of a hydrogel-processor (such as silk fibroin)
without post-modification.®>*¢ Meanwhile, hydrogel-precursors
can be chemically grafted with the tyramine groups to facilitate
di-tyrosine-formation.®” Besides this, various other biorthogonal
click chemistry, including azide-alkyne cycloadditions,®79
Diels-Alder [4+2] cycloaddition,”t Schiff's base chemistry,”? and
acylhydrazone chemistry”? can also be exploited for biopolymer
crosslinking.”s However, most of these crosslinking approaches
involve the post-modification of the hydrogel-precursors.

Enzymatic Crosslinking

Besides normal curing reactions using additional chemicals
or crosslinkers, enzymes are also utilized to catalyze the
crosslinking of protein-based bioinks at physiological conditions.”
Transglutaminases can catalyze the formation of isopeptide bonds
between lysine g-amines and glutamine sidechain amides.”®””
This reaction has been used to effectively crosslink proteins
bearing rich lysine and glutamine residues, such as fibrinogen
and gelatin, to produce insoluble hydrogels.”> Another widely used
enzyme system is the hydrogen peroxidase (HRP) for hydrogel
crosslinking via tyramine oxidative coupling in the presence of
hydrogen peroxide (H,0,). Tyramine-rich hydrogel-precursors,
including natural silk fibroin’®7® and tyramine-functionalized HA,®
can be effectively crosslinked by this HRP/H,O, system. Lysy!
oxidase, a critical enzyme for the formation and repair of the

native ECM, has also been used for enzymatic crosslinking of
peptide-based hydrogels. The reaction mechanism reduces lysine
sidechain residues to form aldehydes, followed by interpeptide
crosslinking with lysine via Schiff’s base reaction.®-83 In addition,
glucose oxidase has been used to crosslink PEG-diacrylate
(PEGDA)-based hydrogels through enzyme-mediated radical
polymerization, enabling acrylate-based hydrogel-formation at
ambient temperature.®

Biomaterials as Bioinks

Protein- and Peptide-based Bioinks

Collagen is the main structural protein in the ECM of the human
body and is rich in connective tissues.®> The most abundant
collagen protein is collagen type I. Collagen possesses tissue-
matching physicochemical properties and excellent in vitro/in vivo
biocompatibility, and is widely used in biomedical applications.®-%
Collagen is soluble at low temperatures (2-8 °C) and acidic
conditions and forms a fibrous gel by changing to neutral pH.
Collagen can also self-assemble at 37 °C, enabling slow gelation.®
Due to these reasons, pure collagen is not directly used as
bioinks. Instead, it is most often used as the cell support layer
in bath-based bioprinting.>* Properties of collagen bioinks can
be tuned by simply blending with other biomaterials, such as
alginate,® agarose,® and silk,® to enhance the printability. In
addition, collagen can be chemically modified with photosensitive
groups, such as methacryloyl, for light-based crosslinking.®o-*!
For example, a multicomponent bioink containing methacryloyl-
modified collagen and thiolated hyaluronic acid was developed
to print tissue models to mimic the liver microenvironment.®® In
another study, methacryloyl-modified collagen was blended with
alginate to bioprint a human corneal model.®* With the combined
control over pH, temperature, collagen ratios, and precursor
concentration, the gelation and printing fidelity of collagen and
derivatives can be tuned to facilitate successful printing.®>°4
Collagen and typical derivative-based bioinks for bioprinting are
summarized in Table 2.

Table 2. Summary of natural and synthetic polymers and their derivatives for bioinks using different crosslinking methods.

Primary Printing Crosslinking

material Bioink approach method Notes References
Col Extrusion Neutralize pH change 53
Col/Fib Extrusion Neutralize before print érgﬁé'?;/sgeprintability and cell- 229
Collagen
Col-MA/Alg Extrusion Ionic crosslinking Increased mechanic property 91
Col-MA/HA Extrusion UV irradiation after bioprinting Light curable 90
; Ionic crosslinking + ) .
Gel/Alg Extrusion glutaraldehyde Increased mechanical properties 230
Extrusion . -
GelMA Photocrosslinking érgﬁe:?;/sgeprmtabmty and cell- 12,101
Vat-polymerization
R _ - Lo Improved printability and cell-
D-GelMA Vat-polymerization | Photocrosslinking adherence 231
Gelatin . Lo
; Ionic crosslinking + ) -
GelMA/Alg Extrusion photocrosslinking Enhanced printability 199,232
Gel-NB Vat-polymerization | Photocrosslinking Low swelling ratios 233
GelMA-Tyr Extrusion Photocrosslinking Enhanced adhesion 67,234
Extrusion
Gel-AGE Thiol-ene + photoredox Low bioink viscosity 62,235
Vat-polymerization
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Primary fa] Printing Crosslinking
material Bioink approach method References
Slow curing
Extrusion HRP/H,0, 128
SF residual H,0,
Silk fibroin
Extrusion Ru/SPS Fast crosslinking 66
SF-MA Vat-polymerization | Photocrosslinking Fast crosslinking 127,236
dECM Extrusion Physical crosslinking at 37 °C Mechanically weak 131
dECM dECM-MA Extrusion Photocrosslinking Mimicking native microenvironment 90
dECM/Alg Extrusion Ionic crosslinking Good printability 237-239
PEG monoacrylate/ . . .
- . Tonic crosslinking + photo- Increased mechanical property and
Fibrinogen Fib/Alg Extrusion irradiation during bioprinting printability 134
MeTro/GelMA Extrusion Photocrosslinking High elasticity 138
Elastin
MeTro/CNT Extrusion Photocrosslinking Enhanced conductivity 137
Extrusion
Alg Tonic crosslinking Fast curing, low cell adherence 240-241
Inkjet
Ionic crosslinking
Alg-MA Vat-polymerization Dual-crosslink 242-243
Photocrosslinking
Extrusion Tonic crosslinking
Alginate Oxi-Alg-MA Rapidly degradable 244-245
Vat-polymerization | photocrosslinking
Ionic crosslinking
Alg-NB Extrusion Tunable properties 147
photocrosslinking
Alg-Tyr Extrusion HRP/H,0, Fast curing 149
Alg-RGD Extrusion Ionic crosslinking Improve cell adhesion 153,246
HA Extrusion - Weak 247
Extrusion
HA-MA Photocrosslinking Enhanced stability 164-166
Vat-polymerization
- ) iees Extended degradation time, increased _
Hyaluronic Oxi-HA Extrusion Schiff’s base stability 170,173-174
acid
Short term stable,
HA-ADH/Oxi-HA Extrusion Acylhydrazone chemistry 171-172
self-healing
HA-Tyr Extrusion HRP/H,0, High cell viability 80,149
HA-CD/HA-Ad Extrusion Host-guest interaction Self-healing 54
PEGDA Vat-polymerization | Photocrosslinking Tunable properties 182-183
PEG PEGX Extrusion Photocrosslinking Low viscosity, tunable curing chemistry | 184-185
; Ionic crosslinking + .
PEGDA/AIg Extrusion Photocrosslinking High toughness 228
F127 Extrusion Thermal gelation Temperature sensitive 189-192
Pluronics Extrusion
F127DA Photocrosslinking Low cell adherence, high toughness 248-249
Vat-polymerization

Abbreviations: collagen (Col), methacryloyl-modified collagen (Col-MA), gelatin (gel), gelatin methacryloyl (GelMA), dopamine-modified gelatin methacryloyl
(D-GelMA), allylated gelatin (Gel-AGE), vinyl ester modified gelatin (Gel-VE), norbornene-modified gelatin (Gel-NB), cysteine-modified gelatin (Gel-Cys), tyramide-
modified gelatin (Gel-Tyr), furan-modified Gelatin (Gel-FA), furfuryl-modified gelatin (Gel-FI), silk fibroin (SF), methacrylated silk fibroin (SF-MA), decellularized
extracellular matrix (dECM), methacryated decellularized extracellular matrix (dECM-MA), fibrinogen (Fib), methacryloyl-modified tropoelastin (MeTro), alginate (Alg),
methacrylated alginate (Alg-MA), norbornene-modified alginate (Alg-NB), tyramide-modified alginate (Alg-Tyr), RGD-modified alginate (Alg-RGD), oxidized alginate
(Oxi-Alg), hyaluronic acid (HA), methacrylated hyaluronic acid (HA-HA), oxidized hyaluronic acid (Oxi-HA), tyramide-modified hyaluronic acid (HA-Tyr), norbornene-
modified hyaluronic acid (HA-NB), azide-modified hyaluronic acid (HA-Azide), dihydrazide-modified hyaluronic acid (HA-ADH), furan-modified hyaluronic acid (HA-
FA), B-cyclodextrin-modified hyaluronic acid (HA-CD), adamantine-modified hyaluronic acid (HA-Ad), polyethylene glycol-diacrylate (PEGDA), Pluronic F127 (F127),
Pluronic F127-diacrylate (F127DA), ruthenium/sodium persulfate (Ru/SPS).
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Figure 2. Gelatin and derivatives with different crosslinking for bioinks. A)

Chemical structures with major amino residues and typical reactive functional

groups in gelatin. B) Gelatin chains reversibly transform from random coil to triple helix configuration upon heating/cooling modulated by hydrogen bonds.
C) Major gelation derivatives: methacrylated gelatin (Gel-MA), ene-derivatives including allylated gelatin (Gel-AGE), vinyl ester-modified gelatin (Gel-VE),
norbornene-modified gelatin (Gel-NB), thiol-modified gelatin including cysteine-modified gelatin (Gel-Cys) , and thiobutyrolacton-modified gelatin (Gel-

Thiol), tyramide-modified gelatin (Gel-Try), furan/furfuryl-modified gelatin

(Gel-FA, Gel-FI).

Gelatin is produced by hydrolyzing collagen from connective
tissues of animals, such as the skin.®® The primary reactive
functional groups of gelatin are amine, carboxylate, and hydroxy!|
groups (Figure 2A). Similar to collagen, gelatin contains cell-
adhesive peptide sequences, such as Arg-Gly-Asp (RGD) as
well as protease-sensitive sites. It has been approved by the
United States Food and Drug Administration (FDA) for biological
and biomedical applications.®® Due to the advantages of good
bioactivity, biocompatibility, biodegradability, and low cost, as
well as widely tunable properties, gelatin is one of the widely
used materials in tissue engineering, and bioprinting.®*¥” There
are several methods to crosslink gelatin-based biomaterials.
As shown in Figure 2B, gelatin displays a thermally reversible
sol-gel transition upon heating and cooling due to its reversible
triple helix-coil transition.®®=*® To improve the structural integrity
of gelatin hydrogels for in vivo applications, chemical crosslinking
of gelatin by glutaraldehyde, genipin, and 1-ethyl-3-(3-dimethyl
aminopropyl) carbodiimide (EDC) are used.!® In addition, more
benign enzymatic crosslinking of gelatin using transglutaminase
is extensively adopted.”>”’® Meanwhile, various gelatin derivatives
have been developed for fast chemical crosslinking (Figure
2C).%® For example, the formation of (meth)acrylamide- and
(meth)acrylate-modified gelatin (GelMA, or gelatin methacryloyl)
through reaction between amine (in lysine) and hydroxyl (in
hydroxyproline) residues with methacrylate anhydride (MAAH)
to form pending vinyl double bonds is the most widely used
derivatives for chain-growth photopolymerization.!?5897101-103 Alsg,
the carboxyl acid residues (glutamate) can be modified with
tyramine for photo-reduction by the Ru/SPS system.® In addition,
step-growth polymerization by click chemistry, including thiol-
ene chemistry, Diels-Alder reaction, and Schiff’'s base, is widely
used for crosslinking gelatin hydrogels.®* To develop thiol-ene
photo-crosslinkable gelatin, ‘ene’ functional groups, including
norbornene, vinyl esters, pentenyl, allyl ethers, or acrylates,

have been grafted on gelatin molecules.’%¢% For example,
pentenoate-modified gelatin,'®* vinyl ester-modified gelatin (Gel-
VE),1% norbornene-modified gelatin (Gel-NB),%*'%” and allylated
gelatin (Gel-AGE)®> can be modified and then photocrosslinked
with multifunctional thiol crosslinkers. Thiol functionalized gelatin,
including cysteine-modified gelatin (Gel-Cys),'%41%% and gelatin
thiobutyrolacton,'®* were also used for thiol-ene chemistry or
thiol-Michael reactions. Furan-modified gelatin (Gel-FA) was
synthesized for Diels-Alder reaction-based crosslinking.'® Besides,
Gel-FA can proceed with photo-oxidation-based crosslinking in
the presence of a photosensitizer, such as Rose Bengal.!*0-11
Moreover, the wide use of gelatin and its derivatives to blend with
other biomaterials, such as alginate and PEGDA, increases the
printability and physical properties of the bioinks.!*2-113

Silk fibroin is a natural protein derived from silkworms
(Figure 3A),"* which has attracted increasing attention for
use in bioprinting.’*** The most widely used silk material is
the domesticated Bombyx mori silk protein, which shows good
biocompatibility, low inflammatory profile, and tunable mechanical
properties.’® Silk fibroin consists of hydrophobic segments with
multiple hydrogen bonds and hydrophilic segments containing
reactive amino residues of tyrosine (5.2%), lysine (0.3%), and
glutamate (1.0%).1°*0 To prepare silk fibroin-based bioink, silk
fibroin is treated with ionic liquids or water-based salt systems
to break the strong hydrogen bonds between the proteins.'?* The
silk fibroin hydrogels can be obtained using chemical and physical
crosslinking approaches. Physical crosslinking of silk fibroin is
achieved through a structural transformation from a random-coil
configuration to B-sheet folding (Figure 3B),'?*?*> which can be
accelerated by treatment conditions, including sonication, shear
action, temperature change, pH adjusting, electrical stimulation,
and addition of polar organic solvents, such as polyols or
surfactants.’* The physically crosslinked silk hydrogels with a
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Figure 3. Silk fibroin and derivatives with different crosslinking for bioinks.
A) Chemical structures with major amino residues and typical reactive
functional groups in silk fibroin. B) Physical crosslinking of silk fibroin
by configuration transformation from random coil to B-sheeting folding
dominated by the collective hydrogen bonds in the hydrophobic segments.
C) Chemical crosslinking of SF: native silk fibroin via di-tyrosine-formation
and methacrylated silk fibroin (SF-MA) for photocrosslinking.

large amount of B-sheet folding are usually stiff and hard to be
remodeled by cells. To this end, soft silk fibroin hydrogels are
fabricated by chemical crosslinking. The native silk fibroin can be
crosslinked by forming di-tyrosine bonds between the phenolic
tyrosine residues (Figure 3C). The di-tyrosine-based crosslinking
is realized by either photoredox-based chemical crosslinking,
64125 or enzymatic crosslinking approaches using HRP/H,O,.7%%
Particularly, the photoredox crosslinking using Ru/SPS system
triggered by visible light is efficient and rapid,®* and can be used
in bioprinting of silk fibroin.®® In addition, silk fibroin can also be
modified with methacrylate groups for vat photopolymerization-
based printing (Figure 3C).1?7-1%8

Other proteins, including decellularized ECM (dECM), fibrin, and
elastin, are also used for bioinks. The dECM is obtained from
the target tissue with all the cellular components removed while
preserving the proteins, and gross architecture can also be
preserved as needed.'” The dECM hydrogels are rich in ECM
components, improving cell viability and functionality by providing
a natural microenvironment. The dECM pregel solutions are liquid
below 10 °C and slowly gelates above 37 °C.13° Despite these
advantages, the low mechanical strength of dECM limits its wide
application. For this reason, dECM is frequently modified by
incorporating photosensitive functional groups or mixed with other
cross-linkable components when used in bioinks.'3! Fibrin exhibits
good biodegradability and can promote cell growth and tissue
regeneration.’* However, the high viscosity of fibrin makes it
difficult to use without modification as a bioink in extrusion-based
3D bioprinting.*** As a result, fibrin is typically chemically modified
and/or blended with other printable materials such as gelatin to
make bioinks.!3*13> Elastin can provide elasticity when used as a
major component for printing of tissues like skin,'3¢ but its intrinsic
crosslinking creates challenges to using it as a bioink. Therefore,
its soluble precursor, such as recombinant tropoelastin, has been
used to produce bioinks. 37138
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Figure 4. Alginate and derivatives with different crosslinking for bioinks.
A) Chemical structure of alginate. B) Electrostatic interactions between
metal ions and carboxylate for ionic crosslinking of alginate. C) Typical
alginate derivatives: methacrylated alginate (Alg-MA), norbornene-
modified alginate (Alg-NB), tyramide-modified alginate (Alg-Tyr), RGD-
modified alginate (Alg-RGD), oxidized alginate (Oxi-Alg).

Polysaccharide-based Bioinks

Polysaccharides and their derivatives have attracted considerable
attention as biomaterials for use in biomedical engineering and
materials science. Here, we briefly introduce polysaccharides,
including alginate, HA, agarose, chitosan, and their derivatives as
bioinks. Alginate, also known as alginic acid, is a natural anionic
polysaccharide refined from brown seaweed composed of B-bD-
mannuronic (M) and a-L-guluronic acids (G) (Figure 4A), which
is similar to the glycosaminoglycans found in the native ECM of
the human body. It has seen significant use in biomedicine and
tissue engineering due to its biocompatibility, low cytotoxicity,
mild gelation process, and low cost.?**0 In particular, it has
been widely used as a bioink because of its rapid gelation
without harmful byproducts.®> As shown in Figure 4B, ionic
gelation of alginate can be easily achieved by rapid crosslinking
of the carboxylic acid group in the G unit by divalent cations,
such as calcium (Ca?"), to form an “egg-box” structure.'*!
Thus, bioinks based on alginate, modified alginate, or alginate
blended with other biomaterials are some of the most widely
used in bioprinting.*>% Unfortunately, ionic crosslinking of
alginate is not stable under physiological conditions due to ionic
exchange.”? Accordingly, various alginate derivatives, such as
methacrylated alginate (Alg-MA), are synthesized for chemical
crosslinking (Figure 4C). Alg-MA was obtained by reaction
with  MAAH,** glycidyl methacrylate (GMA),*** or 2-aminoethyl
methacrylate in the presence of EDC and N-hydroxysuccinimide
(NHS).“>-46 Rapid UV-induced thiol-ene crosslinking is used to
crosslink norbornene-modified alginate (Alg-NB).**#¢ Additionally,
enzymatic crosslinking of tyramide-modified alginate (Alg-Tyr)
by HRP/H,O, is utilized for extrusion bioprinting.*® Derivatives
of alginate with in-vivo biodegradability are also highly sought
after for biomedical applications.** To enhance biodegradability,
oxidized alginate (Oxi-Alg) was prepared by partially breaking
the ring using a strong oxidant, such as sodium periodate, and
tuning the degradation rate by the oxidation degree.**!> Alginate
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also lacks cell adhesion sites, leading to poor cell proliferation
and differentiation. To this end, cell adhesive peptides of RGD
can be conjugated to alginates.’®'> Thus, alginate bioinks can
be engineered with a wide variety of functionalities, including
photocrosslinkability, biodegradability, and cellular attachment
properties for various biomedical applications.***'>> Further, multi-
component hydrogels can be created by blending alginate with
other polymers, including chitosan, gelatin, and hyaluronic acid to
enhance comprehensive performance.!-1%¢

HA is a non-sulfated glycosaminoglycan that is ubiquitous in the
human body, especially in skeletal structures and supporting
tissues, like skin, bone, cartilage, and vascular tissue.”*!*
HA mediates cellular signalling, and is a critical component
of synovial fluid, vitreous humour, and hyaline cartilage.®®
Due to its excellent biocompatibility, HA hydrogels have been
progressively applied in biomedical applications for decades.!!-16?
However, when used in bioinks HA provides limited capability for
cell migration, angiogenesis, and proliferation, as well as weak
mechanical properties.’®> Although high molecular-weight HA
is viscous and displays shear-thinning properties, it is difficult
to maintain its printed shape and is mechanically weak in an
uncrosslinked HA hydrogel. To successfully use HA as a bioink,
various chemical modifications must be employed to incorporate
reactive functional groups for crosslinking (Figure 5). This is
accomplished via reaction of the three major functional groups:
glucuronic acid, and the primary and secondary hydroxyl groups.
For example, methacrylated HA (HA-MA) can be obtained by
reacting HA with MAAH or GMA for light-trigged hydrogels
crosslinking.te41% In addition, several other HA derivatives have
been developed to prepare HA hydrogels by different crosslinking
approaches, including thiol modified HA (HA-Thiol) for thiol-
Michael addition,®”-%® norbornene-modified HA (HA-NB) for
thiol-ene reactions,®® and tyramide-modified HA (HA-Try) for
enzymatic crosslinking,®# furan-modified HA (HA-FA) for Diels-
Alder crosslinking,”* and azide-modified HA (HA-Azide) for CuAAC
click chemistry.”? Meanwhile, HA was also modified to fabricate
hydrogels containing dynamic bonds, including B-cyclodextrin-
modified HA (HA-CD) and adamantane-modified HA (HA-Ad)

based hydrogels by host-guest interaction,”® oxidized-HA and
dihydrazide-modified HA (HA-ADH) dynamic hydrogel by Schiff’s-
base chemistry,'’°4 and dynamic thiol-HA/silver composite
hydrogel,'”> to assist the material extrusion or enable functional
self-healing properties. HA can blend with gelatin components
or be modified with RGD to improve cellular interaction.!®>/
Therefore, these HA modifications enable the fabrication of
mechanically stable, biodegradable hydrogels with good cell
adhesion for bioprinting. Overall, derived HA with modified
properties has been widely used as bioinks in tissue engineering,
regeneration medicine, and biomedical applications.'76-178

Besides these, other polysaccharides and derivatives are used
as bioinks as well. Agarose is a biocompatible polysaccharide
extracted from marine algae and seaweed. Agarose shows
thermoreversible gelation at around 30-40 °C depending on the
aqueous solution concentration and molecular weight, and is
suitable for extrusion-based printing of structures.?® Similar to
other polysaccharides with poor cell adhesion, agarose can be
mixed with additional components, such as gelatin or collagen, to
prepare bioinks.’®® Besides, agarose can be chemically modified
by carboxylation to soften the hydrogel by reducing the helical-
helical interactions and/or graft RGD to enhance cell adhesion.®
Chitin is the most naturally abundant amino-polysaccharide
with biocompatible and biodegradable properties.’® By partial
deacetylation of chitin, chitosan is obtained with amine residues
that show good anti-bacterial and wound healing performance.'#
Chitosan can be readily dissolved in dilute acids for facile
processing, and further blended with other polymers to prepare
multi-component bioinks.#-4

Synthetic Polymer-based Bioinks

Synthetic polymer hydrogels formed by chemical crosslinking of
synthetic monomers or oligomers have also been widely used
for bioprinting.® Compared with natural polymer hydrogels,
synthetic polymer hydrogels have stronger and more highly
tailorable mechanical properties. Among them, the most widely
used synthetic hydrogel is based on PEG or poly(ethylene
oxide) (PEO) (high molecular weights, >10 kDa) hydrogels.
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Figure 5. Chemical of hyaluronic acid and typical derivatives: methacylated HA (HA-MA), HA-Thiol, oxidized HA (Oxi-HA), norbornene-modified HA
(HA-NB), tyramide-modified HA (HA-Tyr), azide-modified HA (HA-Azide), dihydrazide-modified HA (HA-ADH), furan-modified HA (HA-FA), B-cyclodextrin-

modified HA (HA-CD), and adamantane-modified HA (HA-Ad).
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Figure 6. Chemical structure, modification of synthetic polymers to prepare crosslinked bioinks A) PEG and derivatives. B) Pluronic F127 and derivatives.

PEG contains hydrophilic ethylene oxide repeating units and
hydroxyl end-groups. PEG can be tailored to have different
molecular weights and chain architectures, including linear or
multi-arms. To accommodate crosslinking for bioprinting, PEG
can be modified with (methyl)acrylate, such as PEGDA.!82-18
Under light irradiation, PEGDA can proceed with chain-growth
photopolymerization with the aid of various photoinitiators
(Figure 6A). By altering the oligomer concentration and oligomer
chain length, the mechanical properties of PEGDA hydrogels can
be simply tuned in a wide range. PEG has also been modified
with other functional groups, including carboxylic acid, vinyl,
amine, and thiol groups for step-growth polymerization with click
chemistry-based crosslinking.'#418> It is noted that the existence
of low-molecular-weight PEGDA residual oligomers would lead to
cytotoxicity in PEGDA hydrogels.'®

Another class of extensively studied synthetic polymer is
Poloxamer (or Pluronic F127), which is a linear triblock copolymer
composed of hydrophilic PEO and hydrophobic poly(propylene
oxide) blocks (PEO—-PPO—PEQO). Pluronic F127 has been approved
by FDA as a human-use cytocompatible biomaterial.’®” It
shows polymer concentration-dependent thermoreversible sol—
gel transition. Above a critical micelle concentration and a
temperature in the range of 4-10 °C, Pluronic F127 reversibly
forms a physical gel via micellar aggregation (Figure 6B). The
concentration of Pluronics F127 must be as high as 14 % to form
a gel in a cell culture medium, leading to low cell viability.'s®
Therefore, Pluronics F127 is more frequently used as a sacrificial
or support material in extrusion-based bioprinting.®1% Acrylated
Pluronic F127 (F127DA) was synthesized to produce photocurable
bioinks.#819% Significant drawbacks of synthetic hydrogels include
their biological inertness, inherently poor adhesion for cells or

proteins, and a lack of biodegradability. To this end, various active
components, such as cell-adhesive peptides or growth factors,
can be incorporated into synthetic hydrogels, as discussed later.

Bioink Functional Improvements

Printability

Printability of bioinks generally refers to the degree of extrudability,
filament uniformity, and shape fidelity of the printed object
compared to the original computer-aided design.'** Printability
is closely associated with multiple rheological properties (e.g.,
bioink viscosity and viscoelasticity), physical properties (e.g.,
surface tension), crosslinking strategies as well as bioprinting
parameters (e.g., applied pressure). Usually, bioinks with a high
viscosity and shear-thinning enable good printing fidelity in direct
extrusion-based bioprinting. Various biocompatible rheological
modifiers, such as agarose,'’® gelatin,'®>, and laponite,*®*¥ are
widely used to tune the rheological properties of bioinks. However,
a bioink with high viscosity and a large shearing force in the
dispensing nozzle can also be detrimental to living cells.’®® In this
sense, the use of low-viscosity bioinks with /n situ crosslinking
and support bath-based extrusion are favored in specific
scenarios.?>?® Another way to enhance the printability of a bioink
is to include a secondary component that uses rapid physical
crosslinking as a sacrifice template.** Low-viscosity alginate is
extensively mixed with GelMA,**-00 collagen,> and dECM™3 and
used as a sacrifice template for co-axial extrusion bioprinting.
For example, we reported a general method for bioink design
using alginate-templated dual-stage crosslinking for use with
low-viscosity bioinks.'*> These multi-component bioinks consisted
of low viscosity alginate combined with bio-macromolecular
components such as collagen, gelatin, or GelMA. The fast ionic
crosslinking of the alginate component serves as a temporal
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Figure 7. Typical examples of bioink-customization to improve printability, cell viability, and mechanical properties of the bioprinted constructs. A)
Schematic showing alginate-templated dual-stage crosslinking for bioprinting. The multi-component bioink contains low-viscosity alginate with fast ionic
crosslinking and biomacromolecule components with secondary crosslinking for co-axial bioprinting. B) Photographs of bioprinted five-layer constructs
at day 0 and day 1 post-bioprinting, as well as fluorescence microscopic images of live/dead staining (live cells in green and dead in red) at day 0, and
F-actin/nuclei staining (F-actin in green and nuclei in blue) at day 5 of the encapsulated hMSCs in the bioprinted constructs. A) and B) are adapted with
permission from reference 142, copyright 2018 John Wiley and Sons. C) Schematic showing 3D bioprinting of a micropore-forming hydrogel structure using
the APTE bioink and a conventional hydrogel structure. D) Confocal fluorescence micrographs showing morphologies of NIH/3T3 fibroblasts within i, iii)
standard GelMA constructs and ii, iv) microporous GelMA constructs. The cells were stained for nuclei (blue) and F-actin (green). C) and D) are adapted

with permission from reference 207, copyright 2018 John Wiley and Sons.

structural support to stabilize the construct shape during co-axial
extrusion bioprinting. After chemical or physical crosslinking of
the bio-macromolecular component, the alginate physical network
was selectively removed to leave the desired bio-macromolecule
network (Figure 7A), enabling good cell viability and spreading in
the resulant hydrogels (Figure 7B).

Enhancing Cellular Behaviors

The cellular behavior of bioprinted tissue constructs can be
influenced by many factors before, during, and after printing.?%
First, before printing, cell-laden bioinks containing hydrogel-
precursors, initiators, or crosslinkers must be biocompatible
with cells. Hydrogel systems that use toxic chemical crosslinkers
or extreme pH conditions are not suitable candidates for use
in cell-laden bioinks. For extrusion-based bioprinting, overly
high shearing stress can cause cellular deformation, leading to
cell damage or loss of function.?? Use of lower shearing force,
lower-viscosity bioinks, or shear-thinning bioinks can mitigate

this issue. In the case of vat polymerization-based bioprinting,
exposure to light irradiation can also impact the living cells. Thus,
highly efficient visible-light photoinitiators are favored to initiate
crosslinking.?t After printing, cell growth can also be influenced
by hydrogel bioactivity. Therefore, hydrogels that possess cell-
attachment sites, such as gelatin and dECM, are frequently
used alone or mixed with other components. To enhance the cell
adhesion and bioactivity of synthetic polymer-based hydrogels,
biologically active components, such as cell-adhesive RGD
peptides or growth factor-sequestering heparan sulfate proteins
(HSP) can be grafted onto polymer chains to prepare the bioinks.
For example, Moon et al. developed PEG hydrogels with integrin-
binding sites and protease-sensitive substrates to produce bioinks
with good cell adhesion and biodegradability.?®

Besides the cell adhesion sites, the polymer network structure
can also influence cell growth. Biomaterial hydrogels with
high polymer concentration or crosslinking density featuring
small network mesh sizes reduce cell viability and retard cell



spreading and proliferation.?*4?%> However, increasing the mesh
size to enhance cell viability sacrifices mechanical properties.
To address this, micro pore-forming hydrogel biomaterials have
been developed that can be applied to bioprinting.2%-20¢ For
example, a micro pore-forming bioink based on the aqueous
two-phase emulsion (ATPE) improved cell viability and enhanced
cell proliferation (Figure 7C).””” The ATPE bioink was prepared
by mixing GelMA and PEQO aqueous solutions, forming phase-
separated PEO domains in the range of several tens of
micrometers. The cell-laden ATPE bioink was used for extrusion-
based bioprinting or vat polymerization-based bioprinting
modalities. After photocrosslinking of the GelMA component,
the PEO microphase was leached, forming microscale pores. The
3D-bioprinted porous GelMA constructs, encapsulating various
cell types, showed better viability, proliferation, and metabolic
activity than those bioprinted with conventional pure GelMA as
the bioink (Figure 7D).'°%?%° Bjoprinted 3D tissues with enhanced
cellular behaviors such as these may soon become widespread in
tissue engineering and tissue model engineering.?!9-212

Physical Properties

Several physical properties must be considered for the clinical
translation of bioprinted tissue constructs including biodegradability
and mechanical properties. Human tissue has unigue mechanical
properties, including low modulus, viscoelasticity, high toughness,
and good fatigue-resistance.?? Bioprinted tissue constructs require
comparable stiffness to match that of the targeted tissue and
must show controllable degradation to remodel with the host
tissue. It is highly demanding to have both widely tunable and
good mechanical properties in bioprinted constructs. Therefore,
the design and optimization of bioprinting parameters must be
carefully customized. Take GelMA as an example; mechanical
properties of a GelMA hydrogel can be altered by changing GelMA
methacryloyl-modification degree, polymer concentration, and
UV exposure time.*®19321 The crosslinking density and modulus of
GelMA hydrogels increases with higher GelMA concentration, longer
curing time, and higher degree of methacryloyl-modification.
Usually, single-component hydrogels show limited tunability in
mechanical properties. To this end, multicomponent biomaterial
hydrogels, including hybrid hydrogels, nanocomposite hydrogels,
and double-network hydrogels, with tunable mechanical properties
and enhanced toughness, are developed.'*342!> For instance, Rutz
et al. reported a PEGX toolkit to manipulate the properties of
PEG-based bioinks.'®> PEG is functionalized with reactive groups
(represent the “X”) on both ends and act as a crosslinker for
various polymers. The chain length and architecture (linear or
multi-arms) of PEGX crosslinker can be altered. Linear (e.g.,
gelatin), branched (e.g., four-arm PEG amine), or multifunctional
(e.g., GelMA) polymer can be mixed with PEGX and cells
to formulate the bioinks. The use of thiol Michael addition
and tetrazine-norbornene click chemistry allows for good cell
viability.'®* The mechanical properties of the resulting gel can be
tuned depending on the concentration of PEGX and its molecular
weight and functional groups. Moreover, secondary crosslinking
can increase mechanical robustness after printing. Besides,
various nanoparticles, including gold nanorods, laponite, and
hydroxyapatite, can also be used to make composite GelMA bioinks
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with tuned mechanical properties.?’®>*® In addition, multi-walled
carbon nanotubes (MWCNTs) have also been added to GelMA to
enhance both the mechanical and electrophysiological properties.
Magnetic nanoparticles have also been added to hydrogel matrices
to introduce magnetic properties.??°??> Interpenetrating polymer
network hydrogels, specifically double-network (DN) hydrogels,
have attracted attention for increasing the mechanical properties
of the hydrogels, especially the toughness.?”*?¢ DN hydrogels
consisted of one stiff and brittle polymer network and a second
soft and ductile network. This concept is also gaining popularity
for fabricating tough biomaterial hydrogels. To design bioinks
for tough biomaterial hydrogels, an ionically cross-linkable
polysaccharide, such as alginate,??*~%’ is suitable for the stiff first
network; loose chemical crosslinking is adopted for the second
biopolymer network. For example, Hong et al. developed a DN
hydrogel-based bioink containing high-molecular-weight PEGDA
and medium-viscosity sodium alginate.?”® To facilitate extrusion
bioprinting, nanoclays were also added to impart shearing. After
crosslinking, the hydrogel with a water content of 77.5 wt% had
a fracture toughness above 1,500 ] m~. The ionically crosslinked
alginate dissipated mechanical energy under deformation,
and the long-chain PEG network maintained high hydrogel
elasticity. Since both PEG and alginate are biocompatible, this
tough hydrogel enabled high viability of encapsulated human
mesenchymal stem cells (hMSCs) for up to 7 days.

Conclusions

Bioprinting is a disruptive biofabrication technique that allows
for direct fabrication of anatomical 3D tissue constructs based
on individual patient needs. With the advances in bioprinting
techniques and bioink design, the bioprinting of complex cell-laden
tissue constructs has found broad applications in tissue modeling
and regenerative medicine. Bioink design and customization plays
a critical role in printability, cell viability and function, and the
physical properties of the resulting tissue constructs. Natural
and synthetic polymer biomaterials are physically or chemically
crosslinked to form 3D networks that provide an ECM-like matrix
to supporting cell growth. Bioinks composition and crosslinking
methods can be customized to tune printability. Biorthogonal
crosslinking approaches that use precursors and by-products with
low toxicity, suitable crosslinking kinetics, and compatibility with
physiological conditions are preferred in bioink design. Among
these, the rapid ionic crosslinking of polysaccharides is widely used.
Chain-growth photopolymerization and click chemistry-based
crosslinking methods are extensively used to form biomaterial
hydrogels from polysaccharides and protein derivatives with good
physiological and environmental stability. Bioactivity and network
topological structures of crosslinked biomaterial hydrogels are
modulated to enhance cell behavior. The mechanical properties
of biomaterial hydrogels are engineered using multicomponent
bioinks with multiple crosslinking mechanisms, including
copolymerization of hybrid hydrogels nanocomposite hydrogels,
and DN hydrogels. Recently, many more natural and synthetic
polymers have come into commercialization as bioinks. The wider
use of these materials, and continuous innovation in bioink design
will broaden bioprinting research and deepen its impact in tissue
engineering and regenerative medicine.
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