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An Overview of Hydrogel-Based Bioinks for 3D
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Abstract | It has been widely perceived that three-dimensional bio-
printed synthetic tissues and organ can be a clinical treatment option
for damaged or diseased tissue repair and replacement. Conventional
tissue engineering approaches have limited control over the regenera-
tion of scaffold geometries and cell distribution. With the advancement of
new biomaterials and additive manufacturing techniques, it is possible to
develop physiologically relevant functional tissues or organs with living
cells, bioactive molecules and growth factors within predefined complex
3D geometries. In this perspective, this review discusses how hydro-
gel-based bioinks can be used to mimic native tissue-like extracellular
matrix environment, with optimal mechanical and structural integrity for
patient-specific tissue regeneration, in reference to advanced bioprint-
ing technologies to bioprint multitude of multicomponent bioinks. This
review also summarizes various bioprinting techniques, the gelation and
biodegradation mechanisms of hydrogel-based bioinks, the properties
required for ideal bioink, challenges to design bioinks, as well as reviews
the fabrication of 3D printed cardiac tissue, cartilages, brain-like tissue,

bionic ear, and urinary system.
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1 Introduction

Biofabrication is an emerging field in which com-
plex biologically functional products are fabri-
cated using extracellular matrix, growth factors,
living cells and biomaterials." Conventional bio-
fabrication techniques, like electrospinning, sol-
vent-casting, freeze-drying, particulate-leaching,
injection moulding and gas-foaming can produce
3D scaffold-like geometry with a wide range of
biomaterials.’~® However, the scaffold architec-
ture, pore geometry, spatial distribution, inter-
connectivity and reproducibility of the fabricated
construct are limited. Most recently developed
three-dimensional (3D) bioprinting approach has
appeared as a novel biofabrication method, which
can enable to develop highly complex tissue mod-
els with controlled porous geometry and high
reproducibility.” ® The 3D bioprinter is the device
which can precisely seed the living cells within the
biomaterials in a layer-by-layer approach using a
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preprogrammed CAD model. One of the keys for
success of bioprinting is the nature/characteristics
of bioink, which comprise the printing media,
within which living cells, nutrients and growth
factors are mixed before or during printing.
Based on the cell deposition approach within
the printed structure, bioprinting is classified into
two major subgroups, scaffold-based approach
and scaffold-free approach. The scaffold-based
approach is the most widely explored technique,
where living cells are loaded with a decellular-
ized matrix component (synthetic or naturally
occurring cell adhesive hydrogels) and are then
bioprinted into a predefined structure.” ' With
the scaffold-free approach, cell aggregates or
multicellular spheroids are deposited into a pre-
printed 3D model/tissue fragments made with
extracellular matrix component to improve the
cellular interactions.''-'* Scaffold-based bio-
printing takes a shorter printing time, compared
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Figure 1: Schematic representation of the process physics involved in four different types of 3D bioprint-

ing. a pneumatic, piston and screw-based extrusion bioprinting, b thermal and piezoelectric-based inkjet
bioprinting ¢ laser-assisted bioprinting .

to scaffold-free process. However, complete cell
maturation can be obtained within a week for
scaffold-free bioprinting, whereas scaffold-based
process takes a much longer time.'

In case of scaffold-based bioprinting, the
printing media is essentially a soft biomaterial in
which living cells are loaded and can be deposited
as a tissue-like replica, acquired from a computer-
aided design model. An ideal bioink should have
high bioprintability, the ability of in situ gelation
during printing, printing fidelity, mechanical and
structural stiffness, cytocompatibility with liv-
ing cells, tissue regeneration properties, perme-
ability of O,, nutrients and metabolic waste and
controlled biodegradability.” '°~'° After bioprint-
ing, the printed architecture should maintain the
structural strength for a specific period of time
and during tissue culture, should degrade in a
controlled manner to replicate scalable functional
tissue. The growth factors are the proteins or ster-
oid hormones added within the bioink for proper
cell differentiation, proliferation and tissue regen-
eration. Although bioprinting technology has
been developed in recent decades, the fabrication
of fully functional patient-specific organs has
remained illusive. The primary issue that limits
to construct a whole scalable organ is the unavail-
ability of a suitable bioink. Conventional bioink
materials are single-component hydrogels and do
not have all of the properties of an ideal bioink.
The present paper focuses on different bioprint-
ing methods, choice of bioink materials, their
physiological aspects and applications. This arti-
cle also reviews various strategies to develop new-
generation bioink materials for 3D bioprinting.
Finally, this paper describes the future possibili-
ties to build fully functional patient-specific tis-
sues and organs using 3D bioprinting technology.
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2 Scientific Approaches to 3D

Bioprinting Technology
Biodegradable biopolymers are widely investi-
gated in the area of 3D bioprinting. Living cells
or cell aggregates can be encapsulated within the
biopolymers and deposited in a preprogrammed
manner to mimic native-like tissue structure.?’-*2
Several types of bioprinting approaches, such as
extrusion-based,” ** inkjet-based,” ** and laser/
light-assisted””> *® bioprinting have been devel-
oped to fabricate the construct. Each of the print-
ing strategies has some specific characteristic
features, which control cell viability, and other
fate processes during cell culture within the bio-
printed construct.

Extrusion-based bioprinting (EBB) is a noz-
zle-based printing approach, where the printing
process involves mechanical pressure to extrude
the bioinks through the nozzle of a syringe in a
controlled and continuous manner (Fig. 1a). The
most promising features of EBB are the versatility
of materials’ choice over a wide range of bioink,
and fabrication of chemically relevant tissues or
organs with high accuracy. Most commonly, the
extrudable bioinks are made up with the shear
thinning biopolymers which helps to extrude
the bioink. The printable biopolymers, termed as
the hydrogels, are non-Newtonian fluids, where
viscosity is reduced under shear stress. During
extrusion, the mechanical pressure makes the
entangled polymer chains aligned and reduces
the viscosity of the bioink inside the nozzle and
helps the living cells to survive. After printing, the
hydrogel regains its viscosity due to zero shear
and provides printing fidelity of the post-printed
construct. Depending on the hydrogel’s proper-
ties and cell characteristics, the mechanical pres-
sure of an extrusion bioprinter can be pneumatic,
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piston or screw-based. The extrusion pressure,
nozzle diameter and printing speed of the extru-
sion bioprinter acutely affects the resolution,
accuracy and overall structural fidelity of the
printing construct. Optimisation of nozzle diam-
eter is the main process parameter of the printer
for a specific hydrogel. A nozzle with a small
diameter for a viscous hydrogel requires high
pressure, and a high extrusion pressure increases
the shear stress to the cells. At a higher shear
stress, the cells can damage, which can reduce
cell viability after printing.”” ** The pneumatic-
based approach allows less cell damage due to
less shearing during printing. The optimal nozzle
diameter was found to be 150-300 um of a Fab@
Home 3D bioprinter where polyethylene-glycol
diacrylate (PEGDA) and gelatin were used as a
model hydrogel and porcine aortic valve inter-
stitial cells (PAVIC) was considered as the model
cell line.! One of the major advantages of this
technology is that highly viscous hydrogels with
high cell concentration can be printed with a
moderate speed. Furthermore, using a multi-head
or co-axial head extrusion bioprinter, one can
print multiple cell types using the same or dif-
ferent hydrogels within the same construct, such
that a complex functional organ can be printed.
Inkjet bioprinting technology is based on the
drop-on-demand strategies, where various bio-
logics are encapsulated within hydrogel matrix,
and the premixed bioink solutions are placed
within the inkjet cartridge to be deposited drop-
wise through the inkjet printhead in a controlled
manner (Fig. 1b). The bioink droplets can be
generated via the application of either thermal
energy *® *? or piezo-electric impulses ** ** to
the bioink chember. For thermal inject bioprint-
ing, thermal energy produces small air bubbles,
which create pressure pulse within bioink solu-
tion to eject the bioink droplets with different
diameter. The droplet diameter depends on the
temperature gradient, viscosity of the bioink and
cell concentration. For piezoelectric inkjet bio-
printing, a polycrystalline piezoelectric ceramic
material converts the applied electric current
to transient mechanical pressure, which creates
bioink droplet to expel on building platform. The
piezo-electric printhead can be either single or
multiple. Multiple printheads can be used simul-
taneously to deposit various cell types in the same
printed construct.”® Sometimes it is convenient to
use piezoelectric-based printhead because it can
control the droplet volume more precisely com-
pared to that of the thermal printhead. However,
many researchers prefer thermal inkjet bioprint-
ing over piezoelectric, since the usual working
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frequency of piezoelectric printhead is within the
range of 15-25 kHz, which can damage the cell
membrane.?

The printing resolution of this inkjet bio-
printing is very high~50-300 um.*® However,
this technique requires prolonged time, since
droplet volumes are tiny within submicrometer
diameter. The major drawback of this technique
is that bioprinting is difficult when the viscosity
of the hydrogel is high (>10 cP), and cell con-
centration is higher than 5 x 10° cells/ml.>” Cell
clogging can occur in the nozzle due to cell aggre-
gation or sedimentation, when the cell concentra-
tion is high. Furthermore, the hydrogels should
have sufficient wettability and appropriate surface
tension to pass through the cartridge and nozzle.

Laser-assisted bioprinting (LAB) is a noz-
zle free dispensing process, where bioink viscos-
ity and cell concentration can be varied within
a wide range without nozzle clogging. Without
affecting the printing resolution, bioink viscos-
ity can be varied between 1- and 300 mPa/s,
whereas the cell concentration can be increased
up to 1x 10® cells/ml without occurring nozzle
clogging.”” The printhead setup comprises a rib-
bon, that is typically a laser transparent mate-
rial made up with either glass slide or quartz. A
laser-absorbing media (such as Ag, Au,Ti and
TiO,), is coated at the donor side of the ribbon
and the cell-encapsulated hydrogels are sprayed
on the laser-absorbing coating (Fig. 1¢). The laser
impulse focuses the absorbing media through
the ribbon and the absorbing media evaporate
with the creation of high local pressure on the
bioink film. The vapour pressure of the absorbing
media generates cavitation-like bubbles towards
the bioink film. The expansion and collapse of
the bubble creates a jet within the bioink layer
which leads to the creation of the bioink droplets
being transferred to the printing substrate.’® *°
The absorbing media also protects the hydrogel-
encapsulated living cells from high-power laser
pulse. Sometimes thick sacrificial metal layers are
used instead of the absorbing medium. This layer
shows rapid thermal expansion to expel small
volumes of bioink from ribbon to the substrate.
The process parameters of the LAB are the inten-
sity and pulse duration of the laser radiation,
diameter of the focused beam, viscosity and sur-
face tension of bioink, and substrate properties.
Besides so many advantages of the LAB, there are
several drawbacks including continuous vapori-
sation of the absorbing media that contaminates
the printed subatrate. In LAP, the sprayed layer
is very thin, which can dry quickly on the rib-
bon surface before printing.*” Furthermore, cell
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spreading onto the ribbon associated with ran-
dom cell distribution occurs, which leads to non-
uniform cell printing.

3 Hydrogel-Based Bioinks

Hydrogels are the most suitable material to mimic
the native tissue structure using the 3D bio-
printing method. Hydrogels are the crosslinked
polymeric substances, which can absorb a large
volumes of water compared to their original
dry weight (up to 1000 times) without dissolv-
ing in the medium.*' The hydrophilic functional
groups present in their monomer unit are capa-
ble of restoring the absorbed water in the 3D net-
work through hydrogen bonding. Growth factors
and nutrients can be delivered with water to the
hydrogel network to imitate extracellular matrix
environments of the body tissue.*” The chemi-
cal and mechanical properties of biocompat-
ible hydrogels can be precisely tailored in such a
way that specific cellular interaction can happen
within the printed cells so that cells can prolifer-
ate during tissue culture. Moreover, some of the
hydrogels have specific cell-binding sites, which
facilitate to bind the printed cells for spreading,
growth and differentiation.*’

Bioprintable hydrogels can be classified into
two groups: naturally derived hydrogels and
synthetically derived hydrogels. The most fre-
quently reported natural hydrogels are collagen,
fibrin, hyaluronic acid, alginate, agarose, chon-
droitin sulfate, Matrigel, gellan gum, gelatin and
chitosan, and among them, collagen, fibrin and
gelatin have inherent signalling molecules for
cell adhesion.** On the other hand, the familiar
synthetically derived hydrogels are poly(ethylene
glycol)  (PEG), Pluronic®, polyanhydrides,
poly(aldehyde guluronate), poly(vinyl alco-
hol) and poly(propylene fumarate).*> Naturally
derived hydrogels are the most common hydro-
gel materials used in tissue engineering applica-
tions due to their excellent bioactivity, and their
molecular sequences, which are similar to the
ECM of natural tissue. However, due to the lim-
ited mechanical strength and rapid biodegrad-
able properties, natural hydrogels cannot afford
the printing construct alone. Therefore, hybrid
bioinks, derived from natural and synthetic
hydrogels, have been developed to overcome the
inadequacy of bioprinting.

3.1 Crosslinking Mechanism

of Hydrogels
Hydrogel material possesses a three-dimen-
sional network structure which is hydrated in an
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aqueous medium. The term “network” implies
the presence of crosslinking between the hydro-
philic polymer chains. The crosslinking phenom-
enon of hydrogel molecules is called gelation.
Hydrophilic polymers at a low to moderate
concentration behave like a Newtonian fluid.
However, the crosslinked molecules, termed as
hydrogels, exhibit viscoelastic nature in aqueous
solution.*® Bioprintable hydrogels should have
viscoelastic nature and quick gelation properties.
After bioprinting, the individually printed layer
must be crosslinked to develop the structural
and mechanical integrity within the printed con-
struct. Various crosslinking methods have been
reported in the literature. Biodegradable and bio-
printable hydrogel crosslinking should be done in
physiological conditions and the gelation mecha-
nism can be driven by chemical (through cova-
lent bonding), physical (reversible interaction)
and enzymatic crosslinking.

Physical crosslinking is one kind of gelation
process, where the polymeric chains can be effi-
ciently crosslinked without the formation of any
covalent bonding. Since the crosslinking occurs
through non-chemical interaction and no exog-
enous agent is used, there is no chance of cyto-
toxicity within the printed construct.® There
are several reported mechanisms for physical
crosslinking, such as ionic interaction, hydro-
phobic and hydrophilic interaction, self-assembly
mechanism, stereo-complexation and thermal
crosslinking.” *°—*

Ionic crosslinking happens due to the electro-
static interaction between opposite charges. Bioink
can be blended with multivalent ions or electro-
lyte solution, which is oppositely charged with
the functional groups present in hydrogel chains.
The blending ions can electrostatically attract the
polymer chain and form crosslinked hydrogel
network. Interestingly, for ionic crosslinking, the
presence of ionic groups in the polymer chains
is not necessary. lonic crosslinking of alginate is
a well-known example in 3D printing. Alginate
consists of mannuronic and glucuronic acid in its
polysaccharide chain and can form hydrogel using
calcium ions at room temperature and physiologi-
cal pH.*® Another example of ionic crosslinking
is that of chitosan-based hydrogels, which can be
crosslinked using glycerol-phosphate disodium
salt at 37 °C.*

Hydrogels can involve physical gelation
through hydrophobic interaction or hydrogen
bonding interaction. This type of physical bond-
ing depends on temperature and rheological
changes. Some hydrogels exhibit physical gela-
tion at a lower temperature due to ordered chain
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conformation and upon heating, display ran-
dom coil conformation. At lower temperatures,
hydrogel molecules form a crosslinking network
by hydrogen bonding with absorbed water. These
hydrogels are thermosensitive, and gelation
occurs at physiological temperature. The physical
crosslinking of hydrogels can be of the stereocom-
plex type. When oligomers with opposite chiral-
ity, such as p- and L-lactic acid, are coupled with
hydrophilic polymer chains, hydrogels are formed
through stereocomplexation.”” For example,
polyethylene glycol can form triblock copolymer
with poly(p-lactic acid) and poly(r-lactic acid)
such as PLLA-PEG-PLLA and PDLA-PEG-PDLA.
The blend of those two triblock copolymers can
be crosslinked through stereocomplexation.™

Chemical crosslinking involves covalent bond-
ing between the polymer molecules. Since the
covalent bonds are stronger compared to the
physical bonding, mechanical strength of the
printed structure should be higher after gelation.
For chemical crosslinking, exogenous chemi-
cal agents termed as photo-initiators are added.
In the presence of photo-radiation, the initia-
tors form reactive free radicals through unimo-
lecular bond cleavage. The free radicals promote
covalent bonding between two polymer chains
at the point of unsaturation. The photoinitiators
can form undesirable reaction products, which
leads to cytotoxicity and reduced cell viability.*®
Researchers are trying to develop biocompat-
ible photo-initiators, which can overcome the
cytotoxic issue. For 3D bioprinting, a UV curing
head is used to cure each printed layer. The com-
mon wavelength used to cure the hydrogels is
365 nm or 405 nm. The exposure time of UV is
an important feature during gelation since long
time exposure can damage the cell’s DNA. There
are several photo-initiators commercially avail-
able for hydrogel gelatins such as Eosin Y, Irga-
cure 2959,°> LAP>® VA-086,"* TPO,” Biokey °°
and DPPO.”” The degree of crosslinking depends
on the concentration of photo-initiator used
within bioink. Although at a high initiator con-
centration, the mechanical strength of the printed
construct increases, a longer time is required for
hydrogel degradation. The conventional pho-
toinitiators (Irgacure 2959, LAP) are used to ini-
tiate the polymerization in UV wavelength, which
may either reduce cell viability or cause mutagen-
esis. Therefore, visible light-based photoinitiators
(Eosin) can be used to avoid the cell damage and
cytotoxicity.”® >

There are some specific enzymes which can
crosslink biodegradable polymers through an
enzymatic reaction. This mechanism is the
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most cytocompatible process, since no exog-
enous reagents are used. For tissue engineering,
fibrin is the most popularly used natural hydro-
gel, which undergoes enzymatic crosslinking.®’
Sperinde et al. reported that polyethylene gly-
col could enzymatically be crosslinked in the
presence of transglutaminase enzyme in the
aqueous solution of PEG-Qa and poly(lysine-
co-phenylalanine).®’.  The  y-carboxamide
groups of PEG-Qa and the e-amine groups of
poly(lysine-co-phenylalanine) yield an amide
linkage between the polymer chains, acceler-
ated with transglutaminase. There are several
reported articles, where hyaluronic acid was
enzymatically crosslinked for tissue engineer-
ing applications.®’~® Erica et al. revealed that
peptide hydrogels can undergo enzymatic
cross-linking. They reported that a multid-
omain peptide (MDP) contains four lysine
residues and can be crosslinked using either
lysyl oxidase or plasma amine oxidase.®® San-
skrita et al. reported the enzymatic crosslink-
ing of silk fibroin-gelatin (SF-G) bioink, where
human nasal inferior turbinate tissue derived
mesenchymal progenitor cells (W\TMSCs) were
encapsulated within the bioink and mush-
room tyrosinase was used as the crosslink-
ing enzyme.®” The silk and/or gelatin consists
of tyrosine residues which are oxidized into
o-quinone through tyrosinase enzyme (Fig. 2).
The o-quinone molecules can either generate
free radicals, which are crosslinked with other
o-quinone moiety or react with amino acid
residues of silk fibroin and gelatin. The bioink
concentration was optimized using 8% (w/v)
autoclaved SF solution and 15 wt% ethanol
sterilized gelatin powder. It was observed that
the gelation kinetics of the bioink (8SF-15G)
depends on both tyrosinase concentration and
temperature. At a tyrosinase concentration of
300 units, the gelation rate was slower com-
pared to the 500 unit tyrosinase concentration.
At the temperature below 10 °C, no gelation
occurred because at a lower temperature, the
tyrosinase enzyme remained inactive. However,
at 37 °C, the gelation mechanism started within
15 min and complete crosslinking appeared
after 30 min. Although, there are several advan-
tages of enzymatic crosslinking, the major chal-
lenge is the unavailability of a specific enzyme
for the specific hydrogels to be crosslinked. Fur-
thermore, optimization of enzyme concentra-
tion and printing temperature is necessary to
execute the rapid gelation mechanism of the 3D
printed hydrogel construct.
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Figure 2: Three major steps involved in the in situ crosslinking mechanism of silk fibroin—gelatin bioink.
Tyrosinase enzyme oxidizes the tyrosine residues of silk and/or gelatin into o-quinone moiety, which can
either undergo free radical crosslinking with other o-quinone molecules or react with the amino acid resi-

dues of biopolymer chains

3.2 Hydrogel Degradation Mechanism

After bioprinting, the degradation of the hydrogel
construct is necessary for proper cell differentia-
tion during tissue culture. Although the mechani-
cal support of the printed structure is essential for
printing fidelity, the deterioration of the structure
in a controlled manner is equally crucial for tissue
regeneration. During cell differentiation, micro-
vascular networks are formed within the tissue
and to achieve patient-specific native-like organ.
Besides, adequate oxygen and nutrients should be
delivered, to the cells and metabolic wastes have
to be removed from the hydrogel networks. For
the successful operation of this process, the rate
of hydrogel degradation should be similar to the
cell differentiation rate. Several approaches have
been developed to degrade the bioprinted hydro-
gel structure. Each bioprintable hydrogel pos-
sesses an inherent biodegradation property with
cell differentiation. However, for controlled bio-
degradation, sometimes chemical modification is
needed. For example, alginate is a bioinert (lack
of cell adhesiveness) natural hydrogel. It shows
limited and uncontrollable biodegradation prop-
erties under normal conditions. Chemical modi-
fication of alginate through oxidation altered the
degradation property, which varies with the per-
centage of oxidation to the alginate molecules.®®
Jia et al. used periodate as the oxidizing agent of
alginate, and the percentage (w/w) of oxidation

@ Springer {1 1se

was varied, such as 1%, 3%, 5% and 10%. It was
shown that for 10% oxidized alginate structure,
there was almost complete fracture after 10 days
of culture.”” The ionically crosslinked hydro-
gel network can be degraded in the presence of
chelating agents. For example, alginate-based
hydrogels are physically crosslinked with calcium
ions, and due to the low level of released calcium
ions, the bioprinted construct showed slow degra-
dation.”® However, in the presence of sodium cit-
rate, the citrate ions form a chelated complex with
calcium ions, and after removal of calcium citrate,
the alginate matrix dissolves within the tissue cul-
ture media.”! The concentration of the sodium
citrate solution can control the degradation rate.
It was reported that when the citrate to alginate
molar ratio is 1000%, the whole printed construct
of a hydrogel made with alginate/gelatin/collagen
can be dissolved within 50 min (Fig. 3).® The
degradation rate of the hydrogel construct can be
tailored using cell-responsive sites. For example,
chitosan-based hydrogels show biodegradability
with cell proliferation, when matrix metallopro-
teinase is used as the cell responsive site.”>”? Syn-
thetic hydrogels can provide superior mechanical
properties of the bioprinted structure. However,
the lack of cell response limits its use in bioprint-
ing. Therefore, synthetic hydrogels are conjugated
with various substances to improve biodegrada-
bility. For example, gelatin methacrylate (GelMA)
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Figure 3: a Relation of the scaffold degradation by altering the mole ratio of sodium citrate to sodium

alginate (C/A), b degradation of the printed scaffold with time, where the mole ratio of C/A is 1000%

can be incorporated with PEG to improve cell
attachment through their arginine-glycine—
aspartic acid (RGD) sequences and improve
biodegradability.”*

4 Property Requirement for Bioink
Formulation

For scaffold-based 3D bioprinting, the bioink
should have ideal biological, physicochemical,
rheological and mechanical properties to con-
struct native-like artificial tissue or organ (Fig. 4).
One of the crucial aspects of hydrogels using for
3D bioprinting is the suitable rheological param-
eters, which determine the printability. Most of
the hydrogels show a decrease of viscosity under
shear stress. This behaviour of hydrogels helps
to avoid nozzle clogging in the extrusion or
inkjet process. Shear-thinning hydrogels possess
a high zero shear viscosity, which provides excel-
lent printing fidelity of the construct. A perfect
shear-thinning hydrogel with desired viscosity
can maintain the architectural integrity immedi-
ately after bioprinting. The printability of bioink
depends on the concentration, hydrophilicity,
surface tension, self-crosslinking ability of the
hydrogel, cell density and surface properties of
the printer nozzle. The printability and viscosity
of the hydrogel determine the printing resolution,
which refers to the precise architectural organisa-
tion of the native tissue. Furthermore, to create
an ideal ECM-like microenvironment, the pore
volume, shape, interconnectivity and distribu-
tion are the critical parameters. Pore intercon-
nectivity allows the diffusion of O,, nutrients and
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metabolic products during proliferation.”> The
viscosity of the solution depends on the hydro-
gel concentration and density of the encapsulated
cells. At a low solution viscosity, the printability is
high, but the mechanical stability of the printed
structure is inferior.”® Besides, the cell reliabil-
ity decreases at higher bioink viscosity, since a
higher printing pressure is required to extrude.
Various strategies have been taken to print high
viscous bioinks in extrusion bioprinting. For
example, when the extrusion bioprinting tem-
perature increases from 20 to 37 °C, the viscosity
of GelMA encapsulated hepatocarcinoma cells
decreased from 10to 0.01 Pa.s.>* Moreover, for
the same bioink, the viscosity should be changed
with the printing technology. Cell viability within
the printed bioink depends on hydrogel type and
concentration, the interaction between cells, bio-
printing modality, rate of hydrogel degradation
and post-encapsulation time. A low concentra-
tion of hydrogel is more suitable for cell prolif-
eration; however, the mechanical properties and
fidelity is superior, when the hydrogel concentra-
tion is high. A highly concentrated hydrogel con-
sists of densely packed polymer networks, which
hinder cell proliferation and migration. Fur-
thermore, tissue regeneration cannot be possible
without cell spreading.’ Iliyana et al. reported
that the cell spreading of human adipose tissue-
derived mesenchymal stem cells (hAD-MSCs)
depends on the critical hydrogel concentration
of semi-synthetic gelatin-methacrylate. The
hAD-MSCs are not supportive of cell spread-
ing, when the concentration of GelMA is higher
than 5%.”” In the same article, they showed that
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Figure 4: Schematic of the spectrum of properties required for ideal bioink formulation in 3D bioprinting

cell spreading also depends on the degree of func-
tionalization (methacrylation) of both type A and
B gelatin. The crosslinking density of the hydro-
gel network is an important parameter to deter-
mine the structural characteristics, mechanical
properties, swelling ratio and permeability of the
nutrients and metabolic waste. As the crosslink-
ing density increases, the space between the mac-
romolecular polymer chains decreases. Therefore,
the mechanical strength of the printed construct
is improved. However, the equilibrium swelling
ratio and molecular diffusivity are reduced to a
large extent.”® As mentioned earlier, the bioink
should possess excellent cell attachment prop-
erties with their characteristic chain sequence
so that several biomolecules and biochemical
signals are transferred within the printed cells.
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Sometimes, it is necessary to modify the func-
tional groups of the polymer chains to create cell
attaching sites to improve cell-hydrogel interac-
tions.”” The biodegradation rate of the printed
structure should match with the proliferation of
the cell so that the ECMs of the cell can replace
the biodegrading construct. Moreover, after deg-
radation, the biodegrading product should not
create any harmful impact to the regenerated tis-
sues. Commercially, bioinks are developed based
on their requirements of application. For specific
tissue regeneration or specific cells’ encapsula-
tion, the hydrogel properties should ideally match
with the printed cell, such that the scalable func-
tional tissues can be fabricated. Besides the above-
discussed features, the hydrogels should have
some additional requirements, such as industrial
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scalability, quick availability, economic feasibility
and immunological compatibility, in vivo.

5 Biofabrication Window for Advanced
Bioink

The application of 3D bioprinting to fabricate
specific functional cellular or extracellular com-
ponents can mimic physiologically relevant native
tissues or organs. In such a context, the primary
intention of bioprinting is to develop an extracel-
lular microenvironment such that encapsulated
cells can differentiate within the 3D printed con-
struct. During cell differentiation, matrix remod-
elling and ECM synthesis, excellent cell-cell and
cell-ECM interaction is required for appropriate
cell signalling. Therefore, the selection of an ideal
biomaterial is the primary step for successful
bioprinting. Some of the naturally and syntheti-
cally derived known biopolymers have already
been mentioned. The printable biopolymers are
the hydrogels, which should have the properties
including cytocompatibility, viscoelasticity, shear-
thinning, rapid gelation kinetics, high swelling
ratio, printing fidelity, the diffusivity of nutri-
ents and metabolic products, and biodegradabil-
ity. The traditional approach to formulate new
bioink is to reflect from the biological point of
view. Therefore, first of all, the bioink should pos-
sess cytocompatible hydrogels, which should have
a high swelling ratio to generate an aqueous 3D
microenvironment similar to that of the natural
ECM. The advantage of natural biopolymers is
their biocompatibility, which provides more cell-
friendly microenvironments. On the other hand,
3D printed constructs with high printing fidel-
ity are obtained from synthetic hydrogel-based
bioinks. However, most of the synthetic hydro-
gels do not have active cell-binding sites and
create inert microenvironments, which results
in low cell viability. Therefore, several bioactive
molecules, such as growth factors, therapeutic
drugs and peptide sequences are incorporated
or grafted with the synthetic hydrogel networks.’
Most of the traditional hydrogels are invented
from either single-component natural or syn-
thetic hydrogels. However, none of them can
attain all of the required physical and biological
properties near to the ideal bioink. The biofabri-
cation window for 3D printing is an abstract idea
for the traditional hydrogels which belong to the
suboptimal state between the printing fidelity
(fabrication window) and cytocompatibility (cell
culture window)." For the fabrication of patient-
specific complex tissues or organs, the print-
ing resolution and fidelity should be very high.
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Moreover, for tissue regeneration, the hydrogel
construct should provide the appropriate ECM-
like microenvironment for cell differentiation,
migration and proliferation. High resolution and
fidelity of the printed construct can be achieved
through the increment of hydrogel stiffness,
which is associated with the concentration and
crosslinking density.”® Although the mechani-
cal stiffness increases the shape fidelity, cell dif-
ferentiation, migration and proliferation rates
decrease. Therefore, the biofabrication window
for traditional bioinks compromises the proper-
ties between structural integrity and cytocompat-
ibility (Fig. 5). However, the advanced bioinks
can simultaneously satisfy these two opposing
requirements, and the biofabrication window can
be shifted towards the ideal bioinks. Advanced
bioinks are within the future biofabrication win-
dow where the fabricated bioinks should possess
high printing fidelity with cytocompatibility.*’
Several novel strategies have been developed
to fabricate advanced bioinks, which ensure high
shape fidelity and maximal cell spreading. The
traditional bioinks, fabricated with the single-
component hydrogels, compromise the proper-
ties between biocompatibility and shape fidelity.
The advanced bioinks are the multicomponent
biomaterials that consist of more than one type
of hydrogel, functionalized biomolecules, bio-
compatible organic and inorganic nanomateri-
als or microcarriers. Chimene et al. classified
the advanced bioinks into four groups, such as
multimaterial bioinks, interpenetrating net-
work (IPN) bioinks, nanocomposite bioinks and
supramolecular bioinks."’ Among the bioinks,
gelatin methacrylate (GelMA) based hydrogels
are extensively used as the bioink in the advanced
3D bioprinting domain during the past few years
(Table 1). Gelatin is the denaturized form of col-
lagen, which is the primary component of natural
ECMs. GelMA is a semi-natural hydrogel, which
can be synthesized via the chemical modification
(methacrylation) of gelatin and can form physical
gel through thermo and photoresponsive mecha-
nisms. The crosslinking density, as well as stiffness
of GelMA, depends on the degree of crosslink-
ing that can be optimized through the degree of
methacrylation of gelatin and the concentration
of photoinitiators. GeIMA has the cell adhesion
and migration ability due to the presence of Arg-
Gly-Asp (RGD) binding sequences and matrix
metalloproteinase (MMP) degradable motifs in
the polymer chains.’’ However, long gelation
time, poor mechanical and degradation proper-
ties of GelMA limit its applicability in 3D print-
ing. To improve the shape fidelity of the printed
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Figure 5: The biofabrication window describing the formulation of the traditional bioinks, which compro-
mises the properties between structural fidelity and cell viability. High cell viability/excellent biocompatibil-
ity is obtained at low polymer concentration and/or crosslinking density of hydrogel networks, but a dense
hydrogel network provides better shape fidelity. Advanced bioinks are the prospect for 3D bioprinting,
where ideal bioinks are fabricated with tailored mechanical and biological properties

construct, several biomaterials are blended with
GelMA, and the composite bioinks are extensively
used for tissue regeneration.

The components of multimaterial bioinks
comprise several natural biopolymers, which
are chemically crosslinked with non-identical
synthetic or natural hydrogels in an appropri-
ate proportion to optimize the bioprintabil-
ity, biocompatibility and biodegradability. The
natural biopolymers consist of several intrinsic
cell-adhesion moieties, such as RGD moieties in
collagen and gelatin, which act as the cell adhe-
sion sites that lead to cell migration, proliferation
and cell spreading. On the other hand, synthetic
hydrogels consist of better mechanical proper-
ties, which enhances the structural integrity when
combined with natural biopolymers. Polyethyl-
ene glycol (PEG) is a well-known nontoxic, non-
immunogenic synthetic hydrogel, which exhibits
excellent swelling and transport properties. These
attributes can be blended with GeIMA to develop
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a photocrosslinkable, mechanically robust, cyto-
compatible and biodegradable composite hydro-
gel. Hutson et al. developed a PEG-GelMA based
bioink with NTH3T3 fibroblasts.®” It was observed
that the fibroblast spreading was enhanced within
the composite hydrogel compared to single-
component PEG. This study revealed that the
compressive modulus and enzymatic degrada-
tion of the composite hydrogel could be tuned
through the variation of the relative concentra-
tion of PEG and GelMA. In another study, Rutz
et al. formulated a multimaterial bioink, where
a multifunctional PEG crosslinker (PEGX) was
blended with GelMA to improve the printabil-
ity (Fig. 6). Crosslinking density of the bioink
depends on the functionality, concentration and
molecular weight of PEGX. The functionality and
chain length of PEGX were tailored to fabricate
either soft or robust hydrogels. Viscosity and bio-
degradability of the printed construct can also be
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Table 1: Summary f the use of gelatin methacrylate-based bioink in fabrication of different biological tis-

sues/organs and drug screening.

Bioink composi-

tion Cell type Printing method  Bioink type Printed construct References
GelMA-PEGDMA HUVECs UV assisted capil-  Multimaterials Nanopatterned 74
lary force lithog- vascular tissue
raphy
GelMA-PEG NIH-3T3 fibroblast ~ Not performed Multimaterial = &2
GelMA-HAMA HAVICs Extrusion Multimaterials Heart valve 19
GelMA-HA-PCL Human primary Melt electrospin-  Multimaterial Porous scaffold 12C
chondrocytes ning in a direct
writing mode
GelMA-HyaMA hADSCs Not performed Multimaterial Composite scaffold  °3
GelMA-collagen | HUVECs, hMSCs Microvalve-based ~ Multimaterial Capillary-like =2
drop-on-demand network
bioprinter
GelMA-HA-PCL Chondrocytes Bio-scaffolder dis-  Multimaterial Cartilage con- 102
pensing system structs
GelMA-HA- Human epithelial Not studied Multimaterials 3D cancer cell plat- 2!
laminin-411 ovarian cancer cell form for ovarian
line OV-MZ-6 cancer
GelMA-PEGDA Mouse osteoblast  Not studied Multimaterial Bone tissue 122
GelMA-alginate HUVECs, MDA- Coaxial extrusion Multimaterials Core/sheath micro- %4
MB-231 and nozzle setup fibrous constructs
MCF7 breast can-
cer cells, NIH/3T3
mouse fibroblast
GelMA-PEGDA MCF7, HUVECs, Microfluidic- Multimaterials Musculoskeletal %
NIH/3T3 fibro- stereolithography systems,
blast, C2C12 skel-  or multimaterial
etal muscle cells, DMD (digital
mesenchymal micromirror
stem cells (MSCs),  device) -based
fibroblasts, osteo-  bioprinter
blasts.
GelMA-alginate HUVECs Microfluidic-based ~ Multimaterials Cardiac tissue £l
coaxial extrusion
system
GelMA-alginate HDFs, HepG2 Multimaterial Multimaterials Human heart-like %7
(human hepa- microfluidic bio- structure
tocellular cells), printing
hMSCs, HUVECs
GelMa-PEGX human dermal ElvisionTEC 3D Multimaterial Porous cylindrical &
(X=multifunc- fibroblasts (HDFs),  bioplotter scaffolds
tional crosslinker) HUVECs
GelMA- GGMA NIH-3T3 fibroblasts  Not performed Double network - 123
(gellan gum meth- IPN
acrylate)
GelMA-SF (silk NIH-3T3 fibroblast ~ Combined photo-  IPN 3D porous micro- %4
fibroin) lithography and scaffold
lyophilization
GelMA-collagen|  MDA-MB-231 Not performed IPN - 124
breast tumour
cell, endothelial
cells (ECs)
86

GelMA-CNT

NIH-3T3 fibroblast,
human mesen-
chymal stem cells
(hMSCs)

Not performed

Nanomaterials
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Table 1: continued

Bioink composi-
tion Cell type

Printing method

Bioink type Printed construct References

GelMA-GO (modi-  NIH-3T3 fibroblasts ~ Sequential drop
fied with acrylic deposition and

functional groups) crosslinking
GelMA-chitosan NHDF Not performed
NPs
GelMA-GNRs Cardiomyocytes Not performed
GelMA-surface Neonatal rat Not performed
modified CNT cardiomyocytes
GelMA-rGO Cardiomyocytes Not performed

(reduced graphin
oxide: reduced
with ascorbic acid)

GelMA-Nanosili- MC3T3 preosteo- Extrusion
cates blast
GelMA-GG/PLA Mesenchymal stro-  Extrusion based
mal cells (MSCs) bioscaffolder
system

125

Nanomaterials Multilayered cell-

laden constructs

Nanomaterials = =

126

Nanomaterials Cardiac tissue

127

Nanomaterials Cardiac patches

128

Nanomaterials Myocardial tissue

constructs

Scaffolds for bone &

tissue

Nanomaterials

Microcarriers Bone tissue 92

(PLA)

optimized either by varying the PEGX function-
ality or degree of methacrylation.

Advanced bioinks can be fabricated using the
interpenetrating network-based hydrogels (IPN).
The term “interpenetrating network” is defined
as the physical entanglement between multiple
polymeric networks without forming any cova-
lent bond (Fig. 7). In semi-IPNs, the polymeric
networks have partial interaction and the indi-
vidual polymeric network can be chemically
crosslinked, but not crosslinked with other poly-
mers. Xiao et al. developed a photocrosslinkable
IPN-based bioink through the sequential polym-
erization of GelMA and silk fibroin (SF).% SF is
the self-assembling structural protein, which has
high mechanical strength, biocompatibility, oxy-
gen transportation ability and ability to physical
crosslink without chemical modification. During
sequential printing, it was assumed that initially
the exposed UV light photocrosslinked only the
GelMA network without affecting the immobi-
lized amorphous SE. This semi-IPN bioink was
treated with aqueous methanol to crystallise the
SF into B-sheet, which acts as the reinforcing
component within GelMA matrix. It was illus-
trated that after methanol treatment on GelMA-
SF semi-IPN, the compressive modulus enhanced
significantly. It was also shown that the compres-
sive modulus can be increased by fivefold when
the SF concentration is increased from 0.5 to 2
wt%. The NIH-3T3 fibroblast cells were seeded
on the hybrid hydrogel to study the cell behav-
iour. The GelMA-SF IPN bioink did not display
significant cell spreading after 1 day in culture.
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Though 0.5% SF concentration significantly
increases the cell proliferation, however, incorpo-
ration of higher amount of SF reduces the prolif-
eration rate of NIH-3T3 after 3 days of culture.
This experiment suggested that optimal amount
of SF with GelMA matrix can significantly
increase the shape fidelity and biocompatibility.
Nanomaterials provide a high specific surface
area, which promotes cell attachment, viability
and proliferation. Besides, incorporation of nano-
materials can improve printability and mechani-
cal strength and stiffness. Xavier et al. developed
a osteoinductive GelMA-based bioink, where
highly anisotopic nanosilicates were embedded
for bone tissue regeneration (Fig. 8).*> The shear
thinning behaviour of the bioink was achieved
through the non-covalent interaction of GelMA
networks with the charged surface of nanosili-
cates. It was observed that the viscosity of the
bioink, as well as the pore size of the printed con-
struct, was increased with the addition of nano-
silicate particles. The compressive modulus of 2%
nanosilicate- incorporated GelMA solution was
found to be enhanced by fourfold compared to
GelMA hydrogel. The cell culture study revealed
that nanosilicates did not significantly influence
the initial cellular adhesion and metabolic activity
up to 14 days of culture. Shin et al. investigated
the mechanical properties and biocompatibility
of carbon nano tube (CNT) reinforced GeIMA
bioink.?® In this experiment, CNTs were coated
with a thin layer of GelMA and next reinforced
into the hydrogel matrix to enhance the biologi-
cal properties. The encapsulated NIH-3T3 cells
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Figure 6: Schematic diagram of multimaterial bioink formulation using GelMA and PEG. The primary pol-
ymer molecules can be linear, branched or multifunctional (GelMA), whereas the chain length and func-
tionality of PEGX crosslinker can be varied. During mixing, light crosslinking occured through the coupling
between the amine groups in GelMA and succinimidy! valerate groups in PEG. Robustness of the printed
construct can be increased through UV light exposure
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Figure 7: Fabrication of interpenetrating network (IPN) bioink from poly(ethylene glycol) and alginate
hydrogels. The individual polymer chains of PEG and alginate were covalently crosslinked via UV expo-

sure and ionically crosslinked using Ca®*, respectively. The reversible physical crosslinking of alginate

matrix and permanent bonding of PEG chains provide the shear thinning properties of IPN bioink

showed high level of cellular viability and prolif-
eration within the hybrid bioink during 48 h. In
the cytotoxicity experiment, no significant cyto-
toxicity was observed up to a CNT concentration
of 50 pg/ml. Furthermore, the GelMA-coated
CNT-loaded bioink showed enhanced mechani-
cal properties, specifically the elastic modulus,
when compared to those of bare GelMA hydro-
gel. These results suggested that native tissue-like
3D structures can be fabricated by incorporating
appropriate amount of CNTs into the GelMA
matrix. Sometimes nanomaterials are loaded with
hydrogels to release the growth factors in a con-
trolled manner. Growth factors are the signalling
molecules which are essential for promising tis-
sue regeneration. Chitosan is a well-known bio-
compatible hydrogel, used for sustained release
of growth factors. Modaresifar et al. developed a
composite hydrogel made with GelMA and chi-
tosan nanoparticles (NPs).*” The chitosan NPs
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were used as the nanocarrier that can deliver
BFGEF, an angiogenic growth factor within the
hydrogel matrix. Normal human dermal fibro-
blasts (NHDF) were seeded and cultured within
the composite hydrogel, and the effect of BFGF
delivery on NHDF proliferation was investigated.
It was shown that more than 75% of BFGF was
released within 4 days, and after 7 days up to
90% was released. After 3 days of culture, the
viability and proliferation of NHDF were sig-
nificantly increased. GelMA/nanochitosan com-
posite hydrogel showed higher swelling ratio
(18.024+0.4) compared to GelMA (15.04+0.8),
because of the presence of higher number of
hydrophilic groups within the chitosan hydrogel
network. This higher swelling ratio is an impor-
tant factor, which influences the release and
diffusion of growth factor to create a biomicro-
environment. This result is expected to have a
promising application for sustainable release of
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Figure 8: Bioactive ultrathin nanosilicate plates were loaded with GelMA hydrogel to fabricate nanomate-

rial-based bioink. The composite bioink shows shear thinning properties due to the incorporation of nano-
silicates

growth factors within the 3D printed cell-laden
microenvironment.

Supramolecular bioinks are the most recently
developed advanced bioink, where various func-
tional groups of short repeating units are physi-
cally interacted via hydrogen bonding, metal
coordination, w-@ stacking, crystalline domains
and guest-host interaction to generate large pol-
ymeric entanglements. The non-covalent interac-
tion between the several components provides a
special arrangement of the hydrogel system. Due
to the physical interaction, the bond between
repeating units can be reversibly changed under
shear stress during bioprinting. Therefore, the
supramolecular bioinks can behave like a shear-
thinning hydrogel. Under shear stress, viscosity
of the bioinks reduces through the disruption
of supramolecular bonds and the printing fidel-
ity can be obtained through bond reconstruc-
tion. The known 3D printable biopolymers can
be chemically modified and functionalized to
tailor the supramolecular bonding, according
to the desired mechanical and biological prop-
erties.®® Highley et al. developed shear thinning
supramolecular-based bioink, where the inter-
molecular bonds were formed through guest—
host interaction.® In this experiment, hyaluronic
acid (HA) was chemically modified with ada-
mantine (Ad) and c-cyclodextrin (B-CD), and
upon mixing Ad-HA and CD-HA, the supra-
molecular assemblies were formed via guest—
host interaction between Ad and f-CD moieties.
The bioink was printed within a support mate-
rial and it was observed that after printing, the
structure retains its desired shape over several
days. Mesenchymal stem cells (MSCs) and 3T3
fibroblasts were encapsulated and printed to
examine the toxicity of the bioink. Higher than
90% cell viability after 3 days of culture is a sig-
nature of the nontoxicity of the supramolecular
bioink. Recently, Li et al. developed a supramo-
lecular-based bioink, where the double network
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was formed using poly(N-acryloyl glycinamide)
(PNAGA) and Fe’* coordinated carboxymethyl
cellulose (CMC).”” The supramolecular-based
double network bioink consisted of two types of
physical bonding. The first network was formed
via metal coordination bonding of Fe’* with the
carboxyl groups of CMC and the second network
was formed through dual amide hydrogen bonds
of PNAGA (Fig. 9). The bioink showed excellent
ability to recover the original shape after removal
of mechanical forces that indicated the revers-
ible physical crosslinking of supramolecular net-
works. Mechanical properties of the bioink were
optimized via changing the concentration ratios
of CMC and PNAGA. Mouse embryo fibroblast
(L929) was seeded on the PNAGA/CMC-Fe
bioink to determine cytotoxicity. The cellular
viability was found to be more than 90% which
confirmed that the supramolecular bioink was
cytocompatible.

Besides nanomaterials, different microcarri-
ers are incorporated with hydrogels to improve
the hydrogel properties. Microcarriers are the
porous biocompatible small bioactive particles,
suspended into a hydrogel matrix for scalable
bioprinting, initial seeding and expensive expan-
sion of the cells. Sometimes microcarriers are
blended to obtain the desired shape of the cells
during differentiation and to guide them towards
the desired cell fate. Microcarriers improve not
only the printability of bioink, but also provide
structural and mechanical support during tissue
formation. Occasionally, microcarriers are added
to the hydrogels in a higher amount until they do
not clog in the printing nozzle in extrusion and
inkjet bioprinting.”' Levato et al. developed a
GelMA-gellan gum (GelMA-GG) based compos-
ite bioink in which polylactic acid was incorpo-
rated as the microcarriers.”” The printability and
mechanical properties of microcarriers (MCs)
loaded GelMA-GG were tested. The optimal
concentration of MCs in GeMA-GG bioink was
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Figure 9: Proposed mechanism for supramolecular bioink synthesized using poly(N-acryloyl glycinamide)
(PNAGA) and carboxymethyl cellulose (CMC). Fe3* physically crosslinked CMC molecule via carboxyl-

metal coordination bonding and PNAGA molecules are non-covalently crosslinked via dual amide hydro-
gen bonds

found to be 40 mg/ml without nozzle clogging
through a 20-G conical nozzle in an extrusion-
based bioprinter, while the printing speed was
maintained at 475 mm/min at room temperature.
From the mechanical properties point of view, it
was seen that the compression modulus of the
bioink was gradually increased with the increase
of MCs’ concentration. Mesenchymal stromal
cells (MSCs) were embedded within the hybrid
bioink and cultured for 21 days to investigate
cell differentiation for bone regeneration. It was
observed that after 3 days of bioprinting, more
than 90% cells were viable. In the osteogenic cul-
ture media, the ALP activity and OCN secretion
were increased over time, which indicated the
suitability of polylactic acid as MCs for osteo-
genic differentiation.

6 Advanced Bioprinting Techniques

Not only suitable biomaterials, appropriate bio-
printing techniques are also required to fabricate
complex tissue structure. The most straightfor-
ward method to build a biological tissue using
multi-components is to fix a mixing device onto
the printhead and extrude the bioink. How-
ever, the precise positioning of various bioinks
as well as different cells cannot be possible using
this method. Advanced bioprinting technolo-
gies should have the ability to print multiple
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biomaterials, extracellular matrix and different
types of cells to construct native tissues or organs
with high resolution in a continuous and system-
atic manner. Sometimes, multiple print heads are
loaded with 3D bioprinters to construct hetero-
geneous tissues or organ structures with several
bioinks or different cell types (Fig. 10a). Before
bioprinting, the cells are premixed with their
respective bioink within the different print head
and can be printed sequentially in a layer-by-
layer manner. The major drawback of multi-head
bioprinter is that only a single print head can be
used at a time, which affects the alignments of the
nozzles, start and off of the flow for a single layer
of printing and resolution of the printed con-
struct.” The other approach to print multicom-
ponent bioink is coaxial 3D bioprinting.”* > In
coaxial extrusion bioprinting, two different types
of hydrogels are printed in a core/shell (c/s) fash-
ion (Fig. 10b). Therefore, one hydrogel is printed
as the core, which is radially encapsulated within
the shell hydrogel. This printing method is used
to modulate the mechanical properties and struc-
tural integrity of the printed construct.”® Multi-
material bioinks can also be printed using the
multimaterial microfluidic bioprinting process.”’
In this technique, multiple bioinks can be inte-
grated through the different microfluidic channel
within the syringe barrel and dispensed through a
single printhead as a fibre or droplet® (Fig. 10c).
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Figure 10: Schematic representation of different advanced bioprinting technologies such as a multihead
bioprinting method, where decellularised extracellular matrix of adipose tissue (adECM) and polycaprol-
actone framework are used as multimaterial hydrogels, b coaxial bioprinting of GelMA (core) and algi-

nate (shell), ¢ microfluidic bioprinting involves seven microfluidic channels which are connected to a
single printhead, d microfluidic stereolithography set up with the UV lamp, optical lenses, microfluidic
device and DMD chip

The microfluidic channels are selectively cho-
sen to dispense specific hydrogels and cells in a
programmable manner. This technique consists
of fast switching between different microfluidic
channels and simultaneous deposition of several
hydrogels through a single nozzle. The individual
microfluidic channels are connected with the
pneumatic valves, which controls the pneumatic
pressure to the bioinks that decide the viscosity
and amount of individual bioinks to be printed.
Another type of multimaterial 3D bioprinting
approach is microfluidic stereolithography or
multimaterial DMD (digital micromirror device),
in which multiple hydrogels can be printed using
a multi-inlet microfluidic chip® (Fig. 10d). This
technology involves a microfluidic device which
dynamically photopatterns different hydrogels
on a moving stage. Hydrogels are sequentially
injected into the microfluidic chip using the
microfluidic device and are photo-crosslinked in
a layer-by-layer fashion on the moving stage. The
DMD technique comprises millions of micro-
scopic mirrors to control the intensity of indi-
vidual pixel, which can independently scan the
bioink surface so that the special resolution of
printing can be much higher compared to that of
conventional STL technique.

7 Hydrogel-Based Bioprinted Tissues
and Organs

It is very difficult to develop vascularized native
functional tissues or organs with clinically rele-
vant dimensions, because their complex structure
consists of various cell types and biomolecules
which are located in a precisely specified manner
within the extracellular matrix. In the previous
sections we have discussed various procedures

@ Springer ﬁggfs

to invent advanced bioinks and some of the
advanced bioprinting techniques which can be
used to fabricate functional tissues that can
replace damaged or failed native organs. Several
attempts have been taken by different research
groups to develop complete functional organs
including blood vessels, cardiac valves, skin, bone
and cartilage, liver, eye, ear, cardiac tissue and
adipose tissue. In this review, we have discussed
some specific 3D bioprinted functional organs
such as ear, cartilage, brain and the urinary sys-
tem, which provides the pathway of next genera-
tion tissue fabrication.

7.1 3D Bioprinted Cardiac Tissue

The heart is a very complex functional organ,
which consists of several cell types such as car-
diomyocytes, endothelial cells, fibroblasts, pace-
maker cells and smooth muscle cells. To fabricate
this structurally and functionally complex sys-
tem with various cell types, multiple bioinks and
advanced 3D bioprinting technologies are needed.
Gaebel et al. fabricated a cardiac patch, embedded
with HUVECs and hMSCs within polyester ure-
thane urea (PEUU) bioink via laser-induced-for-
ward-transfer (LIFT) bioprinting technology.'®
The fabricated patches consist of 91% porosity
with 91 pm average pore size and 0.78 MPa ten-
sile strength, and these were transplanted to the
infarcted part of a rat heart. It was observed that
there was a significant enhancement of angiogen-
esis on the border zone of the patch after 8 weeks
of transplantation. The heart functionality and
implant integrity were improved due to the vas-
cular connection between native and implanted
patch tissues. Gaetani et al. developed a multima-
terial bioink consisting of gelatin and hyaluronic
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acid to investigate the therapeutic potential of
bioprinted cardiac patch that was implanted in
a mouse heart.'”’ Human cardiac-derived pro-
genitor cells (hCMPCs) were encapsulated within
gel-HA bioink and a cardiogenic scaffold was
bioprinted with 4 cm? surface area and 400 pm
thickness. The in vivo experiment demonstrated
the viability, proliferation, cardiac and vascular
differentiation and preserved heart function of
hCMPCs within the construct during 4 weeks of
follow-up period. The optimal integration of the
engrafted patch along the ventricular wall proved
the potential for clinical transplantation.

7.2 3D Bioprinted Cartilage

Cartilage is a tough elastic connective tissue with
the lack of vascularity, made up of chondrocyte
cells surrounded by the glycoprotein materi-
als, which is strengthened by collagen fibres. The
major usage of cartilage tissue engineering is
in plastic surgery, and the challenges of patient-
specific cartilage regeneration are the optimiza-
tion of mechanical properties like stiffness of
tissues, which differ from the superficial sides to
the interior. In addition, the pore size distribution
within the bioprinted construct is an important
factor for chondrocyte proliferation and cartilage
regeneration. Malda and co-workers developed
a GelMA/HA-based composite hydrogel, which
was bioprinted through encapsulating chon-
drocytes to reconstruct articular cartilaginous
tissues.'”” Hydrogel viscosity, printability and
swelling properties were optimized by varying the
degree of gelatin methacrylation (40-75%9%),
concentration of hydrogel (5-20% GelMA) and
UV dose (5-30 min exposure time). Enhanced
mechanical properties were obtained through
reinforcing thermoplastic PCL within the bioink
consisting of 10% GelMA and 2.4% HA. After
3 days of cell culture, it was observed that the cell
viability significantly increased and after 4 weeks,
the presence of glycosaminoglycan indicated the
formation of cartilage tissue. It was also reported
that although HA enhances the viscosity and
mechanical strength of hydrogels, it has no sig-
nificant effect on chondrogenesis at a higher con-
centration. Apelgren et al. manufactured a 3D
bioprinted scaffold using alginate and nanofibril-
lated cellulose-based bioink within which human
bone marrow derived-MSCs (hBM-MScs) and
human nasal chondrocytes (hNCs) were encap-
sulated to fabricate cartilage tissue.'”® After extru-
sion, the construct (5x5x1.2-mm grid) was
immediately transplanted into the subcutane-
ous pocket on the back of 48 8-week-old female
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nude Balb/C mice. The morphological and
immunohistochemical experiments on explanted
tissues showed that after 30 days of implanta-
tion, 3.0 5.7% surface area was covered by gly-
cosaminoglycan (GAG)-positive hNCs, which
was significantly increased to 17.2+7.7% after
60 days. The cluster formation by GAG-positive
chondrocytes and production of collagen type 2
within the ECM indicated that chondrocyte pro-
liferation and cartilage regeneration occurred,
in vivo. In another study, articular cartilage was
developed using endogenic bone marrow stem
cells (BMSCs) embedded silk fibroin and gelatin
(SFG)-based bioink for the knee osteoarthritis
tissue repair.'” Gelatin and SF were premixed
in an appropriate proportion (mass ratio of 1:2)
to obtain optimum mechanical, biochemical
and degradation properties of printed scaffolds.
The pore size of the scaffold was maintained at
350 pm for appropriate chondrogenic differentia-
tion. After chondrogenic induction with the SFG
scaffold, round-shaped chondrogenic morphol-
ogy was observed due to BMSC differentiation.
Furthermore, the experiment revealed that with
the incorporation of BMSC-specific-affinity pep-
tide (E7) within SFG bioink, the GAG and colla-
gen production was significantly enhanced, which
indicated higher chondrogenic differentiation
within SFG-E7 compared to that of SFG.

7.3 3D Bioprinted Bionic Ear

Mannoor et al. fabricated a bionic human ear
made with cartilage tissue, which was intertwined
with a silver nanoparticle (AgNPs) embedded
conducting polymer and nonconducting sili-
cone.'” This experiment integrated functional
biological tissues with nanoelectronic device
through 3D printing. The geometry consisted of
a cochlea-shaped electrode that transferred radi-
ofrequencies (RF) to the inductive coil antenna,
which was coupled with the ear auricle. The bio-
electronics hybrid ear was printed through an
extrusion-based Fab@Home 3D bioprinter. The
auricle structure was constructed using an algi-
nate hydrogel matrix in which chondrocyte cells
were preseeded at a density of ~60 x 10° cells/
ml and 91.3+3.9% cells were found to be viable
after printing. During 10 weeks of chondrocyte
culture, it was seen that the printed construct
retain the shape fidelity and excellent cell viabil-
ity. The results showed that the bioprinted ear has
the capability to recognize the electromagnetic
wave in RF range and they proposed that stereo
audio music can be detected by the complemen-
tary right and left ears. Pati et al. constructed a
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hybrid ear like scaffold structure, using polycap-
rolactone (PCL) and polyethelene glycol (PEG) as
the framework and sacrificial layer, respectively, to
provide the structural and mechanical support.'%
Three different types of hydrogels such as algi-
nate (6%), atelocollagen (3%) and dECM were
used to encapsulate human adipose derived stem
cells (hASCs) and human turbinate tissue derived
mesenchymal stem cells (hTMSCs) to infuse
within the prefabricated PCL/PEG supporting
network. A multi-head tissue/organ building
system (MtoBS) was used to print the hydrogel
encapsulated cells with the concentration of 10°
cells/ml. After complete fabrication, the support
layer was dissolved and removed using aqueous
solutions without affecting cell viability and pro-
liferation. The experiment showed the cell viabil-
ity of >95% within all three types of hydrogel. In
a similar study, Lee et al. fabricated 3D bioprinted
ear-shaped structures using MtoBS bioprinter,
where the cartilage (auricular) and fat (earlobe)
tissues were developed by seeding with chon-
drocytes and adipocytes, respectively.'’” In this
study, within the PCL/PEG support layer, cells
embedded alginate hydrogel matrix was infused
to provide the environment for chondrogenesis
and adipogenesis during tissue regeneration. It
was confirmed that adipose derived stromal cells
(ASCs) differentiated into chondrocytes and adi-
pocytes into the hydrogel matrix within a week
and the cellular viability was found to be 95%.
Kang et al. fabricated human ear like tissue con-
struct using an integrated tissue-organ printer
(ITOP).'”® Biodegradable supporting polymers
(PCL) and sacrificial hydrogels (Pluronic F-127)
were simultaneously extruded with the cell-laden
hydrogel to impart mechanical support. In addi-
tion, during printing microchannels were cre-
ated through PCL patterns within the hydrogel
matrix for proper nutrient and oxygen diffu-
sion within the tissue construct. The cells were
encapsulated within a multimaterial-based com-
posite hydrogel consisting of gelatin, fibrinogen,
glycerol and hyaluronic acid. Before final print-
ing, the concentration of each hydrogel and cell
density was optimized to achieve the best print-
ing resolution, shape fidelity and cell viability.
To fabricate the human size auricle construct,
the rabbit ear chondrocytes were encapsulated
with the density of 40 x 10° cells/ml, where the
concentrations of gelatin, fibrinogen, HA and
glycerol were optimized at 45 mg/ml, 30 mg/ml,
3 mg/ml, and 10% v/v, respectively. After 1 day
of culture, the cellular viability was found to be
91+8% and after 5 weeks of culture, formation
of new viable cartilage construct was found with
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similar morphological characteristics of native
tissue. Markstedt et al. developed a bioprinted
human ear, where human nasoseptal chondro-
cytes (hNC) were embedded within a nanomate-
rials-based bioink developed with nanofibrillated
cellulose (NFC) and alginate.'”. To improve the
bioink viscosity, printing resolution, and shape
fidelity of the printed construct, NFC was used
intentionally as the primary bioink. 90% NFC
and 10% alginate (INK9010) were used to investi-
gate cytotoxicity of NFC and on chondrocyte cells
no potential cytotoxicity was found. The respec-
tive cells viability was found to be 72.8 £ 6% and
85.71+1.9%, after 1 and 7 days of cell culture
within Ink8020 construct.

7.4 3D Bioprinted Brain Like Tissue

Brain is the most complex functional organ com-
pared to any other tissue and organ. Therefore,
fabrication of the complete structural brain with
several cell types using 3D printing is far from
success. A few attempts have been taken by differ-
ent research groups. Lozano et al. manufactured
a 3D brain like structure, where the primary
cortical neural cells were encapsulated within a
peptide modified gellan gum (RGD-GG)-based
bioink.!'” The cells, concentration was optimized
at 1 x 10° cells/ml within the 0.5% (w/v) RGD-
GG bioink solution and was bioprinted using
their own developed handheld bioprinter. It was
confirmed that the peptide (RGD) modification
of GG improved the cell hydrogel interaction,
which highly influenced cell survival, prolifera-
tion, differentiation and neuron network forma-
tion. This experiment also revealed that the
survival, spreading and differentiation of glial
cells within the RGD-GG matrix. The bioprinted
construct showed sufficient shape fidelity with
the pore diameter distribution ranging from 10 to
250 um, which facilitate for oxygen, nutrient and
cell metabolic waste transportation during cell
culture. After 5 days of neural cell culture within
printed RGD-GG, 73£8% cells were found to
be viable. In an extended study, cortical neurons
were embedded within a 1% (w/v) RGD-GG
matrix and cultured in Neurobasal media for cell
maturation for 7 day.'"! The bioprinted cells were
immunostained with different antibodies. The
confocal images demonstrated a homogeneous
distribution of cortical neurons, which formed
a highly interconnected neuronal network
throughout the RGD-GG matrix. This study
proposed to develop multilayered brain model
for in vitro neuronal cell study. Recently, Hein-
rich et al. developed a bioprinted miniaturized
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brain model (4 mm x 6 mm x 5 mm) to under-
stand the interaction mechanism and biological
relevance between macrophages and glioblas-
toma cells towards glioblastoma-associated mac-
rophages (GAMs) in vitro.''"” Tumour cells
and macrophages were encapsulated within a
GelMA (3% w/v) and gelatin (4% w/v) based
composite bioink, which were extruded into the
mini-brain shaped model and phenotypic altera-
tions of both cancer cells and macrophages were
investigated. The two step bioprinting process
involved through the construction of an empty
mini-brain cavity with mouse macrophages cell
line (RAW264.7) within which the mouse glio-
blastoma cells (GL261) cells were printed. The
multimaterial bioink displayed promising shear
thinning properties and the printed construct
showed excellent mechanical and structural sta-
bility with the storage modulus of 1 kPa and loss
modulus of 10-20 Pa. The immunofluorescent
staining and SEM for GL261 and RAW264.7 cells
respectively confirmed the cellular adherence
with the printed bioink matrix. The post-printing
study showed high metabolic activity and cellular
viability of both the cell lines up to 10 days. The
crosstalk experiment between the macrophages
and tumour cells showed the recapitulation of
phenotype characteristics and enhanced gene
expression compared to that of conventional 2D
cell culture. It was revealed that the macrophages
migrated towards the tumour cells and sup-
port them for significant growth and survival.
Finally, this model demonstrated to create a real-
istic 3D environment to investigate glioblastoma
metastasis, conventional chemotherapy and test
drug delivery which provided the confidence for
in vivo experiment.

7.5 3D Bioprinted Urinary System

The urinary system consists of the kidney, ureter,
bladder and urethra. Since the kidney is a struc-
turally and functionally complex organ in the
urinary system, several attempts have been taken
to reconstruct urological hollow organs, specifi-
cally of the lower urinary tract like bladder and
urethra. The collagen-rich connective tissue in
between muscle and epithelium tissues must be
printed in a specific manner to fabricate urinary
tissues, which should have the sufficient elasticity
for functional contraction and relaxation. Zhang
et al. developed circumferentially multilayered
tubular tissue-like urethra using multichannel
co-axial extrusion system (MCCES)-based bio-
printer.'"® Human urothelial cells (HUCs) and
human bladder smooth muscle cells (HBASMCs)
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were suspended into a customized multimate-
rial bioink, consisting with GelMA, alginate
and eight-arm poly(ethylene glycol) acrylate
to construct the urothelial tissue. To improve
the mechanical stability of the hollow tube, the
crosslinking mechanism involved two steps. After
ionically crosslinking of alginate with CaCl,, the
construct was exposed to UV light to photocross-
link the remaining hydrogel matrix components.
After 7 days of culture, the cellular viability was
found to be 89 4 3%, indicating that the custom-
ized bioink was suitable for creation of microcel-
lular environment for HUCs and HBdSMCs. In
another study, Zhang et al. bioprinted spiral scaf-
fold structure using poly(e-caprolactone) and
poly(lactic-co-caprolactone) (PCL/PLCL) syn-
thetic polymers within which gelatin, fibrin, and
hyaluronic acid based multimaterial bioink were
incorporated to mimic the urethra.''* The blad-
der epithelial cells (UCs) and smooth muscle cells
(SMCs) were loaded with cell-laden hydrogel to
develop the respective inner and outer tissues of
urethra. After 7 days of bioprinting, the cellular
viability of both the cells was found to be higher
than 80% with active proliferation and spreading.
The cellular growth within the scaffold pores and
cellular interaction between UCs and SMCs indi-
cated the in vivo urethral implantation in animal
models. Imamura et al. bioprinted a bladder-like
structure using bone marrow derived cells, har-
vested from femurs of rat to repair radiation-
injured rat urinary bladder.'” This technique
involved scaffold-free 3D printing technology,
where the spheroids were suspended (4.0 x 10*
cells/0.1 ml of cell suspension media) and depos-
ited onto microneedle array. The cell spheroids
were assembled into three layers with the height
of 1 mm. After the removal of microneedle arrays
(7 days), the spheroids were self-assembled and
started to proliferate with the secretion of ECM.
The fabricated structure was transplanted in the
anterior wall of the radiation-injured rat blad-
der. It was observed that the transplanted struc-
ture readily recognized the transplanted region
and survived through the nerve reconstruc-
tion, and blood vessels were grown through the
transplanted structure from the native bladder
after 4 weeks of surgery. This indicated that the
transplanted biofabricated structure successfully
restores the functionality of injured bladder.

8 Closure

3D bioprinting affords high-throughput capabil-
ity to develop 3D viable tissue construct, which can
serve as the functional native tissue with similar
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cell types and density. Hydrogel-based biomateri-
als become the most promising candidate for cell
carrier and construct fabrication in 3D bioprint-
ing. The hydrogel matrix provides temporarily an
extracellular matrix-like environment towards the
printed cells, such that they can survive, proliferate
and differentiate to regenerate a desired tissue or
organ. Not only the biological microenvironment
but also the mechanical and structural integrity are
provided, such that shape fidelity of the construct
is maintained during the tissue reconstruction.
Besides the structural and biological properties, the
hydrogels should have proper rheological prop-
erties, gelation, transportation and degradation
mechanisms. Since native tissues are composed
of very complex structures, within which differ-
ent cells are precisely located to preserve the tissue
functionality, advanced bioinks and bioprinting
technologies are adapted to replicate native tissues
and organs. Moreover, the bioprinted constructs
can provide the native tissue-like environment
within which in vitro drug delivery and clinical
studies can be performed. As a future vision, 3D
bioprinting offers a new strategy which can replace
conventional tissue engineering, cancer therapy
and drug delivery experiments.
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