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Abstract An organ is an organ; nothing other can replace it or act as it. That is why
there is an increasing medico-demand for tissue-engineered tissues and organs. Scien-
tific world presently looking for alternative fabrication approaches to develop tissues
and organs as conventional techniques is not capable of fabricating constructs with
required structural, mechanical, and biological complexity. In such a condition, 3D
bioprinting offers great potential to fabricate highly complex constructs with precise
control of structure, mechanics, and biological matter, especially cells and extracel-
lular matrix components. 3D bioprinting is an additive manufacturing approach that
utilizes a “bioink™ to fabricate devices and scaffolds in a layer-by-layer manner. 3D
bioprinting allows printing of a cell suspension into a tissue construct with or without
a scaffold support. The most common bioinks are cell-laden hydrogels, decellular-
ized ECM-based solutions, and cell suspensions. In this chapter, an effort is taken
to briefing hydrogels with particular focus on bioink design requirements. We also
present the current state of the art in bioink design including the challenges and future
directions.

Keywords Bio-fabrication * Tissue engineering - Regenerative medicine *
Hydrogel - Cell printing - Extracellular matrix

1 Introduction

One of the promising and emerging multidisciplinary fields of bioengineering is
tissue engineering, and its contribution comes majorly on two areas: (i) devel-
oping new methods to repair, regenerate, and replace damaged tissues and organs
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and (ii) Constructing in vitro tissue models to better understand tissue develop-
ment, disease development, and screen mode of action of new drugs [1-6]. In our
changed social health status, more people are vulnerable to serious diseases which
are directly affecting vital organs like kidney, liver, heart, pancreases, etc. In spite
of latest advances in tissue engineering, there is a continuous lack of tissues and
organs for transplantation and a shortage for tissue models for drug discovery and
testing [7]. Extensively long waiting lists for organ transplantation exist all around
the world. According to U.S. Department of Health and Human Services, as of June
2017, around 120,000 patients are in need of lifesaving organ transplant in the USA
while only about 5200 donors are available. Also, while the number of transplants
performed every year since 2003 has been somehow constant, the number of patients
waiting at the year-end has been growing [8]. Under these circumstances, scientists
are eager to find alternative ways to compensate for this shortage of organ. Unfor-
tunately, conventional techniques, such as porogen-leaching, injection molding, and
electrospinning, are generally recognized as the bottleneck due to limited control
over scaffold architecture, composition, pore shape, size, and distribution [9-11].
3D bioprinting is an actively studied method in tissue engineering since it shows
effective control over scaffold fabrication and cell distribution. Printing resolution
of 3D bioprinting techniques is 10—10,000 mm which is a wide range showing flex-
ibility of bioprinting compared to other assembly methods such as molding and
porous scaffolds. 3D bioprinting enables fabrication of scaffolds, devices, and tissue
models with high complexity [9, 11-14]. 3D printing enables creation of tissues from
commonly used medical images (such as X-ray, magnetic resonance imaging, and
computerized tomography scan) using computer-aided design. Custom and patient-
specific design, on-demand fabrication, high structural complexity, low-cost, and
high-efficiency are some of the major advantages of 3D printing and such things
making it very attractive for medicine [15, 16].

3D bioprinting is a technology to fabricate constructs from living cells with or
without a carrier material in a layer-by-layer manner [9, 11, 12, 17, 18]. The material
that is printed is referred to as a “bioink,” which can be defined as an ink formu-
lation that allows printing of living cells. Here, we would like to note that many
of the biomaterial ink formulations are not suitable for cell printing. For instance,
polycaprolactone (PCL) and poly(lactic acid) (PLA) are the most widely used bioma-
terials in 3D printing. However, they could only be printed at elevated temperatures in
the form of a polymer melt or when dissolved in organic solvents as a polymer solu-
tion. Therefore, they are not considered as bioinks in this review, as both approaches
are not suitable for live cell printing [19, 20]. In this paper, we discuss one among
the most commonly used bioinks, cell-laden hydrogels [16, 21-23] and give the
current state of the art in bioink design with challenges and future directions. A
brief description and comparison of the bioprinting methods with particular focus
on bioink design requirements are also given.
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2 3D Bioprinting Technologies

3D printing technology is a promising innovative concept in tissue engineering;
instead of using 2D structures with numerous limitations, nowadays scientists can
use 3D scaffolds for cell studies. 3D bioprinting is comparatively manageable and
cell friendly as it is required to allow cell printing, and of course this requirements
restricted the number of 3D printing techniques that are appropriate for bioprinting
(Fig. 1) [13, 24]. At present, the 3D printing technology available in industry can print
a wide range of materials by using diverse ink formulations [16]. Fused deposition
modeling (FDM) is a 3D printing technique pioneered in the 1990s by Stratasys,
and presently, it is the trade mark of company. The company continues to be a
leader in manufacturing 3D printers all over the world. Alternatively, the 3D printers
that are based on this technology are also called as fused filament fabrication (FFF),
plastic jet printing (PJP) or material extruding printers, which is the generic name for
these 3D printers. Fused deposition modeling (FDM) is an extrusion-based printing
and utilizes synthetic thermoplastics and their composites with ceramics and metals
[25]. Because of its best performance at high temperature (140-250 °C) in melt
state, it eliminates FDM as an option for bioprinting. Direct ink writing (DIW) is
also an extrusion-based printing widely utilized in meso- and micro-scales and allows
extrusion of high viscosity solutions, hydrogels, and colloidal suspensions [14]. DIW
allows printing of cell suspensions and/or aggregates with or without a carrier. Inkjet
printing is another technology for cell printing. The processing principle is deposition
of polymeric solutions, colloidal suspensions, and cell suspensions, with relatively
low viscosities [<10 cP (mPas)] atrelatively high shear rates (10°~10° s~!) in the form
droplets (~50 wm in diameter) [26—-29]. As compared to extrusion-based bioprinters,
inkjet bioprinters are not readily available. Drop-on-demand printing that is one of
the inkjet printing technologies enables the printing of complex and precise sections
of living tissues or organs on the culture substrates utilizing cells and/or biomaterials
as bioinks [30, 31]. Selective laser sintering utilizes metals, ceramics, polymers,
and composites in powder form (10-150 wm in diameter) and is not suitable for
bioprinting. In this technique, a directed laser beam locally melts either directly the
powder or a polymeric binder onto the bed surface [32]. Layers of fresh powder are
continuously supplied after each layer is created. Stereolithography (SLA) requires
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Fig. 1 3D bioprinting techniques for bioprinting of tissues and organs. Figure with permission
from Miller and Burdick [43]. Copyright 2016, American Chemical Society reproduced
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a viscous photocurable polymer solution or a prepolymer, which is exposed to a
directed light (such as UV or laser) to spatially cross-link the solution [33]. SLA could
potentially be considered for printing live cells as long as a cell-laden prepolymer
formulation is used and the photocuring takes place in a mild, cell-friendly condition,
which is the two major issues for SLA in bioprinting [34—36]. When 3D printing
technologies are considered for bioprinting, the most commonly used technologies
are DIW and inkjet printing [13, 14]. In addition to these technologies, laser-induced
forward transfer (LIFT) is also shown to be suitable for bioprinting [37—42]. In this
technique, ink solution is coated onto a glass slide and coated with a laser absorption
layer (metal or a metal oxide). Laser is directed to the laser absorption layer with an
ablation spot size between 40 and 100 pm in diametercreating a local pressure to
eject the ink layer to the substrate.

3 Bioink Design

An ultimate bioink formulation should gratify certain material and biological require-
ments. Material properties are printability, mechanics, degradation, and functionaliz-
ability. Biological requirements mainly include biocompatibility, cytocompatilibilty,
and bioactivity. When material properties are considered, printability is the most
important constraint. Printability encompasses two parts: (i) the processability of the
bioink formulation and (ii) the print fidelity associated with the mechanical strength
of the printed construct to self-sustain a 3D structure post-printing. Depending on
the printing process, printability could potentially involve solution viscosity, surface
tension, and cross-linking properties. Viscosity is a crucial parameter for a bioink
formulation as it affects both the print fidelity and cell encapsulation efficiency. High
viscosity polymer solutions are less likely to flow easily so that the printed struc-
ture could hold its shape at longer times post-printing. However, they require higher
pressures to flow, limiting the gage size and smallest achievable print size (mainly
for DIW). In this regard, Tirella et al. [44] investigated the processing window for
alginate hydrogels using pressure-assisted microfabrication (DIW technique). They
successfully developed a 3D phase diagram showing the interplay between bioink
viscosity, print velocity, and applied pressure to obtain high print reliability [44].
The bioink formulation is preferred to have a tunable viscosity to be compatible with
different bioprinters. For instance, bioinks for inkjet or droplet-based bioprinters have
viscosity values close to 10 mPa s [29]; the viscosity of bioinks for extrusion-based
DIW bioprinting ranges from 30 to 6 x 107 mPa s [13, 14, 45]; for laser-assisted
bioprinting, the bioink viscosity is in the range of 1-300 mPa s [45, 46]. For high
viscosity bioinks used in extrusion and droplet-based print, the shear-thinning feature
is desired to compensate for the high shear stress associated with high viscosity. The
overall mechanics, i.e., achievable stiffness, is important not only to create self-
supporting constructs but also to control and direct cellular behavior. Degradation
is important for the functional amalgamation of the printed construct in vivo by
enabling cells to gradually replace the construct with their ECM. Both the bioink and
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the degradation products should not contain materials that induce inflammatory host
response when implanted. Functionalizability is required to incorporate biochem-
ical cues, i.e., bioactivity, to direct cellular behavior, such as adhesion, migration,
and differentiation. In addition to biocompatibility and cytocompatibility, high cell
viability, both prior- and post-printing, is crucial for the ink formulation. In addition
to bioink design, a recent study showed the importance of the print substrate for live
cell inkjet printing. In this work, computational and experimental studies confirmed
that the stiffness of the print substrate directly influences the impact forces acting on
the droplet, which affects the overall cell survival [47]. Below we will discuss the
commonly used bioinks including current state of the art in ink design.

4 Established Bioinks

The most commonly used bioinks for tissue and organ printing are cell-laden hydro-
gels, decellularized extracellular matrix (IECM)-based solutions, and cell suspen-
sions (Fig. 2). Cell-laden hydrogels are particularly attractive due to their tunable
properties and their ability to recapitulate the cellular microenvironment [48]. ECM-
based bioink formulations or decellulerized tissue inks are an emerging field due to
their inherent bioactivity and ease of formulation into a printable bioink [49]. Cell
suspension inks based on cell aggregates are a viable option to create scaffold-free
biological constructs [50, 51].

5 Cell-Laden Hydrogels

Cell-laden hydrogels are the most commonly used bioinks as they can be easily
formulated for extrusion-based (DIW), droplet-based (inkjet), and laser-based (SLA
and LIFT) bioprinting technologies. Cell-laden hydrogel bioink formulations utilize
natural hydrogels such as agarose, alginate, chitosan, collagen, gelatin, fibrin, and
hyaluronic acid (HA), as well as synthetic hydrogels such as pluronic (poloxamer)
and poly(ethylene glycol) (PEG), or blends of both. Natural hydrogels offer inherent
bioactivity except for agarose and alginate and display a structural resemblance to
ECM. For instance, fibrin and collagen hydrogels with inherent filamentous structure
display strain-stiffening property, mimicking the nonlinear elastic behavior of the
soft tissues in our body [54, 55]. Synthetic hydrogels permit but do not promote
cellular function, yet there are many ways to tether bioactive cues into synthetic
hydrogels [56]. When compared to natural hydrogels, synthetic hydrogels generally
offer tunable mechanical properties. Many natural polymers (such as gelatin and HA)
have functionalizable backbone side chains enabling them to be functionalized with
chemical moieties to induce cross-linking (chemical- and/or photo-cross-linking) or
additional bioactivity [57]. Blends of synthetic and natural polymers have been used
to develop mechanically tunable hydrogels with user-defined bioactivity. Finally, the
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Fig.2 i3D printed constructs in various forms (a, b) using poly(ethylene glycol)—alginate—nanoclay
hydrogels. Red food dye was incorporated into some of the bioink formulations for visibility.
Live/dead assay of cells (c) in a collagen infused mesh from (b). Reprinted with permission from
Hong et al. [52]. Copyright 2015, John Wiley and Sons. ii Tissue construct printed from decellu-
larized extracellular matrix (dECM) (a), SEM images of hybrid constructs from dECM supported
with polycaprolactone framework (b, ¢), and fluorescent images of cells (d). Scale bars are 5 mm
for (a), 400 pm for (b, ¢), and 100 pwm for (d). Adapted with permission from Pati et al. [49].
Copyright 2014, Nature Publishing Group. iii Cell aggregate (500-pwm average diameter) configu-
rations in simulations (A, B, K, L) and experiments. C—J correspond to cell aggregates embedded
in a neurogel with RGD fragments (C, D) and collagen gels of concentration 1.0 mg/ml (E, F),
1.2 mg/ml (G, H), and 1.7 mg/ml (I, J). Figure adapted with permission from [53]. Copyright 2004,
National Academy of Sciences

mechanical properties and/or bioactivity can also be tuned by incorporating small
amounts of nanoparticles into bioink formulation [58].

Usually, all hydrogel bioink formulations require printing of a polymer solution
followed by subsequent cross-linking. This requires a highly viscous polymer solu-
tion (polymer wt% >3%) and rapid cross-linking to develop self-supporting struc-
tures. There are two forms of cross-linking: physical and chemical cross-linking.
Physical cross-linking is a non-chemical approach that utilizes hydrophobic inter-
actions, ionic interactions, and hydrogen bonding. Chemical cross-linking relies on
the formation of covalent bonds, which could be a radical polymerization (such
as photo-cross-linking) or Michael-type addition reaction. The chemically cross-
linked hydrogels form a mechanically robust network as compared to the physically
cross-linked hydrogels, which is particularly important for the stem cell behavior
including differentiation [59, 60]. Recently, hydrogels have been defined as two-
or multi-component systems consisting of a three-dimensional network of polymer
chains and water that fills the space between macromolecules. Depending on the
properties of the polymer (polymers) used, as well as on the nature and density of
the network joints, such structures in an equilibrium can contain various amounts
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of water; typically in the swollen state, the mass fraction of water in a hydrogel is
much higher than the mass fraction of polymer. In practice, to achieve high degrees
of swelling, it is common to use synthetic polymers that are water-soluble when in
non-cross-linked form.

Hydrogels may be synthesized in a number of “classical” chemical ways. These
include one-step procedures like polymerization and parallel cross-linking of multi-
functional monomers, as well as multiple step procedures involving synthesis
of polymer molecules having reactive groups and their subsequent cross-linking,
possibly also by reacting polymers with suitable cross-linking agents. The polymer
engineer can design and synthesize polymer networks with molecular-scale control
over structure such as cross-linking density and with tailored properties, such as
biodegradation, mechanical strength, and chemical and biological response to stimuli
[61].

Pluronic and PEG are the most common synthetic polymers for bioprinting.
Pluronic, a poloxamer-based triblock copolymer composed of two hydrophobic
groups between a water-soluble group, has been widely used in extrusion-based
bioprinting as it gels at room temperature but flows at temperatures below 10 °C.
However, it is not very stable and erodes within hours. Thus, it is generally used
as a supporting material [62]. Lewis Lab took an advantage of this property and
printed pluronic within a photopolymerizable hydrogel to create micro-channels
[63]. Miiller et al. [64] developed an acrylated pluronic to create UV cross-linked
stable gels post-printing [64]. The most common forms of PEG for bioinks are PEG-
diacrylate (PEG-DA) and PEG-methacrylate, which are suitable for extrusion-based,
droplet-based, and laser-based printing technologies [52, 65, 66]. PEG is hydrophilic
and not adhesive to proteins and cells; therefore, it requires blending with other
natural polymers or functionalization with biochemical cues. It is possible to form
strong robust hydrogels using PEG-based polymers. For instance, Hockaday et al.
[67] printed aortic valve geometries using PEG-DA hydrogels blended with algi-
nate and achieved tenfold range in elastic modulus from ~5 to ~75 kPa [67]. Hong
et al. [52] reported D printing of tough and biocompatible, cell-laden PEG-alginate—
nanoclay hydrogels infused with collagen [68]. Rutz et al. [69] developed partially
cross-linked PEG-based multi-material bioink formulations with tunable viscosity to
enhance print fidelity and secondary cross-linking ability to stabilize the constructs
[69].

Alginate is one of the most commonly used natural polymers to formulate bioinks
for inkjet and DIW printing. For inkjet printing, calcium chloride is jetted onto alginic
acid solution [70]. For extrusion-based printing, alginate is printed as a viscous solu-
tion, and the constructs are exposed to CaCl, solution to induce post-printing cross-
linking. Alginate is not cell adhesive, thus it is generally blended with other natural
polymers (e.g., gelatin and fibrinogen) to induce cell adhesion and biological activity
[71-75]. Note that the majority of the natural polymers are used as a component of
bioink formulation. HA and gelatin that have been utilized extensively in the form
of functionalized polymers thus fall into the synthetic polymer category, which is
discussed below.
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Gelatin is commonly used in the form of gelatin methacryloyl (GelMA)-based
hydrogel for DIW [76, 77]. Lim et al. [74] recently reported a visible light photo-
cross-linking system to minimize the oxygen inhibition in photopolymerized GeIMA
hydrogels [74]. They reported higher print fidelity and cell viability for ruthe-
nium/sodium persulfate visible photo-initiator as compared to UV photo-initiator
Igracure 2959. Similar to gelatin, HA has been modified in many ways to create cell-
laden bioinks [78-80]. For instance, Burdick Lab reported HA-based supramolecular
hydrogels cross-linked by cyclodextrin—adamantane host—guest interactions, which
are capable of shear-thinning and self-healing [78]. The non-covalent bonds allow
direct writing of inks into support gels. HA hydrogels were developed to display both
shear-thinning behavior due to guest—-host bonding and stabilization post-printing via
UV-induced covalent cross-linking [80]. Supramolecular hydrogels are particularly
attractive for extrusion-based printing as they could flow under shear and self-heal
immediately after printing, leading to high print fidelity. In addition to guest—host
bonding, self-assembling peptides [81] and polypeptide-DNA hydrogels [82] are
other emerging candidates for bioink design.

6 Nanoparticle-Reinforced Hydrogels

Nanocomposite hydrogels are found to be more superior to conventional hydrogels
in terms of stability, mechanical strength, and stiffness. Hybrid ink of monomer
(N-acryloyl glycinamide) (NAGA) and nanoclay (Laponite XLG) was developed by
Zhai et al. suitable for 3D printing. The printed pregel NAGA-clay fine-tuned to form
PNAGA clay composite hydrogel scaffold by polymerizing with UV light radiation.
The prepared scaffolds supported osteogenic differentiation of primary rat osteoblast
(ROB) cells. Moreover they facilitated the regeneration of new bone in tibia defects
of rats [83]. Water immersion studies were performed, and it was concluded that
even after immersion for months, the scaffold was stable and did not show further
swelling activity. Thus, it was confirmed that addition of nanoclay into PNAGA
had no influence on hydrogen bonding interactions. The mechanical properties was
analyzed in terms of bearing external load investigated by pressing the sample with
car wheel and hand folding as shown in Fig. 3.

Nanoparticles show great promise for purification and removal of toxins. This
strategy have been used to fabricate toxification device that mimic liver lobule
microstructure. The matrix poly(ethylene glycol) diacrylate (PEGDA) allows the effi-
cient trapping of toxins while polyacetylene nanopartciles sense and attract toxins
[84]. The ability to produce patient-specific implants is a major attraction of 3D
printing or additive manufacturing. It has enabled the design of complex architec-
tures required for hearing aids. A team of researchers developed bionic ear using
alginate hydrogel matrix (Fig. 4). The matrix pre-seeded with viable chondrocytes
was then 3D printed along with silver nanoparticle-infused silicone solutions. The
printed bionic ear possessed enhanced auditory sensing for radio frequency reception
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Fig. 3 Procedure of 3D-printing PNAGA-clay scaffold (a) and photographs of PNAGA20%-clay
scaffolds showing their ability to resist finger compression (b and c¢), car wheel pressing (d left
and right denote before and after pressing), and hand folding (e and f). The scaffold is very stable
even after immersing in water for a long time (g and left and right denote before and after water
immersion for 3 months). The scaffolds used for the car wheel pressing experiment were stained
with gentian violet. Reproduced with permission from [83]. Copyright © 2017, American Chemical
Society

and moreover the printing process had no adverse effect on the viability of the cells
[85].

Hydrogels based on cellulose are widely known for their availability, biocom-
patibility, and efficient cell encapsulation [86]. Nanocellulose containing hydrogels
have shown good cell growth and cell viability. NFC-alginate bioink was used to print
auricular constructs along with chondrocytes [87]. The chondrocyte cells proliferated
and cartilage specific extracellular matrix was seen around the cells.

7 Summary and Future Perspectives

3D printing has a strong potential to become a common fabrication technique in
medicine as it enables fabrication of modular and patient-specific scaffolds and
devices, and tissue models, with high structural complexity and design flexibility
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Silicone

Fig. 4 Three-dimensional interweaving of biology and electronics via additive manufacturing to
generate a bionic ear. (a) CAD drawing of the bionic ear. (b) (top) Optical images of the functional
materials, including biological (chondrocytes), structural (silicone), and electronic (AgNP-infused
silicone) used to form the bionic ear. (Bottom) a 3D printer used for the printing process. (¢) Illus-
tration of the 3D printed bionic ear. Reproduced with permission from [85]. Copyright © 2013,
American Chemical Society

[5, 9, 62, 88-91]. There is a significant interest in designing novel bioink formu-
lations toward the goal of achieving the “ideal” bioink for each bioprinting tech-
nology [45]. Cell-laden hydrogels are the most common bioinks, offering novel
strategies including multi-material printing, shear-thinning capability, and sequen-
tial cross-linking toward self-supporting constructs. Decellularized extracellular
matrix ({ECM)-based bioinks provide an alternative approach utilizing decellu-
larized tissues, yet the processing of decellularized tissue increases the cost of
the bioinks. Cell aggregate printing enables direct printing of cells into tissue
constructs, but the size of these constructs is currently limited as the process
requires large quantities of cells. In addition to bioink development, there is also
need for bioprinters with high resolution, which is particularly important to develop
vascularized constructs. Considering future perspectives, supramolecular hydrogels
with reversible cross-linking mechanism [79] and stimuli-responsive materials for
biomimetic 4D printing [92] are potentially the most interesting candidates for bioink
design. Four-dimensional (4D) printing is an emerging as a fascinating method to
fabricate stimuli-responsive 3D structures with wide applications in organ engi-
neering and tissue regeneration. The concept introduced in 2013 has gained much
popularity, and several hydrogel-based inks have been developed for 4D printing.
Much of the works focus on altering the shape of the 3D printed materials in response
to temperature change or water absorption [93]. 4D printing may provide a novel
platform for biomedical studies of functional synthetic tissues and organs. Signif-
icant efforts are required to design highly robust hydrogels having shape memory
effect. Development of such hydrogels are still in the infant stage. There are still
many hurdles to overcome when considered for biomedical applications, since
biocompatibility and biodegradability is a major concern when tissue engineering
is concerned. Finally, there are still many regulatory challenges to move the 3D
bioprinted constructs into clinic.
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