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Abstract: The development of appropriate bioinks is a complex task, dependent on the mechanical
and biochemical requirements of the final construct and the type of printer used for fabrication.
The two most common tissue printers are micro-extrusion and digital light projection printers.
Here we briefly discuss the required characteristics of a bioink for each of these printing processes.
However, physical printing is only a short window in the lifespan of a printed construct—the system
must support and facilitate cellular development after it is printed. To that end, we provide a
broad overview of some of the biological molecules currently used as bioinks. Each molecule has
advantages for specific tissues/cells, and potential disadvantages are discussed, along with examples
of their current use in the field. Notably, it is stressed that active researchers are trending towards
the use of composite bioinks. Utilizing the strengths from multiple materials is highlighted as a key
component of bioink development.

Keywords: bioprinting; bioink; 3D printing

1. Introduction

In the last 16 years, bioprinting has taken the world of regenerative medicine by
storm. The number of publications featuring bioprinting has grown exponentially as
laboratories have adopted this new fabrication technology for their research. Traditional
techniques for creating cellularized constructs, including non-cellularized scaffolds seeded
post-fabrication and the implantation of non-cellularized constructs which recruit cells
from the host, have severe limitations. It is difficult to adequately and uniformly seed
these devices and place individually unique cell populations within the constructs. Those
implanted without cells are challenged by cell migration within the scaffolds [1-4]. An
alternative to these conventional manufacturing techniques, 3D printing, has several key
strengths, including allowing users full control over the shapes and compositions of their
printed components, including precise placement of diverse cell populations throughout
the entirety of the construct. [5]. In addition, bioprinting allows users to choose/tune the
carrier material or bioink used during printing. This allows fine control over chemical
and physical environments specific to the end-use of each system. While these particular
attributes have proven enticing to researchers who wish to pattern constructs with different
cells, mechanical attributes, or chemical profiles, the realities of bioprinting have proven
to be nuanced and complex, resulting in a broad field of study without a simple “push
this button to print an organ” option. This article aims to give a broad overview of the
biological components available as bioinks today, highlighting some of their many uses in
the field.

2. Types of Bioprinters

Before selecting a bioink can begin, researchers must first ascertain two things: the
environment they wish to replicate using the bioprinter and which type of bioprinter they
will be using. Since the development of the first reported bioprinter in 2003, bioprinter tech-
nology has become a field of exponential growth [6]. While the field started with a single
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modified inkjet printer, today, several types of 3D printing are available to scientists [7,8].
These include inkjet, micro extrusion, laser-induced forward transfer (LIFT), digital light
projection (DLP), selective laser sintering (SLS), and stereolithography. Choosing the ap-
propriate printer for specific research is one of the first major decisions to be made. Each
printer type requires different attributes from their bioink regarding viscosity, material type,
and bonding mechanisms. This article will focus on bioinks developed for micro-extrusion
and DLP printing, two commonly used systems for developing macro-constructs with
cellular components.

Micro-extrusion printers are one of the more common 3D printers used today, popular
among both hobbyists and professionals. These printers consist of motor-driven axes, a
media reservoir, and an extrusion orifice (Figure 1A). To be labeled as a micro-extrusion
printer, the orifice should measure less than 1 mm in diameter. This includes nearly
all extrusion printers used with cells as researchers move towards higher resolutions in
the goals of recapitulating native cellular arrangements. The extrusion can be driven
either through tunable pneumatic or mechanical pressure depending on the viscosity
of the printing material [9-11]. Importantly, for researchers working with cells, cellular
viability must be maintained. This means that extrusion bioinks should be composed
of non-cytotoxic materials that can be tuned to minimize shear stress due to printing
pressures, as high shear stress leads to decreased cellular viability [12-14]. Another critical
consideration for bioinks destined for micro-extrusion printing is shape fidelity. The gels
must maintain their printed shape following extrusion, both in the x-y plane and z-axis,
without causing structural deformation, a particular concern as print height increases [15].
Therefore, gels are often stabilized via crosslinking. Crosslinking can be performed either
before or after printing [16-18]. This is often accomplished via either the addition of a
chemical crosslinker or the initiation of free-radical crosslinking through the application
of light, visible or ultraviolet (UV). These methods must also be tuned to have minimal
impact on the cells seeded within the bioinks. It is important the researchers take note
of potential toxicity caused by the crosslinking process. UV light, in particular, has been
shown to lead to cell damage with prolonged exposure. While a popular curing technique,
it must be carefully managed to prevent unwanted side effects.

DLP printers are a relatively recent addition to the bioprinting arsenal, entering the
scene in 2015 [19]. These printers consist of a build platform that can move in the z-axis, a
vat with a translucent bottom filled with liquid ink, and a projector, shown in Figure 1B.
The DLP system uses projected light to cure bioinks at the bottom of the vat one plane at
a time. Unlike extrusion printers that build constructs upwards from the print bed and
require inks to support the weight of layers pushing down on them, DLP printers have the
curing surface at the bottom of the print. Thus, the materials used must adhere to the layer
above them (or the build plate), withstand disassociation from the bottom of the curing vat,
and support the weight of additional layers hanging from them as the print grows in size.



Biomolecules 2021, 11, 1593 30f 18

extrusion-based bioprinting vertical movement

multi-nozzle

A

p mechanica platform

[

curing plane

uv light

X mirror
’ ' i lens projector

)
Figure 1. Diagrams showing the working mechanisms of micro-extrusion and DLP printers. (A) A micro-extrusion printer
with examples of different extrusion nozzles and drivers (mechanical, pneumatic) along with the build platform [20]. (B) A
DLP printer showing the orientations of the light source, curing plane, fabricated object, and build plate. Reprinted with the
permission from Ref. [20]. Copyright 2018 AIP Publishing.

These two systems show the most promise in creating objects with sizable z-dimensions
and thus have significant potential for creating tissues of implantable size. There is quite
a bit of overlap in the properties these systems require from their inks: They should be
non-cytotoxic (during printing and post-processing), possess low viscosity during printing
(either in the vat or when being extruded through the needle), and be physically stable
once on the build surface. Further, the bioinks should withstand cell culture environments
(media bath, high temperature), either directly after printing or following a post-processing
step. Finally, the bioink must provide a hospitable environment for continued cell growth
and maturation. The cells must adhere, expand, and be afforded appropriate signaling
during the culture phase. Finding a bioink that meets these biological requirements remains
a challenge for researchers today.

Identifying the composition of the perfect bioink has been a continued debate, much
of which depends on the printing process, the types of cells being used, and the mechanical,
physical, and chemical environment the system demands. As such, a divide between
synthetic, biologic, and combination bioinks has emerged. Synthetic bioinks are excellent at
meeting the physical requirements of printing, maintaining shape post-printing and can be
modified for appropriate load-bearing properties [21]. The manufactured synthetic bioinks
are highly reproducible with minimal batch-to-batch variations. However, synthetics have
relatively few biological binding sites and may be cytotoxic either before crosslinking or
during crosslinking. In contrast, biological bioinks are derived from natural sources that
are often rich in binding sites and can be derived from the same sources as the target
tissues researchers want to replicate, leading to high compatibility between the ink and
the cell type used. Here we will briefly review some of the most popular biological bioink
components.

3. Biological Bioinks
3.1. Agarose

Agarose is a polysaccharide made up of 1,3-linked 3-galactose and 1,4-linked 3,6-
anhydro-u-l-galactose derived from red algae. The molecule can be dissolved easily in hot
water, after which the agarose chains form into side-aligned aggregates as the solution cools.
These result in an interlocking network of hydrogen bonds, creating a solid gel of agarose
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chains [22]. Gels can be tuned by using hydroxyethylated agarose for lower strength and
melting temperatures, unmodified agarose, or a combination of the two [22]. Agarose on
its own is not as cell-friendly as other biologically derived bioinks, presenting low rates of
cellular proliferation, cell adhesion/spreading, and biosynthesis of cell components [23,24].
However, this lack of cellular interaction has made agarose an excellent material for creating
molds for the 3D formation of cellular aggregates [24].

The physical attributes of agarose have been capitalized on by blending it with other
bioink components. It has been combined with alginate, seeded with chondrocytes, and
used on an extrusion printer to create honeycomb patterns that maintained cellular viabil-
ity over 4 weeks, showing potential for cartilage engineering purposes (Figure 2A) [25].
Chemically modified carboxylated agarose (CA) has been used to create bioinks that can be
tuned to specific elastic moduli by varying the degree of carboxylation without significantly
altering the shear viscosity [26]. CA was shown to increase the survival rate of human
mesenchymal stem cells (MSCs) by 33% compared to native agarose. Studies have shown
that increasing the stiffness promoted chondrogenesis and maintained cell phenotypes in
extrudable gels seeded with human articular chondrocytes [26,27]. In another study, CA
was combined with pluronic, a synthetic polymer. Pluronic acted as a sacrificial material
to form tubular structures inside a structure with controlled microporosity to develop a
system that mimics the architecture of the ECM surrounding a blood vessel [28]. While
this group has yet to test structures with cells, CA’s ability to support cellular viability
makes this an interesting step forward, as the mechanical properties of agarose can mimic
those found in the human body. Agarose has also been used as a support material for
freestanding constructs, providing mechanical stability to softer gels such as alginate and
gelatin methacrylate (GelMA), which can be cultured while suspended in an agarose slurry
to create complex cellularized structures that are supported during cellular maturation
but which have easy removal of the support gel post-maturation [29]. While this is not a
direct use of agarose as a bioink, it is an important way the molecule can further develop
3D printing processes.

3.2. Alginate

Alginate, or alginic acid, is a heteropolysaccharide derived from brown algae [30].
It has a unique ability to form gels through ionic crosslinking when exposed to bipolar
ions such as calcium, barium, zinc, and strontium [31-34]. Consisting of two repeating
monomers ((1-4)-B3-D-mannuronic acid and «-L-guluronic acid), bioinks developed with
this polymer can be tuned for desired mechanical properties by altering the ratio of these
monomers [35-38]. Alginate is available in either a blended form (alginic acid sodium salt,
sodium alginate) or as separate monomers (D-mannuronic acid sodium and L-guluronic
acid sodium).

Alginate was used for drug and cell delivery long before its first appearance as
a bioink, but has since been used for extrusion, LIFT, and inkjet printing applications.
The nearly instantaneous ionic crosslinking has made this bioink of particular interest to
researchers developing structured tissues, such as tubules, within their prints. Alginate
was one of the first bioinks to be used with an extrusion printer fitted with a coaxial
nozzle. Extruding alginate through the exterior needle while extruding a crosslinker
through the interior allowed researchers to rapidly manufacture microvessel-like tubules
throughout their print [39]. Researchers have also used tri-axial nozzles to create multi-
layered vessels containing independent layers of human umbilical vein endothelial cells
(HUVECs) and human aortic smooth muscle cells, which were implanted into animals as
aortic replacements (Figure 2B) [40].

Despite the strengths alginate has as a bioink which can quickly and non-toxically be
crosslinked, alginate is a biologically inert molecule with little to no binding moieties for
cell interaction and limited pathways for biodegradation. This limits its ability to act as a
hospitable growth environment for cells. However, alginate can readily be combined with
other biological molecules to create combination gels, improving these characteristics. One
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study shows that alginate supplemented with carboxymethyl cellulose maintained cellular
viability while improving printability and biocompatibility for human MSCs [41]. Nano-
fibrillated cellulose has been combined with human chondrocytes and alginate to develop
tissue-engineered ears, with the cellulose improving shape fidelity and printing resolution
compared to pure alginate [42]. The ionic crosslinking of alginate has proven useful for
those pursuing coaxial printing, as alginate blends can be extruded through the outer needle
while calcium chloride is extruded through the inner nozzle, creating mechanically hollow
tubes, which are being further developed as vascular models and replacements [39,43-49].
Gelatin alginate hydrogels have been used for skin wound healing by multiple groups, and
the combination of structural support from the alginate and improved cellular adhesion
from the gelatin has led to cellularized skin constructs that have the potential for enhanced
wound healing and accelerated wound closure [50-53].

3.3. Chitosan

Chitosan is a linear polysaccharide molecule derived from the deacetylation of chitin,
an acetylated polysaccharide found in fungi, microorganisms, and the shells of crus-
taceans/insects [54]. The biopolymer was used for many years in tissue engineering as
sponge scaffolds, wound dressings, and for cartilage regeneration, among other applica-
tions, prior to the advent of bioprinting [55]. It has many unique biological properties
that make it enticing for the field, including mucoadhesion; hemostatic activity; the ability
to interact with the cell membrane, leading to reorganization of tight junction proteins;
antimicrobial properties; analgesic effects; and controllable degradation [55].

Bioprinting with pure chitosan is difficult due to its poor solubility in cell-friendly con-
ditions and low stiffness, reducing its shape fidelity during the printing process. Chitosan
precipitates when its solution has a pH above 6.2, making it difficult to keep in solution
while maintaining cellular viability (Figure 2C) [56]. However, it can be printed without
cells and soaked in a basic solution, either post-printing or between layers, and then seeded
with cells after curing [57-59]. To allow for a bioink that can directly deposit cells, chitosan
can be modified with a carboxymethyl group to improve the solubility at physiological pH.
Carboxymethyl-chitosan has been combined with alginate to develop constructs capable
of supporting bone MSCs and human induced pluripotent stem cells [60,61]. Chitosan
can also be altered through the addition of 3-glycerophosphate, which allows the chitosan
to remain soluble at a neutral pH and induces thermosensitive gelation at 37 °C. This
modified chitosan has been used to print IMR-32 neuroblastoma cells with high post-
printing viability [62,63]. Chitosan has also been combined with catechol to create a unique
bioink that rapidly solidifies when exposed to serum inks, resulting in a system that can be
directly printed into media without the need for external crosslinking mechanisms with
high mechanical strength and cell viability [64].
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Figure 2. Examples of biologically based bioinks. (A) An agarose alginate blend printed for cartilage development [17]. (B)
Alginate extruded through a triaxial nozzle for blood vessel replacement [32]. (C) A large multilayered chitosan construct
showing mechanical integrity of printed chitosan processed in an acidic environment [56]. (D) Collagen printed over a PCL
scaffold (28 mm diameter) for use as a heart valve replacement [65]. (E) A combination of ECM and hyaluronic acid gel
was seeded with liver spheroids [66]. (F) DLP printing of branched ECM [67]. (G) A multilayer fibrin skin construct [68].
(H) Examples of multilayer gelatin constructs developed for use with osteoblasts [69]. (I) Hyaluronic acid extruded with
chondrocytes for cartilage engineering [70]. (J) Complex structures printed using a DLP printer and silk fibroin ink [71].
Reprinted with the permission from Ref. [17]. Copyright 2018 American Chemical Society; Reprinted with the permission
from Ref. [32]. Copyright 2019 AIP Publishing; Reprinted with the permission from Ref. [56]. Copyright 2018 American
Chemical Society; Reprinted with the permission from Ref. [65]. Copyright 1969 Elsevier; Reprinted with the permission
from Ref. [66]. Copyright 2015 Acta Materialia Inc. Published by Elsevier Ltd; Reprinted with the permission from Ref. [67].
Copyright 2018 Elsevier Ltd; Reprinted with the permission from Ref. [68]. Dr Yoo is an author on this paper and Mary Ann
Liebert, Inc. publishers does not require authors of the content being used to obtain a license for their personal reuse of
full article, charts/graphs/tables or text excerpt; Reprinted with the permission from Ref. [69]. Copyright 2020 American
Chemical Society.; Reprinted with the permission from Ref. [70]. Copyright 2011 American Chemical Society; Reprinted
with the permission from Ref. [71]. Copyright 2018 The Author(s).

3.4. Collagen

When referring to collagen as a bioink, researchers generally refer to collagen type I, a
triple helical protein derived from the connective tissue of mammals which has limited
variability among species, resulting in minimal immunological reactions [72,73]. Collagen
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is well known for enhancing cellular attachment and growth, which is attributed to the
abundance of integrin-binding domains found on the protein. A unique aspect of this
biologic is that collagen remains liquid at low temperatures and gels into a fibrous matrix
when exposed to high temperatures (physiological and higher). This gelation is relatively
slow—printed collagen can stay liquid for more than 10 min following extrusion and
complete gelation can take more than 30 min [72].

These mechanical instabilities make pure collagen a challenging bioink for both micro-
extrusion and DLP printers. To overcome this, collagen has been blended with synthetic
materials, such as Pluronic, which acts as a support during the printing and gelation phases
while collagen improves the cellular environment [74,75]. Synthetic supports such as
polycaprolactone (PCL) have been used to enhance the structural integrity of pure collagen—
for instance, to bioprint aortic heart valves implanted in mice (Figure 2D) [65]. Collagen
has also been blended with other biologics such as GelMA to create a cross-linkable six-
layered skin structure that could withstand implantation and showed accelerated wound
healing [76]. Blends made with bioceramics or alginates have been used to fabricate bone
constructs, and combinations of collagen and heparin have been used to create spinal
constructs [77-79]. Collagen can also be chemically modified to alter its physical properties
while maintaining its biochemical advantages. To this end, methacrylated collagen has been
combined with hyaluronic acid to create liver constructs. The combination has been utilized
to create a hospitable cell environment that can be stabilized through UV crosslinking for
extended in vitro maturation [80]. Recombinant collagen has also been functionalized with
a methacrylamide, making it cross-linkable via UV light and thus allowing for use in DLP
printers alongside micro-extrusion systems [81].

3.5. Extracellular Matrix

Extracellular matrix (ECM) is a complex network containing collagens, elastin, proteo-
glycans, and glycoproteins extruded by cells, which is highly specific to the tissue where
it is produced [82]. Thus, ECM has extreme advantages in creating microenvironments
that recapitulate native tissues. The matrix is usually derived through the dissolution of
cellular material from tissue (decellularization), using enzymatic, physical, and chemical
processes [83]. The decellularized material can be solubilized, resulting in a soft gel that
can be bioprinted, and has shown successful outcomes for cellular viability and prolifera-
tion/differentiation when printed [84]. However, similarly to other biological components,
the gel resulting from pure ECM is soft and has difficulty physically supporting itself. This
has led researchers to utilize ECM as a biological component printed into a PCL frame.

Along with PCL frames, ECM has been used as a component of multi-material bioinks
that help drive the development of specific tissue types. Bioinks containing HA, gelatin, and
crosslinkers (poly-ethylene glycol diacrylate, alkyne, or acrylate) were successfully used
to bioprint organoids using ECM sourced tissues such as liver, heart, and skeletal muscle.
In one study, the developed liver bioink was successfully used to create extruded liver
spheroids that maintained cell functionality during post-printing culture (Figure 2E) [66].
Cardiac ECM was printed in combination with vitamin B2 to allow UVA crosslinking,
resulting in mechanically stable constructs that increased cardiomyogenic differentiation
when seeded with cardiac progenitor cells [85]. ECM has also been successfully used in
DLP printers, combined with GeIMA and a photoinitiator, to allow crosslinking when the
bioink was exposed to a light source. Researchers used this same base gel with ECM from
different tissue sources to create tissue-specific bioinks for the liver and heart, maintaining
high viability and improving cellular reorganization post-printing (Figure 2F) [67].

Due to the high efficiency of ECM scaffolds at maintaining and promoting cellular
adhesion/growth within their confines, additional work is underway on alternative stabi-
lization techniques. Recent publications have shown that ECM can be stabilized by adding
ruthenium and sodium persulfate, compounds that allow the bioink to be crosslinked using
visible light following extrusion [86]. These gels were utilized in developing constructs
up to 1 cm in size with high cell viability post-printing. ECM can also be methacrylated to
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create a mono-material ECM bioink which can be stabilized through UV crosslinking post-
printing [87]. This material has been used to improve gene expression in skeletal muscle
constructs cultured in vitro compared to samples printed using gelatin methacrylate.

3.6. Fibrin

Fibrinogen and thrombin, proteins involved in the formation of blood clots, can
enzymatically crosslink to result in fibrin. They crosslink into a unique hydrogel with a
non-linear elasticity that can be extensively deformed before rupturing [88]. The hydrogel
has been used to develop skin grafts, capitalizing on the fact that the proteins are naturally
involved in wound healing [89]. It contains amino acid sequences that promote cellular
binding, thereby allowing for cell adhesion, growth, and development [90]. Fibrin also has
a natural degradation process that promotes the replacement of fibrin with ECM. This is
particularly interesting for researchers developing fully degradable constructs that result
in new tissue without traces of the implant material. However, the degradation profile of
fibrin is rapid due to active cleaving by serine protease plasmin, which limits its use for
long-term culturing. In addition, researchers must be cognizant of their fibrin sources, as
fibrin from different hosts can result in immune reactions and transmission of infectious
diseases [72].

Fibrin poses challenges as a bioink, as pre-crosslinked fibrinogen is very soft with
poor shape fidelity, and post-crosslinked fibrin is extremely viscous, making it difficult to
extrude [90]. One of the most common techniques to address this is to use pre-crosslinked
fibrinogen in multi-material bioinks and crosslink it with thrombin post-printing. Methacry-
lated and thiolated hyaluronic acid (HA) have been used to increase the stiffness of fibrin
gels [91,92]. Gelatin-fibrinogen gels have been used to make liver constructs that were
both viable and functional. These gels have been shown to support the coculturing of
cardiomyocytes and cardiac fibroblasts [93,94]. Alginate—fibrin blends have been used to
create microchips with endothelialized vessels and hepatocytes and in vitro cervical tumor
models. This combination takes advantage of the rapid crosslinking of the alginate and the
improved biological interactions of fibrin [95,96]. The use of alginate was also shown to
elongate the degradation profile of fibrin. The degradation of fibrin can also be delayed
through the addition of aprotinin [97,98]. Aprotinin treated fibrinogen gels have been used
for wound healing models in vivo implanted for 3 weeks (Figure 2G), as scaffolds for the
culture and alignment of Schwann cells, and for the stabilization of human ear-shaped
constructs seeded with auricular chondrocytes, which were implanted in vivo for two
months [68,99,100].

3.7. Gelatin

Gelatin is a denatured collagen protein obtained from animals’ skin, bones, and
connective tissues. Sources include pigs, cows, and fish. This protein presents as random
coils that can self-associate at low temperatures, thus developing helical structures that lead
to a thickening of the material, but this reverts to their randomized conformation when
heat is applied [101]. Due to the retention of the Arg-Gly—-Asp (RGD) sequence found in
non-denatured collagen, gelatin promotes cellular adhesion, proliferation, differentiation,
and migration [102]. The ease of transformation due to thermal gelation and excellent
cellular environment make this a popular addition to bioinks. Gelatin can thicken a
gel during the printing process for extrusion printers allowing for better shape fidelity
during printing. In addition, uncrosslinked gelatin can easily be leached out of the system
post-printing when combined with other cross-linkable components. This makes gelatin
particularly intriguing to groups trying to tune the porosity of their gels post-printing.
It also has made gelatin an ideal support material for bioprinting. Gelatin bioinks can
be printed into areas intended to be hollow while softer gels are printed around them.
Following stabilization of the exterior gel during post-processing, the gelatin is warmed and
leached out, leaving hollow space behind. This technique has been of particular interest
to those working on the development of vascular networks. Gelatin acts as a support
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material for many new printing techniques, including freeform reversible embedding
of suspended hydrogels and coaxial printing [103,104]. However, the gelatin used as a
primary bioink requires additional crosslinking for cellularized prints that need to be
maintained post-printing. Many methods of chemically crosslinking gelatin have been
explored, but these agents are often cytotoxic, making them unsuitable for bioprinting [72].
Fortunately, several enzymatic crosslinkers, including transglutaminase, have been used to
print unmodified gelatin bioinks seeded with HUVECs and human embryonic kidney cells
without impacting cellular viability on an extrusion printer [105].

To preserve the positive qualities of gelatin while improving its mechanical char-
acteristics as a bioink, researchers have modified the protein to include a methacrylate
group. Gelatin methacrylate (GelMA) preserves many of the biologically-friendly aspects
of gelatin, but the addition of the methacrylate group allows for crosslinking through
free-radical polymerization, activated by the application of UV light. This can improve
structural stability after printing with an extrusion printer and makes GelMA a contender
for DLP printing. GeIMA maintains high cellular viability with high shape integrity post-
printing making it an excellent bioink for larger tissue constructs (Figure 2H) [69]. It has
been extensively used in the bioprinting community to create a multitude of constructs,
including skin, cartilage, tumors, cornea, blood vessels, and liver and cardiac tissues,
capitalizing on the strong bioink—cell interactions and resulting in a bioink that can be used
for a wide number of tissues [43,76,106-115].

3.8. Hyaluronic Acid

Hyaluronic acid (HA) is a non-sulfated glycosaminoglycan found in nearly all con-
nective tissues and cartilage [116]. This linear molecule consists of repeating disaccharide
units of d-glucuronic acid and N-acetyl-d-glucosamine moieties linked with alternating
3-1,3 and 3-1,4 glycosidic segments [117]. The three major functional groups primarily
control the chemical activity of HA: glucuronic carboxylic acid, an N-acetyl group, and
a secondary hydroxyl group [72]. These groups play a major role in HA’s ability to form
flexible hydrogels and make it highly biocompatible, particularly for applications that
focus on joints such as osteoarthritis [118-121]. As a molecule, HA has been shown to play
a role in early embryonic development, is cell-friendly, and biocompatible throughout its
degradation process. As a material for tissue engineering, HA has proven to be highly
reproducible, both in its formation and degradation, with mechanics, architecture, and
degradation that can easily be manipulated by researchers [72,122]. However, despite the
high degree of biocompatibility, HA has relatively poor mechanical properties for bioprint-
ing, a slow gelation rate, and a rapid degradation profile limiting its uses in structures
designed for extended periods of culture/use.

Therefore, like many of the bioinks discussed in this article, HA is often used either
as a component of a multi-material bioink or is chemically modified before bioprinting.
This allows researchers to maintain many of the biological characteristics provided by
HA while improving upon the physicochemical properties for a specific use. HA has
been combined with synthetic molecules such as hydroxyethyl methacrylate to create UV
cross-linkable samples that could easily be printed using an extrusion printer, resulting
in strong hydrogels that mimic the viscoelastic properties of natural tissues. These sup-
ported chondrocytes post-printing (Figure 2I) [70]. HA can be thiolated and combined
with polyethylene glycol (PEG) or methacrylated and combined with GelMA to create
photo-cross-linkable bioinks, both of which have been used to fabricated tubular structures
reminiscent of vascular structures that supported cells in vitro and in vivo [123,124]. Thio-
lated HA has also been combined with poly(glycidol)s and extruded alongside alternating
strands of PCL to create a strong grid supporting the hydrogel until polymerization. This
configuration could extrude both human and equine MSCs, which maintained their vi-
ability post-curing for a reported 21 days [125]. HA has also been used in DLP systems,
combined with polyurethane to create a structure with mechanical properties similar to
articular cartilage. This bioink supported the growth and differentiation of Wharton’s
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jelly MSCs that were seeded post-printing [126]. A combination of HA and gelatin, both
modified with phenolic hydroxyl groups, was also used to print human adipose SCs on an
extrusion printer. The construct was crosslinked using visible light and showed tunable
stiffness and high cellular viability [127].

3.9. Scaffold-Free

Scaffold-free bioinks refer to those systems which use cells solely. In comparison, the
other inks presented here act as carriers, seeded with cells as a component of the ink prior to
printing. Cell-only inks introduce cells in an already close-packed array during extrusion,
allowing cells to quickly self-assemble into aggregates within the printed form [128].
Briefly, this technique utilizing coaxial printing or molding to isolate in long fibers while
coalescence occurs. Following the aggregation of cells within the fibers, these strands are
then de-molded and re-extruded into the desired 3D shape. The final print is then allowed
to fuse and mature [128]. This will enable researchers to capitalize on the ability of cells
to self-assemble. In addition, the cell-only nature allows for cell concentrations closer to
that seen in vivo compared to bioinks that suspend cells in a carrier. However, this also
stipulates that large numbers of cells are needed for this printing methodology, which
may inhibit the development of large structures. Further, scaffold-free printing cannot be
translated to DLP printing at this time due to the lack of cross-linking ability and remains a
solely micro-extrudable option.

The use of scaffold-free bioinks has shown high rates of strand fusion and self-
assembly to rapidly create aggregated structures [129]. The technique has been used
to create strands from multi-cell cultures and develop co-cultures of 3TC-3 cells and fibrob-
lasts, which showed cells self-directing into distinct populations post-printing, maintaining
their ability to produce insulin and presenting as a pancreatic tissue model [129]. Porosity
has also been introduced into scaffold-free printing through the inclusion of porogens
during filament maturation. These porous strands showed increased cell viability and pro-
liferation rates compared to solid cell strands while maintaining the capability to fuse into a
single tissue. In addition, porous scaffold-free samples seeded with adipocyte-derived stem
cells showed high viability and functionality in scaffold-free printing when differentiated
into chondrogenic and osteogenic lineages [130]

3.10. Silk

Silk is a unique material for bioprinting in that it consists of two types of proteins—
fibroin and sericin, which act as a core and glue within the fiber [131]. Silk fibers are
common in the medical field, most familiar as sutures; however, these two proteins can be
separated, and both have unique properties that make them attractive for bioink develop-
ment. Fibroin is a biocompatible hydrophobic protein with a tailorable rate of biodegra-
dation, high mechanical modulus, and the ability to self-assemble into a hydrogel when
dissolved in an aqueous solution [132]. It forms thermodynamically stable 3-sheets which
improve mechanical integrity and slow degradation following gelation [133]. While this
gelation process is naturally slow, fibroin can be crosslinked through several cytocompatible
methods, enhancing its ability to maintain shape fidelity during the printing process [134].
Sericin is the hydrophilic portion of the silk fiber, often referred to as glue or gum. It
is immunologically inert, non-cytotoxic when cultured with cells in vitro, and has been
shown to stimulate cell migration/proliferation and collagen production at wound sites
facilitating wound healing [135-139]. It can form a hydrogel at low concentrations but has
low mechanical strength, and its fragility has limited the use of pure sericin hydrogels as a
tissue engineering building block [140,141].

Silk proteins have been incorporated into composite bioinks, modulating their vis-
cosity and gelation to improve printing, allowing researchers to take advantage of their
mechanical and biological properties post-printing. The addition of PEG to silk fibroin
allowed micro-extrusion constructs to maintain their shapes for 12 weeks in vitro and
6 weeks in vivo when seeded with human bone marrow MSCs [142]. PEG has also been
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used to crosslink fibroin printed into a support medium, allowing samples to fully stabilize
post-printing prior to cell seeding. These constructs supported the growth and differ-
entiation of myoblasts [134]. Combining fibroin with gelatin has been shown to create
mechanically stable bioinks that supported chondrogenic development, capitalizing on
the entanglement and physical crosslinking of the two gels to stabilize the bioinks without
additional crosslinkers [143]. Cartilage-like structures have also been developed, crosslink-
ing fibroin with horseradish peroxidase, used to coculture osteogenic and chondrogenic
cells as a strategy for osteochondral defect regeneration [144]. Fibroin has also been shown
to be suitable for DLP printing as it can be methacrylated, allowing for light-sensitive
cross-linking. Methacrylated silk fibroin was used to prepare complex structures via DLP
printing that was mechanically robust and showed high cellular viability and proliferation
post-printing (Figure 2]) [71]. Sericin has been combined with GelMA to create highly
transparent hydrogels, which were used to cover wounds and allow for real-time monitor-
ing of wound healing [145]. Combinations of fibroin, sericin, and collagen have capitalized
on the interaction between the hydrophobic fibroin and hydrophilic sericin to reduce phase
separation between the silk and collagen, creating a bioink that was structurally stable for
use as a cardiac patch and maintained MSCs during in vitro culture [146].

4. Bioinks Today and Tomorrow

Biologics are an important facet of bioink development. As highlighted in this arti-
cle, their strengths lie in their ability to facilitate cell-cell and cell-construct interactions,
maintaining high cell viability, and even providing chemical cues crucial for cellular devel-
opment through their physical and chemical moieties, as summarized in Table 1. However,
it can be easily seen that pure biologics have not proven ideal for 3D printing, primarily due
to their physical integrity. As such, continued modification of the components to provide
additional mechanical stability is important. Initial work creating methacrylated gelatin
and ECM is an exciting first step toward creating strong hydrogels with high biocompati-
bility. Continued research into alternative crosslinking mechanisms that limit the adverse
effects is also an area of current development that will allow further use of bioprinting.
Development in benign curing techniques may permit researchers to cure gels further to
improve mechanical stability and open the door for bioprinting easily damaged cell lines.

Table 1. Summary of bioinks presented here, with advantages and disadvantages for each bioink. All components are

considered in their non-modified (natural) states.

Bioink Advantages Disadvantages
Aoarose Tunable strength Low rates of cellular proliferation
8 Tunable melting temperatures Low cell adhesion/spreading
Tunable strength through alteration of monomer . . .
. Biologically inert
Alginate percentages
Rapid ionic crosslinking Limited biodegradability
Mucoadhesion Poor solubility
Hemostatic activity Poor shape fidelity post printing
Chitosan Interactions with cell membrane
Antimicrobial /analgesic effects
Controllable degradation
Collagen Enhanced cellular attachment/growth Gelation at higher temperatures, liquid form at
lower temperatures
Tissue specific May be difficult to source
. Multitude of growth factors/cell adhesion points Difficult to characterize
Extracellular Matrix

Batch to batch variability
Mechanically unstable
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Table 1. Cont.

Bioink Advantages Disadvantages
Enzymatic crosslinking Rapid degradation profile
Fibri Non-linear elasticity: high deformation potential Host source may result in immune reaction
1rin High cell adhesion/growth/development Poor shape fidelity pre-crosslinking
Natural degradation Highly viscous post crosslinking
Thermo-reversible gelation Many crosslinking options are cytotoxic
) High cell adhesion/growth/development
Gelatin Can act as thickening agent/support material for
other bioinks
High biocompatibility Poor mechanical properties
Hyaluronic Acid Reproducible/tunable for.mat1on and degradation Slow gelation rate
profiles
Rapid degradation profile
High cell density Complicated manufacturing techniques
Scaffold-Free Rapid strand fusion High cell density (sourcing/expanding)
Self-assembly Cannot be used with DLP systems
Biocompatible Hydrophobic
e Adjustable degradation Slow gelation rate
Silke (Fibroin) Mechanically stable
Self-assembly
Immunologically inert Poor mechanical properties
Silk (Sericin) Stimulated cell migration/proliferation
Gelation at low concentrations

As bioprinting expands, it is not enough to simply develop new bioink options. Those
individuals driving bioink development will need in-depth understanding of what their
specific systems require—the biologics needed to drive cellular proliferation/maturation
and the physical requirements for printing and culturing their construct. This article has
highlighted how specific biological components can be chosen and manipulated to provide
appropriate, tissue-specific environments. This tailoring should become more finely tuned
in the coming years, with researchers worldwide sharing findings on how each component
and its blends allow for improved engineering of tissues in the lab.

While the components described in this review are only a few of the many options
currently available for bioprinters, we have presented even fewer of the possible alterations
and combinations that can be used or formulated to personalize a bioink. This library
of biologics, appropriate to bioprinting, will only continue to be expanded and refined.
The depths of bioink possibilities are far from plumbed, and the choice of which biologics
to include and how to alter/combine them will remain a defining point in bioprinting
research as the field evolves.
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