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3D-Bioprinting has seen a rapid expansion in the last few years, with an increasing number of reported
bioinks. Alginate is a natural biopolymer that forms hydrogels by ionic cross-linking with calcium ions.
Due to its biocompatibility and ease of gelation, it is an ideal ingredient for bioinks. This review focuses
on recent advances on bioink formulations based on the combination of alginate with other
polysaccharides. In particular, the molecular weight of the alginate and its loading level have an impact
on the material's performance, as well as the loading of the divalent metal salt and its solubility, which
affects the cross-linking of the gel. Alginate is often combined with other polysaccharides that can
sigificantly modify the properties of the gel, and can optimise alginate for use in different biological
applications. It is also possible to combine alginate with sacrificial polymers, which can temporarily
reinforce the 3D printed construct, but then be removed at a later stage. Other additives can be
formulated into the gels to enhance performance, including nanomaterials that tune rheological
properties, peptides to encourage cell adhesion, or growth factors to direct stem cell differentiation. The
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ease of formulating multiple components into alginate gels gives them considerable potential for further
development. In summary, this review will facilitate the identification of different alginate-polysaccharide
DOI: 10.1039/d0tb01005g bioink formulations and their optimal applications, and help inform the design of second generation

bioinks, allowing this relatively simple gel system to achieve more sophisticated control over biological
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Introduction

3D-Bioprinting is a rapidly expanding technology with much
promise in tissue engineering and regenerative medicine.'®
This manufacturing technique is based on the 3D deposition
of biomaterials incorporating cells in desired layer-by-layer
patterns. A variety of applications has been reported for this
emerging technology including, amongst others, the produc-
tion of bone, cartilage and retina scaffolds, endothelial tissue
and vascular constructs, cardiac tissue and heart valves, and
skin regeneration.” *°

One of the most important factors for the successful fabrica-
tion of 3D printed scaffolds is the choice of the material to be
printed, or bioink. The bioink has to be suitable for the printing
technology adopted and has to display the right mechanical
properties (e.g. viscosity, stiffness, shear thinning behaviour) to
allow both the 3D deposition of the ink and stability of the
obtained constructs, but, more importantly, must be biocom-
patible to ensure cell survival during and after printing."' "3

Due to their chemical and physical properties, high water
content, biodegradability and capability to mimic the natural
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environment of cells, hydrogels are ideal candidates as bioinks
for 3D bioprinting.'®> These materials can incorporate more
than 99% water and can be obtained from cross-linked polymer
gelators (PGs) or via the self-assembly of low molecular weight
gelators (LMWGs) in aqueous media.'* So far, due to their
ease of gelation, simple manipulation and highly tuneable
mechanical properties, a wide variety of polymeric hydrogels
have been studied as bioinks. The majority of them are based
on natural molecules, such as collagen (ca. 26% of the reported
bioinks) and alginate (ca. 24%) or their composites with other
polymers.” Further bioinks reported in literature are based on
other natural and synthetic polymers including hyaluronic acid,
gelatin, cellulose, soy protein, fibrinogen, chitosan, dextran,
starch, polylactic acid (PLA), poly(lactic-co-glycolic) acid (PLGA),
polyethylene glycol (PEG), polycaprolactone (PCL)."

Alginate is a natural polymer that can easily form hydrogels
by simple mixing with divalent cations. Being biocompatible
and very versatile, it is an ideal candidate for 3D bioprinting.
Since this field has seen a rapid expansion in the last few years,
the number of research articles on novel bioink formulations
is dramatically increasing. For this reason, when approaching
this research field, it can be difficult to acquire a clear idea of
the available formulations and their applications. This review
focuses on alginate-based bioinks prepared using pure alginate
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or in combination with other polysaccharides. The main goal is
to update the reader on the latest developments in this field,
providing a simple guide on available formulations, their
compositions and biological applications. We hope that this
article will simplify the identification of the main types of
alginate-based polysaccharidic bioinks and inform the design of
novel formulations. By developing a series of ‘design principles’
for bioprinted alginate gels, we hope that this review will facilitate
the development of new formulations with additional function-
ality and further promote uptake of these fascinating gel-phase
materials in high-tech applications.

Alginate-based bioinks and factors that
influence the properties of the 3D
printed structures

Alginate is a polysaccharide extracted from brown algae.
This biopolymer is composed of B-p-mannuronic acid and
o--glucuronic acid units linked through B(1-4) bonds (Fig. 1).'¢
The sodium salt of alginate is water-soluble and can readily
form hydrogels when mixed with multivalent cations (e.g. Ca**
Ba®*, Sr*") by generating ionic inter-chain bridges."” The ease
of gelation at room temperature, the mechanical properties, and
biocompatibility of sodium alginate make hydrogels of this poly-
mer great candidates as bioinks. A wide variety of alginate-based
inks has been reported and some of them are commercially
available (e.g. ‘CELLINK’).>*'%19

Overview of alginate 3D printing

One of the most advantageous features of alginate is its
versatility and applicability to a variety of scaffold fabrication
methods (e.g. spheroids, vascular constructs, microfluidic fibre-
shaped scaffolds)** > and bioprinting technologies (e.g. extrusion,
inkjet, and microfluidic bioprinting).>*"*” Extrusion is probably the
most widely employed bioprinting methodology, employing the
controlled extrusion of long hydrogel filaments from a dispensing
cartridge.”” This technique can be applied with a variety of bioinks
ranging from low to high viscosities. Advantages of this methodo-
logy include scalability and cost-efficiency, but it has lower resolu-
tion compared to other methods. This review will mainly focus on
the different alginate/polysaccharide bioink formulations from a
biomaterial point of view rather than focus on printing technology.
Most of the examples we will discuss (unless specified) are based
on extrusion 3D printing, which is the most commonly used
technique for alginate/polysaccharide blends. We will explore in
detail the factors that can influence the printing process and the
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Fig. 1 Chemical structure of alginate.
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properties of the 3D printed constructs obtained by extrusion.
However, because alginate is easy to gel at room temperature,
allowing the encapsulation of living cells before the printing
process, it can be readily applied to other bioprinting methods.
The reader is, therefore also referred to a number of additional
reviews and research articles for a more detailed discussion,>**¢3*
and we will go on to briefly review inkjet and microfluidic
bioprinting technologies, for which the properties of this polymer
are particularly advantageous, later in this article.

Factors that influence the properties of the 3D printed
structures

Being a natural polymer, different types of sodium alginate are
commercially available, with different numbers of repeat units,
molecular weights and viscosities. All these factors, together
with the polymer concentration in aqueous solution, can
influence the features of the resulting hydrogels (e.g. porosity,
mechanical properties, shear-thinning behaviour, degradability)
and therefore the quality of the corresponding bioinks and their
compatibility with the growth of specific cell types (Fig. 2).5%°3°
All these elements should therefore be taken into consideration
when designing new bioinks.

More than 200 different alginates are currently being manu-
factured with molecular weights that can vary between 32 and
400 kDa, and a different content of B-b-mannuronic acid (M)
and o-r-glucuronic acid (G) units.?® Chen and co-workers
demonstrated that the molecular weight and the ratio between
the B-p-mannuronic acid (M) and o-L-glucuronic acid (G)
constituent units of sodium alginate can significantly influence
the rheological properties of the corresponding aqueous
solutions.** Alginate chains of different molecular weight and
different M/G ratio and were obtained by acid hydrolysis and
separated by gel permeation chromatography. The viscosity
studies performed on aqueous solutions of the different
samples showed that the samples with lower molecular weight
and higher number of M units displayed a higher viscosity than

Factors that can influence bioink and 3D scaffolds properties
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Fig. 2 Schematic representation of 3D printing of alginate bioinks and
factors that can influence the properties of the bioink and the 3D printed
scaffolds.
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the samples with a higher molecular weight and a higher
number of G units.

The influence of alginate molecular weights and viscosities
on bioink performance was studied by the group of Kelly, who
performed a systematic study varying the ratio of alginate and
cross-linker.*” They showed that the molecular weight of
alginate influenced the viscosity of the resulting bioink and,
consequently, the amount of cross-linker required to obtain
stable 3D printed constructs. In particular, low molecular weight
alginate (28 kDa) resulted in less viscous bioinks that required
2.5 times more cross-linker than high molecular weight alginate
(75 kDa).

Another crucial factor that impacts 3D printability and
applicability of the resulting bioink is the alginate concentration.
Alblas and co-workers reported alginate-based bioink formula-
tions for gene therapy and osteogenic differentiation of embedded
cells, which displayed different printabilities depending on the
alginate concentration.*® The bioinks described in this study were
prepared using different alginate concentrations (1.0, 2.0, 3.0 and
4.0% wt/vol) and were combined with mesenchymal stem cells
(MSCs). The 3D constructs were cross-linked after the printing
process with a CacCl, solution (100 mM). The different alginate
concentrations had an impact on bioink viscosity and scaffold
printability. Low alginate concentrations (<3.0% wt/vol) gave low
viscosity bioinks, which were not stable after printing. To over-
come this issue, a pre-printing cross-linking step with CaCl,
(25 mM) was introduced prior to extrusion. The different bioinks
incorporated a plasmid containing the gene encoding the bone
morphogenetic protein-2 (BMP-2), an osteogenic agent. Interest-
ingly, they displayed differences in transfection efficiency, which
were related to the polymer concentration. A low alginate concen-
tration (1.0% wt/vol) resulted in 40.8% transfection efficiency,
a 2.0% wt/vol concentration gave 35.7%, a 3.0% wt/vol concen-
tration gave 31.2% and 4.0% wt/vol resulted in only 11.8%
efficiency. Clearly as the gel network becomes increasingly dense,
the transfection efficiency of the plasmid is reduced, presumably
as a result of its diffusion within the gel network becoming
limited.

The alginate concentration in a bioink significantly affects
the physical properties of the formulation, which also influ-
ences cell viability, migration and proliferation. Miiller and
co-workers studied this using four different alginate concentra-
tions (0.8%, 1.3%, 1.8% and 2.3% wt/vol) in combination with
gelatin.** The resulting bioinks were used to 3D print MSCs
scaffolds, which were cross-linked with a 2% CacCl, solution.
The obtained constructs displayed similar porosities (500-600 pm
pores), but different mechanical properties depending on the
alginate concentration, with compressive moduli ranging from
1.5 kPa (0.8% wt/vol) to 14.2 kPa (2.3% wt/vol). The constructs
prepared with higher alginate concentrations showed better
stability over time. However, those with the lowest alginate
concentration (0.8% wt) showed higher cell viability after 14 days.
The cells embedded in such scaffolds formed 3D interconnected
networks, whereas they formed spheroids when embedded in
bioinks that contained a higher alginate concentration. This
suggests that, as might be expected, within a softer gel, cells are
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better able to exert a mechanical influence on the gel network
and hence establish their own networks.

Further research on the influence of alginate concentration on
cell behaviour, was carried out by the group of Xu, who studied
the effect on cell sedimentation and local concentration.*® During
the printing process the cells embedded in a bioink may sediment
or aggregate over time, leading to inhomogeneous cell distribu-
tion through the 3D scaffold. The researchers, therefore, tested
the effect of different alginate concentrations (0.5-4.0% wt/vol)
and different standing times (0-120 min) on the homogeneity
of 3D scaffolds of fibroblasts. They observed that the cell sedi-
mentation velocity decreased at higher alginate concentrations.
This induced a better cell distribution within the bioink over time.
By contrast, the inks containing less alginate showed a non-
uniform cell distribution and the formation of aggregates due
to faster sedimentation. This clearly demonstrates that the poly-
mer concentration has to be carefully chosen to achieve optimal
mechanical properties for cell growth and distribution within the
printed scaffold.

Another factor that influences the physical properties of
the 3D printed constructs and their applicability is the type,
concentration and volume of cross-linker. The majority of
alginate hydrogels are obtained by cross-linking with calcium
ions, which can come from different sources (e.g. CaCl,, CaCOs3,
CaS0,).*® CaCl, is a water-soluble salt; therefore, when an
aqueous solution of CaCl, is combined with sodium alginate,
the Ca®" ions are immediately available to form ionic inter-chain
bridges between the polymer chains."”” In this case, gelation
happens very quickly and the resulting gels can be inhomo-
geneous. By contrast, CaCO; and CaSO, are not water soluble,
but can release calcium ions in an acidic aqueous environment.
This process happens more slowly and, for this reason, the
hydrogels obtained using these salts as calcium sources, are more
homogeneous.*®

The effect of different calcium ion sources (CaCl,, CaCO;
and CaSO,) on the printability window of different molecular
weight alginates was studied by Kelly and co-workers, who
performed a systematic study varying the ratio of alginate and
cross-linker.*” They demonstrated that the source of Ca>* ions
has an impact on the mechanical properties of the constructs.
The 3D printed shapes cross-linked with CaSO, were stiffer than
those formed using the other two cross-linkers. This difference in
mechanical properties was explained considering the different
solubility in water of the different cross-linkers and the rates of
gelation as described above. The lower solubility of CaSO, results
in slower, more uniform gelation, which improves the mechanical
properties of the resulting gel. Interestingly, the stiffness of the
printed cylindrical constructs was spatially controlled from the
core to the periphery to direct the differentiation of encapsulated
MSCs. This was achieved by printing gradient constructs, where
the core of the construct was printed using the soft bioink and the
external part was printed with the stiff bioink. Stiffer regions
preferentially supported osteogenesis, whereas softer regions were
more suitable for adipogenesis.

Chen and co-workers described the effect of gelation time
and cross-linker volume on the mechanical properties of the
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resulting 3D printed alginate scaffolds.”” This study was per-
formed by varying the gelation time between 0 and 24 hours,
using different volumes of a 50 mM CacCl, solution (1-5 mL). The
results showed that a larger volume of cross-linking agent (3 mL
vs. 1 mL) induced better mechanical stability immediately after
printing. However, a further volume increase (5 mL) did not
significantly improve the elastic modulus of the constructs after
24 hours from printing. Further studies on the effect of different
cross-linker concentrations on the mechanical properties of the
bioprinted structures were carried out by the group of Shu.*® The
gels (8.0% wt/vol alginate) were pre-cross-linked for 10 min with
different CaCl, concentrations (50-300 mM) and then treated with
a 60 mM solution of BaCl,. The elastic modulus (G’) increased
progressively with increasing concentrations of CaCl,. In particular,
the G’ of the gels cross-linked with a 50 mM solution of CaCl, was
around 5.2 kPa. This increased to ca. 20-21 kPa when exposed to
100 or 200 mM CaCl, and to ca. 28 kPa when the cross-linker
concentration was 300 mM.** The second cross-linking step was
decisive to improve the stability of the final constructs and to create
rigidity to withstand their shape during the printing process. These
bioinks incorporated human glioma cells, which showed 88%
viability after 11 days of culture.

All these studies demonstrate the importance of the type
and concentration of both alginate and cross-linker on the
properties and applicability of the derived bioinks as sum-
marised in Fig. 2. These factors are critical not only to define
the physical properties of the resulting bioink, but also the
degradability of the material, which is crucial in tissue engi-
neering applications.

Alginate degradation normally happens by the activity of
the enzyme alginate lyase, which can only be found in algae,
marine invertebrates and microorganisms.*® Due to the lack of
such enzymes into the human body, the in vivo degradation of
alginate scaffolds mainly depends on the activity of calcium
chelating agents (e.g. phosphates, citrates and lactates).>® The
degradation of alginate in phosphate buffer saline solution
(PBS), for example, was studied by Gao and coworkers.>' They
explored the swelling ratio, degradation time and the release of
the model protein bovine serum albumin (BSA) from calcium
alginate hydrogels prepared using different alginate concen-
trations (1.25-5.0% wt/vol). All the gels were stable in PBS for
the first three days and started to degrade after this time.
As might be expected, the gels prepared with the lowest
alginate concentration (1.25% wt/vol) were degraded faster
(28 days) than those obtained using higher polymer concen-
trations (2.5 and 5.0% wt/vol), which were still almost intact
after 56 days. The BSA release was remarkably influenced by
the gel degradation rate and it was faster for the gels that were
degraded more rapidly.

In general, the degradation of alginate can be quite slow and
unpredictable, but it is influenced by the properties of the
polymer.® The example described above showed how alginate
concentration influences this process. However, other factors
should also be taken into consideration, such as molecular
weight and viscosity. Hydrogels from low molecular weight and
low viscosity alginate will be degraded more easily and rapidly
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than materials obtained from high molecular weight and high
viscosity alginate.®**> This was demonstrated, for example, by
Mooney et al., who studied the stiffness and degradation rate
of alginate hydrogels formed by combining ionically and
covalently cross-linked partially oxidized (1% uronic acid residues),
low molecular weight (~60 kDa) and high molecular weight
alginates (~120 kDa). All the hydrogels were prepared using a
2.0-3.0% wt/vol concentration of the different types of alginate
in different ratios and were cross-linked with CaSO,. Hydrogels
containing a higher ratio of low molecular weight alginates, showed
similar elastic moduli to those obtained from high molecular
weight alginates, but were degraded more rapidly as a result of a
faster separation between cross-linked domains over time.

Therefore, the choice of the type of alginate not only impacts
the range of suitable applications for a bioink, but also its
degradability. It is vitally important to keep this in mind when
designing materials for in vivo applications. In this case, it is
also important to consider that the degradation rate may differ
depending on the in vivo location of an implant. The group of
Patsenker monitored the degradation of fluorescently-labelled
alginate gels (0.5-1.5% wt/vol), cross-linked with calcium
gluconate (10.0% wt/vol), in vitro and after implantation in
rat hip and myocardium.”® By using viscosity-sensitive fluores-
cent dyes, they were able to demonstrate that denser implants
prepared with a higher alginate concentration were stable for a
longer time. Moreover, they observed that the half-life of the
hip implants (4 days) was shorter than the half-life of the
myocardium implants, which was of 6-8 days.

Different strategies can be applied to tune the degradability
of a bioink, such as modification of the molecular weight
distribution of alginate by application of gamma rays,””** or
chemical modification of the polymer structure by oxidation.>*">
Studies on the degradability of oxidised alginate-based bioinks
were carried out by the group of Mei, who prepared a library of
thirty inks using different oxidation percentages and concentra-
tions of alginate."® The oxidative chemical modification was
carried out using sodium periodate to give alginate dialdehyde
derivatives with different percentages of oxidation. Interestingly,
variations in the alginate concentration (2, 5, 8, 15 and
20% wt/vol) and percentage of oxidation (0, 5, 10 and 15%)
had a remarkable influence on the viscosity of the resulting
bioinks, which was higher at higher alginate concentrations and
lower degrees of oxidation. The percentage of oxidation also
influenced the biodegradability of the 3D printed scaffolds,
which were classified as poorly degradable (0% oxidation),
moderately degradable (5% oxidation) and highly degradable
(10 and 15% oxidation). The viscosity and density of the
obtained bioinks and the influence of these factors on print-
ability were systematically investigated using adipose-derived
stem cells (hADSCs). All the developed hydrogels showed the
capability to modulate cell proliferation and spreading, without
affecting the structural integrity of the 3D printed structures
after 8 days. However, the gels with a higher percentage of
oxidation showed higher percentages of cell proliferation after
8 days of culture (173% for the non-oxidised gels and 232-248%
for the 5-15% oxidised gels respectively).

This journal is © The Royal Society of Chemistry 2020
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Other fabrication technologies for alginate 3D bioprinting

Inkjet printing technology is based on the ejection of high-
resolution bioink droplets through a nozzle.>® This process can
be induced by a piezoelectric transducer or a heater and
requires low viscosity bioinks. Although nozzle clogging can
represent an issue, this system allows rapid, cost-effective,
high-resolution bioprinting of highly reproducible micro-
droplets or microcapsules by direct deposition of sodium
alginate droplets into a cross-linker solution.”® The size and
the shape of the printed droplets can be controlled by varying the
cross-linker concentration and viscosity as well as the printing
parameters. For example, the group of Stépanek described
the preparation of alginate microbeads (0.5-1.0% wt/vol) with a
50-70 um diameter using a piezoelectric inkjet device.”” The
droplets were released into magnetically stirred CaCl, solutions
(2.0% wt/vol) with variable viscosities (1-100 mPa), obtained by
addition of different glycerol concentrations (0-82% wt/vol). The
droplet size was controlled by modifying the voltage applied to
drive the piezoelectric print-head. Interestingly, the cross-linker
viscosity remarkably influenced the shape of the resulting
particles. Low viscosity cross-linker solutions gave elongated
microbeads, which became spherical or flattened for medium
and high viscosity solutions respectively reflecting the more
heavily crosslinked structures.

The influence of cross-linker concentration on the size of 3D
printed microspheres was studied by O’Leary and co-workers,
who prepared alginate microcapsules (0.5% wt/vol) for the
release of the model drug dextran-fluorescein isothiocyanate
(dextran-FITC) using an inkjet piezoelectric printing system.>®
The concentration of the CaCl, cross-linker bath was varied
between 1.0 and 5.0% wt/vol. The microspheres obtained from
the lowest cross-linker concentration (1.0% wt/vol) had a larger
diameter (c.a. 38 pum) than the diameter of the particles
obtained at the highest CaCl, concentration (c.a. 12 pm), which
were also more spherical and more consistent in size.

The influence of the type of inkjet technology on the resulting
3D printed alginate microbeads was studied by Schubert’s group,
who compared two different inkjet systems: a drop-on-demand
and a continuous ink release technology.>® Both methods allowed
the preparation of highly reproducible sub-nanolitre droplets, but
displayed very significant differences in terms of the sizes of the
generated beads. This comparative study was carried out using a
1.0% wt/vol alginate concentration loaded with the dye brilliant
blue G to provide contrast, which was added dropwise to a 15.0%
wt/vol CaCl, bath. The beads obtained using the drop-on-demand
printing technology showed a tear-drop shape with an average
diameter of 48 pum. By contrast, the continuous inkjet system
produced much larger beads with an average diameter of 248 pm.

Another bioprinting technology that can be applied to
alginate-based bioinks is microfluidic bioprinting, which is based
on the precise flow of small amounts of fluids (10° to 107" L
volumes) through microchannels.>® This technique allows the fabri-
cation of high resolution 3D printed microfibers or microbeads with
efficient control of both morphology and dimensions.>® Noteworthy
applications of microfluidic technology include the production of 3D
printed vascular structures and cellular organoids.>”*%¢*

This journal is © The Royal Society of Chemistry 2020
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As described above for the inkjet technique, in this case, the
concentration of alginate and of the cross-linker once again has
a remarkable effect on the features of the bioprinted structures.
Aguilera and co-workers studied the effects of these two factors
on the mechanical properties of calcium alginate fibres pre-
pared using a microfluidic device.®® The fibres were obtained
by introducing a CaCl, solution (0.5-2.5%) and an alginate
solution (1.25-2.5% wt/vol) into a microdevice. The flow rate
was controlled by two digital syringe pumps that created a
vertical laminar flow, which pushed downward the calcium
alginate fibres that were finally extruded into a CaCl, bath. The
isolated fibres had a diameter of 300-550 um and displayed
better tensile strength and elasticity at higher alginate and
cross-linker concentrations.

Juncker and co-workers studied the influence of printing
parameters, such as flow rate, on fibre size and morphology.®®
The 3D printed microfibers (70-90 pm diameter) were prepared
using a 1.0 or 2.0% wt/vol alginate concentration, which was
combined with a 2.0% wt/vol CaCl, solution before extrusion.
The flow rate remarkably influenced the shape of the fibers
and, to avoid curling or bulging, an optimal flow rate of 0.25-
0.5 uL min~" had to be applied. The rigidity of the 3D printed
constructs largely depended on the alginate concentration and,
as expected, it was higher when the highest concentration
(2.0% wt/vol) was used.

The use of microfluidic bioprinting to fabricate alginate
microspheroidal organoids was explored, amongst others, by
the group of He.** The researchers prepared small spheroids
with average diameters of 1200-1400 um by extruding a cell-
laden alginate solution (2.0% wt/vol) into a CaCl, bath (2.0%
wt/vol). During extrusion, a gentle airflow was applied under
spinning, which modified the droplet microarchitecture to
obtain specific patterns such as a spiral, a rose or a saddle.
This technique was applied to obtain a human multicellular
organoid of spirally vascularised ossification.

All these 3D bioprinting techniques require bioinks with a
suitable viscosity and shear-thinning behaviour. The viscosity
of alginate bioinks can be easily tuned by modifying the
molecular weight and the concentration of the polymer, thus
making it easily adaptable.® Moreover, differently from other
polymers (e.g. thermally triggered polymer gelators), alginate
allows cell encapsulation before printing and ensures cell
survival during and after printing.>® All these properties make
this material very versatile and suitable for use with different
3D printing technologies.

Applications of alginate-based bioinks

Due to their versatility and the possibility to tailor their
mechanical properties as described above, alginate bioinks
can be used to print a wide variety of cell types, including stem
cells, fibroblasts, neurons and hepatocytes. Given the ease by
which alginate systems can be fabricated, they have often been
combined with other additives in order to have an impact on
cell growth and behaviour.

J. Mater. Chem. B, 2020, 8, 8171-8188 | 8175
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Mesenchymal stem cells, bone and cartilage scaffolds

Alginate bioinks have been proven to support mesenchymal
stem cells growth and differentiation, with better results when
prepared in combination with particles such as graphene oxide
or hydroxyapatite. Lee and co-workers reported an alginate
bioink formulation prepared with a 3% wt/vol alginate concen-
tration, which could be used to print 3D MSCs scaffolds.®® The
addition of graphene oxide (0.05-1.0 mg mL™") significantly
enhanced the capability of the cells to undergo osteogenic
differentiation, probably due to increased mechanical stiffness
of the gels. The authors tried to explain this osteoinductive
behaviour, by suggesting that the graphene oxide could help to
support the scaffold integrity and provide mechanical cues to
MSCs for osteogenesis. The best results in terms of printability
and stability of the 3D printed structures were obtained with
the lowest graphene oxide concentration (0.05 mg mL~"). This
bioink formulation also showed the highest calcium deposition,
alkaline phosphatase activity and the highest expression of osteo-
genic markers, and was therefore considered the most suitable for
bone tissue engineering.

The group of Giimiisderelioglu studied the applicability
of alginate-based bioinks to print bone tissue from a pre-
osteoblast mouse cell line.®® The alginate bioinks employed
in this study (3.0% wt/vol) were prepared by internal gelation
using Ca,SO, (1.0% wt/vol) to guarantee the formation of
homogeneous gels. This procedure was followed by external
gelation with CaCl, (2.0% wt/vol) for 15 min. This method
allowed a uniform distribution of ions throughout the system,
providing the gel with structural homogeneity. Some of the gels
reported in this study incorporated hydroxyapatite particles
(20 mg mL™"), which have been proven to increase cell attach-
ment and lead to osteogenic differentiation from osteogenic
progenitor cells.®””*® The hydroxyapatite particles were mixed
homogeneously with the bioink-cell mixture during the manu-
facturing process. This enabled a good cell-particle interaction;
moreover, the presence of hydroxyapatite further increased the
viability and proliferation of the pre-osteoblast cells.

The preparation of 3D printed scaffolds for bone tissue
engineering was also explored by the group of Grandfield,
who created an osteoblast in vitro model, by printing an
alginate bioink with the ExCeL technique (combining Extrusion
printing on Cellulose scaffolds with Lamination).®® This tech-
nique uses chromatography paper impregnated with the cross-
linker (CacCl,) as a support for the 3D printed scaffolds. Firstly,
the paper was prepared by printing a CaCl, solution (0.1 or 1 M)
onto it followed by drying overnight. Then, the alginate bioinks
(2.0 or 3.0% wt) containing osteoblasts were printed on the
paper and became immediately cross-linked when in contact
with it. Interestingly, the different cross-linker and alginate
concentrations yielded two gels with different Young’s moduli,
which induced different cell behaviour. The stiffer gels were
more compatible with the formation of the osteocyte-like cells
from the osteoblasts, with good overall cell viability.

Kelly and co-workers explored the applicability of alginate
bioinks to support the growth of MSCs and their differentiation
into chondrocytes.”® The bioinks were prepared using a 2.45%
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wt/vol concentration of alginate in Dulbecco’s modified Eagle’s
Medium (DMEM) and porcine articular cartilage extracellular
matrix (cECM) in a 0.2 or 0.4% wt/vol concentration. A pre-
crosslinking step, by addition of a 0.018 M solution of CaCl,,
was initially performed to improve the viscosity of the formulation,
which also showed shear-thinning and thixotropic behaviour. The
bioinks were then fully cross-linked after printing in a 0.06 M CaCl,
bath for 20 minutes. The encapsulated cells displayed high viability
(>70%) in all of the bioinks 24 hours after printing and the
obtained constructs were stable for over 42 days of culture.
All the prepared bioinks induced chondrogenesis, however those
containing the highest cECM concentration (0.4%) were found to
be more chondro-inductive than the others. Since the compressive
stiffness of the bioinks was lower than that of native articular
cartilage, the cECM bioinks were subsequently reinforced with a
supporting polycaprolactone (PCL) framework, resulting in hybrid
constructs with biomimetic mechanical properties.

Fibroblast and vascular scaffolds

A number of alginate bioinks were used to prepare fibroblast
constructs. Park and co-workers, for example, explored the
effect of different concentrations of low and high-molecular
weight alginate bioinks on fibroblast growth.>* The best
results in terms of processability and shapes were obtained
using a 3.0% wt bioink composed of a 1:2 ratio of low- and
high-molecular weight alginate (respectively 143 and 350 kDa).
These formulations were successfully used to print and
grow fibroblasts, which displayed good viability in the 3D
printed scaffolds after seven days of culture. Further studies
were performed by the group of Chrisey, who optimised
the conditions to fabricate 3D alginate vascular constructs
by laser printing.”' The inks containing alginate alone
(8.0% wt/vol) or in combination with fibroblasts (2.0% wt/vol
alginate) were laser-printed layer by layer into straight or
Y-shaped tubes and cross-linked using respectively 2.0% or
1.0% wt/vol CaCl,. In both cases, the post-printing cell-
viability immediately after printing and after incubation for
24 hours was above 60%.

The group of Yeong also used alginate-based gels (6.0% wt/vol)
to fabricate vascular-like tubular structures using a multi-
nozzle extrusion-based technique.”” This method was based
on the concurrent deposition of cross-linking agent (CacCl,
500 mM) into concentric tubular walls during each layer of
deposition. Alginate was selected as the model material to
demonstrate the feasibility of this versatile and simple method.
Further studies on the formation of vascular constructs were
undertaken by He and co-workers, who developed novel
3D-printed alginate structures by extrusion.®’ The alginate
bioinks (2.0-4.0% wt/vol) were loaded with fibroblasts and
smooth muscle cells and the 3D printed structures were
cross-linked with CaCl, 4.0%. The vascular structures were
obtained by extruding and printing along a rotated rod template.
Endothelial cells were then seeded into the inner wall. The most
successful formulation used in this study, contained a 4.0% wt/vol
alginate concentration. The fibroblasts encapsulated in the
structures showed over 90% survival after 1 week.

This journal is © The Royal Society of Chemistry 2020
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It is interesting to note here that all vascular constructs
discussed above were prepared using higher alginate concen-
trations compared to 3D scaffolds of MSCs. This is probably
because these types of structures are often more complex than
others in terms of shape and number of 3D printed layers and,
therefore, require a higher stability and rigidity, which can be
achieved using higher polymer concentrations.

Neural scaffolds

Alginate-based bioinks were also found to be suitable with
nerve tissue engineering. The group of Didz-Diaz explored this
in detail in a recent review, where they discussed the applica-
tions of alginate hydrogels as scaffolds and delivery systems to
repair the damaged spinal cord.”> When applying alginate
bioinks for nerve tissue engineering, very low-concentration
alginate hydrogels (0.2-1.0% wt/vol) were more favourable
to keep cell viability and function.>®’* However, low alginate
concentration also leads to problems with poor printability and
stability of the 3D printed constructs.”>’® The group of
Chen tried to overcome these problems by printing low concen-
tration alginate bioinks incorporating Schwann cells on pre-formed
sacrificial gelatin scaffolds.”” The bioinks were prepared using 0.5,
1.5 and 3.0% wt alginate concentrations and displayed differences
in their swelling and degradation profiles. The scaffolds were
fabricated by an indirect bioprinting process, which involved
different steps (Fig. 3). Sacrificial gelatin scaffolds (50.0% wt/vol)
were initially prepared (Fig. 3a) and subsequently impregnated
with the alginate solutions (Fig. 3b). These were cross-linked with
CaCl, (50 mM) added on top of the frameworks. The scaffolds
were then refrigerated for 18 hours and placed in an incubator
with 5.0% CO, at 37 °C to melt, and hence remove the gelatin
(Fig. 3c). As might be expected, the best results in terms of

1 3D printing of sacrificial
®

framework

Sacrificial framework

mlaY

Alginate bioink

i
$

3 Removal of sacrificial
® framework
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stability of the resulting 3D printed constructs were obtained
with the highest alginate concentrations (1.5 and 3.0% wt/vol,
Fig. 3b and c). However, the scaffolds prepared with the lowest
alginate concentration showed the best results in terms of cell
growth, migration and proliferation.

A similar approach, in this case described as ‘FRESH’
(freeform reversible embedding of suspended hydrogels),
was adopted by the group of Hermanson, who reported a
moderately low concentration alginate bioink (2.0% wt/vol)
for 3D bioprinting of human neuroblastoma cells.”® A gelatin
slurry was used for physical support during printing and Cacl,
(100 mM) was used as an ionic cross-linker for the alginate
chains. The gelatin sacrificial template was then removed by
incubating the scaffolds at 37 °C. The cells embedded in the
scaffolds showed good viability and proliferation after 7 days
from printing.

It is important to note here how lower alginate concentra-
tions are more favourable to grow neural tissues. However,
since these often lead to poorly printable and stable 3D printed
scaffolds, the use of sacrificial gelatin templates seems to be an
effective solution. Exploring bioinks with different alginate and
cross-linker concentrations or prepared in combination with
other additives is probably an area that it would be worth
further investigating to identify optimal conditions for neural
tissue growth.

Hepatocyte scaffolds

Alginate-based bioinks were also employed to 3D print hepato-
cyte constructs. The group of Shu, for example, explored the
conditions to bioprint hepatocyte-like cells without affecting
their biological function and pluripotency.”® The printing process
was performed by extrusion using a 1.5% wt/vol concentration of

2. Addition of alginate bioink and
subsequent cross-linking

i

Fig. 3 Schematic representation of 3D printing using a sacrificial framework. (a) Gelatin sacrificial framework and 3D printed structures before (b) and
after removal of the sacrificial framework (c), using alginate loadings of 1.5% wt/vol (right) and 3.0% wt/vol (left). (a—c) Reprinted from ref. 77 — S. Naghieh,
M. D. Sarker, E. Abelseth and X. Chen, Indirect 3D bioprinting and characterization of alginate scaffolds for potential nerve tissue engineering applications,
J. Mech. Behav. Biomed., 2019, 93, 183-193. Copyright (2019), with permission from Elsevier.

This journal is © The Royal Society of Chemistry 2020
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sodium alginate, which was previously combined with the cells and
cross-linked with CaCl, 60 mM. This was followed by a second post-
printing cross-linking step using BaCl, (55 mM). Interestingly, the
nozzle length affected the post-printing viability of the cells. The
best results were obtained when shorter nozzles were used.

All of these studies demonstrate the versatility of alginate
bioinks, which can display different mechanical properties
depending on the alginate concentration and the cross-linker.
This allows tailoring of the resulting bioink to create a suitable
environment for different cell types. In particular, we note the
approaches to bioprinting which make use of temporal control,
such as sacrificial scaffolds or later additional cross-linking
steps - in this way, the properties of a scaffold can be modu-
lated at different points in a 3D printing and cell growth
experiment, providing a degree of fine control.

Multicomponent bioinks obtained
combining alginate with other
polysaccharides

As discussed above, alginate alone can be applied to obtain 3D
printed constructs of a wide range of cell types. However, the
majority of alginate-based bioinks reported in the literature are
formulated by combining alginate with other polymers. This
allows the rheology and the stability of the resulting bioinks to
be improved, adapting their properties to specific applications.

We herein report the main types of bioink formulations
prepared by combining alginate with other polysaccharides
(i.e. agarose, cellulose, methylcellulose, hyaluronic acid and
gellan gum; Fig. 4). We aim to highlight here how such formula-
tions are prepared and how the properties of the alginate-based
bioinks are improved by the addition of the second polysaccharide
component. We note that the systems including sacrificial gelatin
described in the previous section also make use of a secondary
component to assist with printability, but in this case, the gelatin
was removed from the hybrid material prior to the main phase
of cell growth, and therefore we categorised those systems as
‘alginate-only’.
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Bioink formulations based on alginate and agarose

Agarose is a biopolysaccharide derived from agar, a natural
product extracted from red seaweed. It is composed of basic
repeating units of agarobiose, consisting of 1,3-p-galacto-
pyranose and 3,6-anhydro-o-i-galactopyranose (Fig. 4a). This
polymer undergoes thermal cross-linking and forms hydrogels
on cooling at relatively low temperatures (around 40 °C).*° The
sol-gel transition temperature depends on several factors,
including the average molecular weight of agarose and its
concentration in aqueous solution. Agarose hydrogels are bio-
compatible and have been applied in tissue engineering and drug
delivery.®'® A number of agarose-based bioinks have been
reported in literature, however, despite its excellent gelation
properties, this material is brittle, has a limited ability to support
cell growth and, being very viscous, is not suitable with droplet-
based bioprinting techniques. Another limitation is that, since it
requires a heat-cool cycle to undergo gelation, it needs tempera-
ture control in the reservoir and during the printing process.
These limitations can be addressed by blending it with other
polymers, such as alginate, that can improve cell viability and
printability. Agarose-alginate blends have been mainly reported
as bioinks for the 3D printing of cartilage, neural and endothelial
constructs.

Cartilage scaffolds. Agarose-based bioink formulations for
3D printed cartilaginous scaffolds were described by Kelly and
co-workers, who compared the capability of four different
bioinks based on agarose, alginate, gelatin methacryloyl (GelMA)
and poly(ethylene glycol) methacrylate (PEGMA) to induce the
in vitro development of hyaline cartilage or fibrocartilage.®® This
experiment was conducted by culturing mesenchymal stem cells
in the different bioinks, treated with the growth factor TGF-f33,
and by checking the markers corresponding to each cartilage
type. In this case printing was carried out by extrusion. Interest-
ingly, alginate and agarose bioinks (respectively 3.5 and 2.0%
concentration) better supported the development of hyaline-like
cartilage, whereas the other two inks facilitated the development
of fibrocartilaginous tissue. The alginate gel used in this study
was supported by an agarose framework. The bioink was pre-
pared by dissolving alginate in PBS and combining the resulting
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Fig. 4 Chemical structure of (a) agarose, (b) cellulose, (c) methylcellulose, (d) gellan gum and (e) hyaluronic acid.
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solution with the cells and a 60 mM CacCl, solution. This was then
poured into a 4.0 wt% agarose solution mixed with 60 mM CacCl,
and allowed to cross-link for 30 min at 37 °C.

The use of agarose-alginate composites as bioinks for the
3D printing of cartilage constructs was studied by O’Connell’s
group, who compared different alginate-agarose bioink formu-
lations to the poloxamer Pluronic, which is known to have good
printing properties.®® The ink composition with the best rheo-
logical properties for bioprinting (i.e. yield stress and storage
modulus) was a 5.0% wt/vol bioink composed of alginate and
agarose in a 2:3 ratio. This gel displayed the best printing
fidelity, maintained excellent cell viability after printing (more
than 95%), and had continuous matrix production throughout
the culture period.

Neural scaffolds. The 3D printing of neural constructs is
another application of agarose-alginate bioinks. The group of
Crook described a three-component formulation comprising
agarose, alginate and carboxymethyl-chitosan, which could
encapsulate human neural stem cells and support the in situ
differentiation to functional neurons and supporting neuroglia.®”
In the resulting bioink, alginate and agarose provided the
required viscosity for printing and the structural support to the
3D printed structure after gelation, whereas the carboxymethyl-
chitosan guaranteed cell survival within the construct. This
formulation contained 5.0% wt/vol alginate, 1.5% wt/vol agarose
and 5.0% wt/vol carboxymethyl-chitosan. Interestingly, the
concentration of agarose in the ink had a remarkable influence
on viscosity and the 3D resolution of the printed objects. Inks
with lower (0.5% wt/vol) or higher agarose content (2.5% wt/vol)
than the optimal concentration (1.5% wt/vol), did not display
ideal printing viscosities and the resulting 3D structures were
poorly defined. In subsequent work, the researchers used this
bioink formulation to bioprint induced pluripotent stem cells
(iPSCs).®® The cells were encapsulated into the polymer blend
before printing and could proliferate within the 3D printed
constructs and differentiate into self-organizing embryoids or
neural tissues containing migrating neurons and neuroglia.

Endothelial scaffolds. More recently, Ye and co-workers
reported an alginate-agarose hydrogel composite treated with
platelet-rich plasma (PRP), which was used as a bioink for
the 3D printing of human umbilical vein endothelial cells
(HUVECs).® This formulation was deposited on the internal
pores of a heart-shaped polyvinyl alcohol (PVA) sacrificial
scaffold, which was then removed by immersion and multiple
washings in cell culture medium (DMEM) to give a flexible,
hollow, micro-fluid channel network structure. The alginate-
agarose blend was prepared in phosphate buffer saline (PBS)
solution using 2.0% wt/vol alginate with different concentra-
tions of low-melting point agarose (0.6%, 1.2%, 1.8% and
2.4% wt/vol). These were combined with PRP and cross-linked
with 2.0% CaCl,. The agarose concentration was crucial to
determine the viscosity of the resulting bioinks, optimal print-
ability and stability of the 3D printed shapes. In this case, the
viscosity of the inks containing the highest agarose concen-
tration gave the best results in terms of processability and
stability of the printed object. By contrast, the inks prepared

This journal is © The Royal Society of Chemistry 2020
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with lower agarose concentrations were too liquid to allow
effective ink deposition on the sacrificial PVA template.

Bioink formulations based on alginate and cellulose

Cellulose is a natural polysaccharide composed of (1-4)-linked
p-glucose units (Fig. 4b). It can be obtained from plants or
bacterial biosynthesis. Cellulosic extracts with one dimension
in the nanometre range are also known as nanocellulosic
materials and can be classified as nanofibrillated cellulose
(NFC) and cellulose nanocrystals (CNCs).°® NFCs are long
cellulose fibrils containing amorphous and crystalline regions,
extracted from plants by a combination of mechanical and
chemical treatments. Such fibres can form highly entangled
networks in aqueous media with high viscosity at very low
concentrations (below 1% wt/vol). CNCs, on the other hand,
are crystalline rod-like particles, mainly extracted by acid
hydrolysis. This process disrupts the amorphous fibre domains,
allowing the isolation of crystal nanoparticles with well-defined
shapes. Being a natural, abundant, environmentally friendly,
cost-effective, biodegradable and biocompatible resource, hydro-
gels from cellulose have been widely employed in tissue engi-
neering, drug delivery and wound healing.”’*® A wide variety of
cellulose bioinks has been reported in the literature, especially in
the last few years.”” " The combination of this polysaccharide
with alginate yielded a number of different formulations, which
were mainly applied for the 3D printing of cartilage scaffolds.

Cartilage scaffolds. The group of Gatenholm is one of the
leading groups in the field and has studied in detail the
properties and applications of nanocellulose-alginate bioinks.
In 2015, they reported various NFC-alginate blends composed
of different ratios of the two polymers and studied the printing
parameters and shape fidelity.'®> The polymer mixtures were
prepared using a 2.5% wt/vol NFC dispersion and 2.5% wt/vol
alginate solution combined in different ratios: 90:10, 80: 20,
70:30 and 60:40 and cross-linked with a 90 mM CacCl,
solution. All the inks displayed similar viscosity and shear
thinning behaviour. Interestingly, before cross-linking, the
properties of the NFC were dominating, allowing shear thin-
ning behaviour, high printing resolution and shape fidelity.
After cross-linking, the alginate properties dominated, with
higher elastic modulus values for the gels that contained a
higher amount of alginate. These bioinks were used to bioprint
chondrocyte scaffolds, which showed good cell viability after
7 days of culture. In subsequent work, they studied the applic-
ability of a commercially available NFC-alginate bioink
(‘CELLINK’) to bioprint complex cell-laden cartilage constructs
(e.g. a human ear-shaped scaffold) with controlled cell density
and porosity.'® The bioink used in this project contained 2.0%
wt/vol NFC and 0.5% wt/vol alginate and it was cross-linked
after printing in a 100 mM CacCl, bath. The ear-shaped constructs
showed high shape stability after printing and were used to grow
auricular and nasal chondrocytes with good cell adhesion,
proliferation and maintenance of chondrogenic phenotype.
Interestingly, the seeded cells underwent chondrogenesis in the
bioink, with neo-synthesis and accumulation of cartilage-specific
extracellular matrix around the cells.
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To improve the delivery of bioactive molecules from such
formulations, these researchers subsequently developed a
NFC-alginate bioink using a sulfated form of alginate.'®® This
chemical modification allowed the binding of growth factors
and induced collagen II deposition and the proliferation of
encapsulated bovine chondrocytes. These bioinks were prepared
using 1.0% wt/vol alginate sulfate and 1.36% wt/vol nano-
cellulose, and were cross-linked after printing with a 100 mM
CaCl, solution. The obtained formulation allowed the printing of
complex 3D structures with high shape fidelity. The cell behaviour
was greatly influenced by the printing conditions, with the best
results in terms of preservation of cell function obtained using
wide diameter conical needles.

In more recent work, the team investigated the printability
of mechanically processed lipoaspirate (i.e. fat tissue removed
by liposuction) containing adipose-tissue derived stem cells
(ASCs), in combination with a NFC-alginate blend (Fig. 5)."**
The resulting bioink (containing NFC and alginate in a 4:1
ratio) was studied in terms of printability and in vivo cell
survival, and neovascularization of the obtained bioprinted
grafts. The collected results demonstrated the applicability
of this bioink to print complex and heterogeneous tissues
containing various cell types including adipocytes, endothelial
cells and ASCs. The 3D constructs preserved both structure and
cellular composition; moreover 30 days after the scaffold was
subcutaneously implanted in the neck of nude mice, evidence
of vascularization was confirmed. This work is of great impact,
as it clearly demonstrates the in vivo applicability and potential
clinical use of such 3D printed constructs.

Further studies on NFC-alginate bioinks were carried out by
Simonsson and co-workers, in collaboration with the group of
Gatenholm. They compared the performance of such formula-
tions to a bioink polymer blend composed of hyaluronic acid
(HA) and NFC.'® The inks were used to bioprint human
pluripotent stem cells. Interestingly, the NFC-alginate ink
had a much better performance than the NFC-HA ink, which
showed little or no proliferation of the encapsulated cells.

Fig. 5 3D printing of NFC-alginate blend combined with mechanically
processed lipoaspirate. Reprinted from ref. 104 — K. Salj6, L. S. Orrhult,
P. Apelgren, K. Markstedt, L. Kélby and P. Gatenholm, Successful engraft-
ment, vascularization, and In vivo survival of 3D-bioprinted human
lipoaspirate-derived adipose tissue, Bioprinting, 2020, 17, e00065.
Copyright (2020), with permission from Elsevier.
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This result is quite surprising, considering that hyaluronic acid
is a natural component of cartilage’®® and has been proven to
encapsulate human stem cells and support their 3D growth.'"”
The authors hypothesized that it may have been caused by the
HA cross-linker (hydrogen peroxide - H,0,), which may have
induced phenotypic changes in the cells encapsulated into
the NFC-HA gel. The best results were obtained for the NFC-
alginate bioink containing the two components in a 60 : 40 ratio
(dry weight%), which were cross-linked with 100 mM CaCl,.
The 3D printed scaffolds obtained using this bioink showed
good cell viability, high cell density and the formation of
spherical cell clusters initially and then cartilaginous tissue
after 5 weeks. The NFC-alginate constructs prepared with a
80:20 ratio of the two polymers, displayed a higher stability
compared to the 60:40 bioink, but a lower cell survival rate.
The live cells in this bioink, however, were evenly distributed
and proliferated into elongated cell clusters. This illustrates
how multicomponent systems can be easily tuned by simple
formulation to achieve different outcomes.

Kolbi and co-workers explored the applicability of NFC-
alginate bioinks to cultivate and grow mesenchymal stem cells
and chondrocytes together.'°®'% In their research, they used
the commercially available CELLINK formulation to bioprint
3D constructs, which were implanted into nude mice to induce
the in vivo formation of viable cartilage. This study was performed
by encapsulating in the ink human nasal chondrocytes in combi-
nation with MSCs. The chondrocytes displayed good viability,
proliferation and cartilage-cluster formation and the MSCs
induced enhanced chondrocyte proliferation.

Bioink formulations based on alginate and methylcellulose

Methylcellulose is a methyl ether of cellulose containing 27.5-
31.5% methoxy groups (Fig. 4c). This polymer is widely used as
a thickener and emulsifier in food and cosmetic products.'*°
It forms thermo-reversible hydrogels and can be applied for a
variety of biological applications such as cell culture, wound
healing and tissue engineering."'"'**> Due to its ease of gelation
and biocompatibility, it is an ideal ingredient for bioink
formulations.

The properties and printability of several methylcellulose-
alginate bioink formulations were studied by the group of Chen,
who explored the swelling, degradation rate and mechanical
properties of various polymer blends in comparison to pure
alginate."® Four different formulations were analysed: pure
alginate (3.0% wt/vol), gelatin-alginate composite (1.0% wt/vol
gelatin and 3.0% wt/vol alginate), methylcellulose-alginate com-
posite (1.5% wt/vol methylcellulose and 1.5% wt/vol alginate)
and gelatin-methylcellulose-alginate composite (1.0% wt/vol
gelatin, 0.5% wt/vol methylcellulose and 1.5% wt/vol alginate).
It was demonstrated that the polymer blends had a higher water
absorption ability compared to pure alginate. Moreover, they
displayed a higher capability to retain compressive strength over
time. Interestingly, the methylcellulose-alginate bioink had the
highest elastic modulus (113.3 kPa) compared to the other
formulations, which had G’ values between 69.4 and 82.85 kPa
depending on the ink composition.

This journal is © The Royal Society of Chemistry 2020
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A number of methylcellulose-alginate bioinks have been
reported and applied to make 3D scaffolds of various cell types
including, amongst others, fibroblasts, MSCs and chondrocytes.

Fibroblast scaffolds. Li and co-workers investigated the
properties of highly robust, high loading methylcellulose-
alginate blends for the 3D printing of fibroblasts."** The bioink
that gave the best results was composed of 3.0% wt/vol alginate
and 9.0% wt/vol methylcellulose and showed thixotropic beha-
viour and great extrudability. This formulation allowed the
fabrication of constructs with 150 overlapping layers. The
encapsulated fibroblasts displayed good cell morphology and
viability after 5 days of culturing. The prepared bioinks were
treated with the chelating agent trisodium citrate to remove
interfacial calcium ions. A subsequent post-cross-linking
process by immersion of the 3D printed constructs into a CaCl,
bath helped to build new more robust interfacial connections
between layers, improving the interfacial bonding strength.

Mesenchymal stem cells, cartilage and bone scaffolds. The
group of Lode reported an a methylcellulose-alginate bioink
with high stability and elasticity, for the encapsulation and 3D
bioprinting of MSCs."*® Once again, this ink was produced using a
high total loading of 3.0% wt/vol alginate and 9.0% wt/vol
methylcellulose (1:3 ratio), increasing the ink viscosity and
microporosity, and tuning the rheological properties of the final
ink formulation. Post-printing cross-linking was performed using
a 100 mM CacCl, solution. The MSCs were incorporated into the
ink before 3D bioprinting and showed good viability up to 3 weeks
of cultivation. The cells embedded into the 3D printed constructs
maintained their differentiation potential over time by means of
differentiation into adipocytes when the cells were incubated for
21 days with adipogenic medium.

More recently, this research group, in collaboration with
Gelinsky and co-workers, performed a systematic study on the
influence of different sterilization techniques (i.e. autoclave,
supercritical CO, treatment, and UV and v irradiation) on the
material properties of such methylcellulose-alginate bioinks
(3.0% wt/vol alginate and 9.0% wt/vol methylcellulose), as well
as the cellular responses.''® These bioinks were used for the
bioprinting of embedded bovine chondrocytes. Cross-linking
with a 100 mM CaCl, solution was performed after printing.
The experiments demonstrated that exposure to v irradiation
had an impact on the polymer blend viscosity and stability after
extrusion, both of which were lower compared to those of
the bioinks exposed to the other treatments. Moreover, this
sterilization method influenced the methylcellulose chain
mobility within the gel network after alginate cross-linking
with Ca*" ions. The best results in terms of cell survival and
function were displayed by the gels treated with supercritical
CO, or UV irradiation.

Methylcellulose-alginate bioinks can also be combined with
other components to direct cell behaviour. Gelinsky and co-workers
have investigated the effect of the incorporation of LAPONITE®,
a synthetic nanosilicate clay, on the printing properties of a
methylcellulose-alginate blend.""” This bioink was prepared by
combining a 3.0% wt/vol alginate solution with LAPONITE™
(3.0% wt/vol) and different methylcellulose concentrations
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(3.0%, 6.0% or 9.0% wt/vol). The bioink was cross-linked with
CaCl, (100 mM). This blend was used to create 3D scaffolds
incorporating MSCs with high printing fidelity and showing
cell viability for more than 21 days. Since LAPONITE® is known
for its drug delivery properties, to prove the applicability of this
hydrogel composite as a drug delivery system, the bioink was
loaded with two model proteins (bovine serum albumin (BSA)
and vascular endothelial growth factor VEGF)). The release of
these proteins from the hydrogel in the cell medium was
significantly improved in the presence of LAPONITE® com-
pared to the same inks without LAPONITE®, although a high
amount was retained. To verify if the released proteins could
keep their function, they incubated endothelial cells in the
release medium from VEGF-laden scaffolds. The cells showed
enhanced proliferation in comparison to the negative controls.

More recently, these researchers explored the effect of
adding calcium phosphate cement (CPC) to a methylcellulose-
alginate bioink (3.0% wt/vol alginate and 9.0% wt/vol methyl-
cellulose) with embedded MSCs."'® The preparation of this
formulation required a certain degree of optimization in terms
of printability and cell survival inside the bioinks. Once optimal
conditions were identified, the system could be applied to
prepare 3D osteochondral tissue grafts models.

Other applications. The group of Gelinsky has published a
remarkable number of scientific articles on 3D bioprinting of
methylcellulose-alginate composites. In one of the reported
studies, using a highly viscous blend (3.0% wt/vol alginate and
9.0% wt/vol methylcellulose), cross-linked with SrCl,, to obtain
3D printed constructs of viable and functional pancreatic islets
from rats.''® The printed cells kept their function and mor-
phology and it was possible to recognize o and B pancreatic
cells within the islets.

Further research described the properties of a more complex
formulation composed of methylcellulose (3.0% wt/vol), alginate
(2.8% wt/vol) and agarose (0.9% wt/vol), which was used for the
incorporation and bioprinting of plant cells."*® The bioink con-
taining a living cell culture of basil was printed by extrusion using
different ratios of the three polymers. They observed that the
methylcellulose concentration was crucial to ensure good print-
ability and maintain shape fidelity. Bioinks containing lower
methylcellulose content, displayed low viscosity, loss in 3D printing
definition and loss of stability of the 3D printed constructs and in
their capability to retain the shape. Cell survival on the printed
structures was confirmed by live/dead staining, microscopy and
metabolic measurements.

Bioink formulations based on alginate and gellan gum

Gellan gum is a biopolymer of bacterial origin, produced by
the bacterium Sphingomonas Elodea. This polysaccharide is
composed of tetrasaccharidic repeating units consisting of
two residues of p-glucose, one residue of t-rhamnose and one
residue of p-glucuronic acid (Fig. 4d). Hydrogels of gellan gum
are obtained by thermal trigger or/and by cross-linking with
divalent cations, such as Ca®", Ba®*" and Sr**.8%'?1122 gych
hydrogels have been widely applied in the food industry,
however, more recently they have also been shown to be suitable

123,124
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for drug delivery and tissue engineering applications.'*>"**'?
Being biocompatible, gellan gum is an ideal component to improve
the mechanical properties of alginate bioink formulations.

Mesenchymal stem cells, cartilage and bone scaffolds.
Zenobi-Wong and co-workers reported a gellan gum-alginate
bioink with shear-thinning behaviour and optimal printability,
which was cross-linked by delivering cations by co-extrusion of
a cation-loaded transient support polymer (30% pluronic in
NaCl and SrCl,)."*® This ink was prepared by combining
3.0% wt/vol gellan gum with 2.0% wt/vol alginate and it was
used to produce various types of grafts with different 3D shapes
(i.e. human ear, nose, meniscus and vertebral disk). These
grafts were treated with cartilage extracellular matrix particles
(BioCartilage), and it was shown that this bioink could support
proliferation of chondrocytes and the deposition of cartilage
matrix proteins. This was observed to a higher extent when
the bioinks were treated with the chondrogenic protein trans-
forming growth factor  (TGF-B).

In subsequent work, these researchers described the effect
of incorporating cationic-modified silica nanoparticles into an
anionic polymer blend composed of alginate and gellan gum
(3.0% and 3.5% wt/vol, respectively)."”” This combination
resulted in a significant increase in zero-shear viscosity
(1062%) and storage modulus (486%). The presence of the
silica nanoparticles therefore allowed an increase of stability
and shape fidelity of the 3D printed constructs, which did not
collapse during printing. Interestingly, the size of the nano-
particles had to be <100 nm to guarantee such mechanical
enhancement and they also reduced shrinking and swelling of
the obtained constructs. In general terms, the impact of nano-
particles on the mechanical performance of soft materials is
quite well-known.'*"*' More importantly, the incorporated
nanoparticles did not affect the bioink biocompatibility with
the growth of encapsulated chondrocytes, which displayed high
cell viability (>90%) and matrix production.

The use of gellan gum-alginate bioinks for 3D printing and
in situ differentiation of MSCs was investigated by the group of
Gelinsky. Highly stable bioinks with good processability and
enhanced mechanical properties were obtained by combining
3.0% wt/vol gellan gum with 2.0% wt/vol alginate, cross-linked
with 1 M CaCl,.***> Compared to 3D printed scaffolds of pure
alginate, the presence of gellan gum improved mechanical
strength, shape fidelity and decreased the swelling in cell
culture medium. The prepared bionks were compatible with
the growth of MSCs and supported osteogenic differentiation.
However, after two weeks of culture the number of viable cells
decreased. Long-term cell culture may be improved using other
divalent cations (e.g. St**), which form more stable cross-linked
hydrogels and are therefore more suitable for long term
studies.”*>*** Another option could be coating with a peptide
that encourages cell proliferation, such as the tripeptide
Arg-Gly-Asp (RGD), which has been proven to improve cell
adhesion, spreading and proliferation.?*337137

The researchers subsequently reported a biphasic scaffold
incorporating VEGF, obtained by combining a gellan-gum/
alginate bioink hydrogel composite with an oil-based calcium
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Fig. 6 Gellan gum/alginate/CPC 3D printed 75 scaffold (a) immediately
after printing, (b) after implantation into rat femur (post-operative X-ray,
and (c) after explantation after 12 weeks. Adapted from ref. 138 — T. Ahlfeld,
F. P. Schuster, Y. Forster, M. Quade, A. R. Akkineni, C. Rentsch, S. Rammelt,
M. Gelinsky and A. Lode, Adv. Healthcare Mater., 2019, 8, 1801512.
Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, with
permission from Wiley.

phosphate cement (CPC - Fig. 6a)."*® The CPC paste hardens in
water forming nanocrystalline hydroxyapatite. The performed
experiments demonstrated that the bioprinted construct was
compatible with the growth of MSCs, which could differentiate
towards osteoblasts. The VEGF released from the scaffold kept
its function and could stimulate endothelial cell proliferation
and angiogenesis in vitro. The 3D printed scaffold was
implanted into a segmental bone defect in the femur diaphysis
of rats (Fig. 6b and c) and significantly helped reduce the defect
size, by helping the formation of new bone tissue.

Bioink formulations based on alginate and hyaluronic acid

Hyaluronic acid (HA) is a linear natural polysaccharide
composed of p-glucuronic acid and N-acetyl-p-glucosamine
units linked by B (1-3) or B (1-4) bonds (Fig. 4€)."*° This anionic
glycosaminoglycan has a molecular weight ranging between 5
and 2000 kDa. Being a component of the extracellular matrix in
most of the connective tissues in the body, it has the advantage
of being non-toxic, non-immunogenic and non-inflammatory.**®
Hydrogels of hyaluronic acid can be obtained by covalent cross-
linking and they have been applied in cell culture, tissue engi-
neering, drug delivery and wound healing."**"** A wide variety of
HA bioink formulations has been reported in the literature,'*>™4%
some of which include hyaluronic acid-alginate blends, which
were suitable for the fabrication of neural and cartilaginous
scaffolds.

Neural scaffolds. Chen’s group focussed on HA-alginate
bioinks encapsulating Schwann cells for potential use in peri-
pheral nerve tissue engineering.'*® These formulations contained
hyaluronic acid (0.25% wt/vol) and alginate (2.5% wt/vol) and were
crosslinked with CaCl, (100 mM). After printing the first layer, the
obtained 3D construct was coated with polyethylenimine (PEI)

This journal is © The Royal Society of Chemistry 2020
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to immobilise the first printed layer onto the platform. Each
subsequent layer was then extruded into a CaCl, bath to cross-link
the alginate. Polyvinyl alcohol (PVA) and PEI were also added
to improve the shape fidelity and the stability of the resulting
scaffolds. The resulting 3D printed constructs displayed high
structural integrity over time, whilst preserving long-term cell
viability. In subsequent work, the researchers studied more in
detail the effect of the addition of PEI during the fabrication
process of HA-alginate bioinks for 3D printing of Schwann cells
and chondrocytes.”® This polycation has a stabilising effect on
the 3D constructs due to the formation of a polyelectrolyte
complex with the alginate chains. Moreover, it binds ionically to
HA forming a complex between its amino groups and the
carboxylic groups of HA. The bioink formulation was prepared
by combining alginate (2.5% wt/vol) with hyaluronic acid (0.25%
wt/vol) in 0.3 M sucrose and HEPES (25 mM). PVA was also added
to the cross-linking solution (100 mM CacCl,) to further increase
the viscosity and prevent the printed constructs to float in the
cross-linking solution. The performed experiments demonstrated
that the treatment with PEI (0.1%, 0.2% or 0.5% wt/vol) improved
the mechanical properties of the bioink formulation and reduced
the scaffold degradation rate and degree of swelling. However, the
survival rate of the cells encapsulated in the bioink tended to
decrease with increasing PEI concentrations. It is well-known that
polyamines are relatively toxic to cells.””" Therefore, optimal
concentrations of the polycation are required to guarantee opti-
mal outcomes and applicability of the bioinks. This study clearly
demonstrates how highly complex formulations can emerge in
this field of research. This is obviously an advantage of this
approach to tissue engineering, but it is vital to carefully
characterise the impact of each component in the system in order
to best optimise the overall gel for the desired application.

More recently, these researchers developed a more complex
bioink formulation composed of hyaluronic acid, RGD-modified
alginate and fibrin for 3D bioprinting of Schwann cell scaffolds.”®
This bioink was prepared by binding alginate to RGD peptide in
a 250:1 ratio by coupling reaction in the presence of ethyl-
(dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccin-
imide (NHS) and subsequently combining it with hyaluronic acid
to obtain a final 2.0% wt/vol concentration of alginate and 1.0%
wt/vol modified-HA. To evaluate the effect of cross-linker concen-
tration on the stability and shape fidelity of the 3D printed
constructs, they used different CaCl, concentrations (10, 20, 30
and 40 mM). The collected results showed that the cross-linker
concentration and bioprinting speed had a remarkable effect on
the shape, stability and pore size of the printed structures.
Increasing the Ca®" concentrations resulted in better shape
fidelity, however excessively high concentrations could result in
structural failure. This is due to the formation of a very rigid
structure in a very short time, which reduces the attachment of
subsequently printed hydrogel layers and hence the stability of the
3D printed construct. The obtained hydrogels could support
Schwann cell viability and function and were shown to be
promising for nerve regeneration.

Cartilage scaffolds. The applicability of HA-alginate based
bioinks for the fabrication of articular cartilaginous constructs

This journal is © The Royal Society of Chemistry 2020
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was explored by Antich et al.'®® They prepared a bioink for-
mulation containing 1.0% wt/vol HA and 2.0% wt/vol alginate,
which was cross-linked with a 100 mM CacCl, solution. The
polymer blend displayed good printability, gelling ability, opti-
mal stiffness and degradability. To further improve the stability
of the 3D printed constructs and ensure optimal mechanical
properties for the growth of chondrocytes, the bioink was
deposited on a biodegradable polylactic acid (PLA) framework
and subsequently cross-linked. The resulting scaffold showed
biomimetic mechanical properties and promoted chondro-
genesis — it is therefore a promising material for articular
cartilage regeneration.

Design of alginate-based bioink
formulations for specific applications

3D bioprinting allows the fabrication of complex tissue con-
structs, including 3D scaffolds, hollow tubes and organs. This
technology is rapidly evolving towards functional tissues and
implants for tissue regeneration in vivo applications.'>*™'%°
The bioink formulations we have discussed in this review have
been applied for the fabrication of different 3D scaffolds
(e.g. cartilage, bone, fibroblasts, endothelial and neural),
indeed some of these applications have been noted earlier in
the review. The majority of the studies we have reported here
have been focused on the bioink properties, printability and
compatibility with specific cell lines. These are crucial elements
to consider to achieve more complex 3D structures for in vivo
applications."*

In this section, we will try to use this information to generate
a set of design rules to help the design of alginate-based
bioinks for specific cellular types (Fig. 7). We described in
detail the composition of different multi-component alginate/
polysaccharide formulations used for the development of
different 3D scaffolds; therefore, all the specifics of the different
alginate/polysaccharide blends (e.g concentrations of the
different components, type and concentration of cross-linker) will
not be discussed again, but we will instead provide a high-level
overview of the available formulations for specific applications.
The reader is referred to the previous sections to find more
detailed descriptions of the bioink composition.

Different elements should be taken into consideration when
designing a bioink for a specific application (Fig. 7). In general
these should be considered in the following order to develop
the optimal formulation:

1. What type of alginate should be used? What is the optimal
concentration? What type of cross-linker is ideal and at which
concentration?

2. Does the addition of another polysaccharide improve the
mechanical properties, stability and degradation profile of the
bioink formulation?

3. Does the incorporation of other additives (e.g. growth
factors or nanoparticles) improve biocompatibility or aid cell
differentiation?

J. Mater. Chem. B, 2020, 8, 8171-8188 | 8183
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Alginate

Alginate/Agarose Alginate/Cellulose

1. CHOICE OF ALGINATE AND CROSS-LINKER:

- Choose molecular weight, viscosity and
alginate concentration

- Choose type and concentration of cross-linker

2. CHOICE OF ADDITIONAL POLYSACCHARIDE

Adipose tissue

Bone tissue
Chondrocytes/Cartilage
Fibroblasts/vascular
constructs

Hepatocytes
Mesenchymal stem cells

Chondrocytes/Cartilage
Endothelial cells
Mesenchymal stem cells
Neural stem cells/Neural
tissue

Adipose tissue derived
stem cells
Chondrocytes/Cartilage
Mesenchymal stem cells
Pluripotent stem cells

Choose an additional polysaccharide that can

Neural tissue

improve the mechanical properties, stability and

Alginate/Methylcellulose

Alginate/Gellan gum Alginate/Hyaluronic acid

degradation profile of the bioink formulation

Bone tissue .

¢ Chondrocytes/Cartilage .

Fibroblasts
Mesenchymal stem cells

Chondrocytes/Cartilage
Mesenchymal stem cells

Chondrocytes/Cartilage
Neural tissue/Schwann
cells

3. INCORPORATION OF FUNCTIONAL ADDITIVES

Consider the incorporation of growth factors or
nanoparticles that can enhance the bioink
performance

¢ Pancreatic cells

¢ Plant cells

Fig. 7 Design of alginate/polysaccharide bioinks and main applications of the different formulations.

It is well known that hydrogel scaffolds should mimic the
mechanical properties of native tissues to provide an optimal
environment to the cells.>>'*® Therefore soft tissues, such as
neural tissue, preferentially grow on soft hydrogels.>® We have
described various examples of bioink formulations for neural
scaffolds in which alginate was the only component.**>”*”78
Such scaffolds were fabricated using alginate concentrations
between 0.5-3.0% wt/vol, with the best results in terms of cell
growth at low alginate concentrations.”>”® The use of gelatin
sacrificial templates allowed materials with higher mechanical
stability and better shape fidelity.”””® The combination of
alginate with other polysaccharides is a way of avoiding the
use of sacrificial templates. Examples of multicomponent
bioinks were obtained by combining alginate with agarose
(1.5% wt/vol)*”®*® or hyaluronic acid (0.25% wt/vol),”>**%1°
which provided the necessary mechanical support to the 3D
printed structures (Fig. 7).

Fibroblasts, vascular and endothelial constructs can be
fabricated using alginate bioinks prepared with 2.0-6.0% wt/vol
alginate concentrations.®”"”>'>” Again, combination with other
polysaccharides such as agarose (0.6-2.4% wt/vol)*® or methyl-
cellulose (9.0% wt/vol)''* is an option to obtain bioinks with
good extrudability, thixotropic behaviour and enhanced stability
(Fig. 7).

Alginate bioinks can also be used for the 3D printing
of mesenchymal stem cells that can then differentiate into
different lines forming (for example) cartilage’® or bone
scaffolds.®>**®® In most of the reported examples, these hard
tissue scaffolds were obtained using an alginate concentration
between 2.0-3.0% wt/vol in combination with other additives
such as graphene oxide, hydroxyapatite or growth factors. The
preparation of polysaccharide blends using agarose, cellulose,
methylcellulose, gellan gum and hyaluronic acid can also be a
successful strategy to improve the mechanical properties of
the resulting 3D printed structures and their stability and
integrity over time (Fig. 7). Bioinks based on alginate blends
with cellulose (2.0% wt/vol)'®>0>198:19% and methylcellulose
(9.0% wt/vol)'*> '8 are the most studied and gave promising

8184 | U Mater. Chem. B, 2020, 8, 8171-8188

results without the need for functional additives. Other poly-
saccharides such as agarose,®"®* gellan gum'®127:132:138 3pg
hyaluronic acid'>* can also be combined with alginate, but the
use of sacrificial templates or other components (e.g. growth
factors, silica nanoparticles or calcium phosphate cement) may
be required to improve the bioink performance.

Finally, 3D printing of other types of tissues (e.g. hepatic or
pancreatic) has also been achieved using alginate (Fig. 7).”%""°
However, relatively few research studies have been performed
in this area and, therefore, this may be of interest for further
investigation.

When designing a bioink formulation, it is important to
keep in mind that functional additives can be added to improve
biocompatibility, performance and suitability of the bioink
for a specific application. We have highlighted various exam-
ples throughout the text, which included the use of growth
factors (e.g. TGF-B or VEGF), graphene oxide, hydroxyapatite,
LAPONITE®™, silica nanoparticles, etc.®®’%"17118138 The encap-
sulation of functional additives into alginate bioinks could
also, therefore, be considered. This topic falls outside the
scope of this review, however relevant readings can be found
elsewhere.'%'?87164

Conclusions

3D bioprinting of cellular constructs is a rapidly expanding
research area. Alginate is a natural, biocompatible polymer that
has been widely applied in 3D bioprinting. Most of the reported
bioink formulations based on pure alginate were employed to
3D print stem cells, fibroblasts, neurons and hepatocytes.
Alginate has good biocompatibility, and the performance can
be tailored by tuning the molecular weight of the polymer as
well as its loading, the concentration of the divalent metal
crosslinking agent, and the type of crosslinking agent used.
In particular, sources of calcium ions with low solubility have
been used to slowly crosslink alginate systems and generate
more homogeneous materials.

This journal is © The Royal Society of Chemistry 2020
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The properties of alginate-based bioink formulations can
also be tailored by combination with other polysaccharides,
such as agarose, cellulose, methylcellulose, gellan gum and
hyaluronic acid. The preparation of polymer blends allows,
in particular, the mechanical properties and stability of the
resulting 3D printed constructs to be improved, expanding the
range of applications of alginate bioinks in tissue engineering
and regenerative medicine. For different biological applications, it
is vital to tailor the materials properties of the printed object for
the best outcomes, and a multi-component approach using
alginate gels is a powerful way of achieving this. In some cases,
alginate can be combined with sacrificial materials, which can
temporarily reinforce the 3D printed object, while subsequently
being removed either through processes such as melting or
biodegradation. This can provide a degree of temporal control over
the 3D printed materials. We suggest that such control will become
increasingly important in next generation tissue engineering, where
longer-term fates of cellular tissue will need to be directed.

In addition to blending with different polysaccharides, in a
number of cases, other functional additives are also incorporated
into 3D-printed alginate systems. For example, nanoparticles and
clays can have significant impacts on mechanical performance,
biocompatible peptides, such as RGD can improve cellular
proliferation, and by incorporating growth factors, more subtle
effects on cellular proliferation and differentiation can be
exerted. We suggest that the ease of formulating multiple
components into these gels offers them considerable potential
for further development.

In summary, alginate-based bioinks are promising materials,
and we hope that this review will facilitate the identification of
different alginate-polysaccharide bioink formulations, their optimal
applications and will thus help to inform the design of second
generation bioinks, allowing this relatively simple gel system to
achieve more sophisticated control over biological processes.
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