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Abstract: Three-dimensional (3D) bioprinting is an innovative technology in the biomedical field,
allowing the fabrication of living constructs through an approach of layer-by-layer deposition of
cell-laden inks, the so-called bioinks. An ideal bioink should possess proper mechanical, rheological,
chemical, and biological characteristics to ensure high cell viability and the production of tissue con-
structs with dimensional stability and shape fidelity. Among the several types of bioinks, hydrogels
are extremely appealing as they have many similarities with the extracellular matrix, providing a
highly hydrated environment for cell proliferation and tunability in terms of mechanical and rheolog-
ical properties. Hydrogels derived from natural polymers, and polysaccharides, in particular, are an
excellent platform to mimic the extracellular matrix, given their low cytotoxicity, high hydrophilicity,
and diversity of structures. In fact, polysaccharide-based hydrogels are trendy materials for 3D
bioprinting since they are abundant and combine adequate physicochemical and biomimetic features
for the development of novel bioinks. Thus, this review portrays the most relevant advances in
polysaccharide-based hydrogel bioinks for 3D bioprinting, focusing on the last five years, with em-
phasis on their properties, advantages, and limitations, considering polysaccharide families classified
according to their source, namely from seaweed, higher plants, microbial, and animal (particularly
crustaceans) origin.

Keywords: 3D bioprinting; bioinks; cell-laden constructs; hydrogels; polysaccharides

1. Introduction

Three-dimensional (3D) bioprinting technology is an innovative and promising strat-
egy for engineering 3D living tissue constructs with well-defined structures and geome-
tries [1]. The principle of 3D bioprinting involves computer-aided design for the controlled
manufacture of 3D living structures in a layer-by-layer approach [2]. The bioprinting of
cell-laden biomaterials, viz. the bioinks, is achieved through several techniques, including
extrusion printing [3], inkjet printing [4], laser-assisted printing [5], and stereolithogra-
phy [6]. Currently, 3D bioprinting technology has received immense attention and is widely
investigated for broad-spectrum biomedical applications [7], such as tissue engineering
and transplantation [8], drugs screening [9], and cancer research [10].

The engineering of novel bioink formulations with adequate properties is a major area
of research because of their key role in the success of the bioprinting process. The design and
optimization of bioinks aim to explore and manipulate artificial biological and biochemical
environments that could accommodate and allow the growth of living cells in combination
with suitable rheological and mechanical properties [11]. After printing, the 3D constructs
are expected to keep their pre-designed shape and physical integrity for a defined period of
time while maintaining cell viability and proliferation ability [12,13]. Thus, the key features
of an ideal bioink are related to biocompatibility and biodegradability, high mechanical
integrity and stability, and the ability to promote cell adhesion and proliferation [14].
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Bioinks typically consist of biomaterials, cells, bioactive molecules (e.g., growth fac-
tors), and their combinations [15] and are commonly divided into two major types, namely
scaffold-based bioinks, where the cells are loaded in an exogenous material (i.e., hydrogels,
microcarriers, and decellularized matrix components) and then printed [16], or scaffold-free
bioinks, where the cells are first assembled into neo-tissues (i.e., cell aggregates, tissue
strands, and tissue spheroids) with suitable properties for bioprinting and which, after
deposition, mature and evolve into functional living tissues [17]. Among all of them,
hydrogel-based bioinks are the most described and investigated biomaterials [18].

Hydrogels (either from natural or synthetic origin) refer to a class of crosslinked
polymeric materials capable of absorbing and retaining large quantities of water [19].
Therefore, hydrogels consist in highly hydrated 3D environments, very similar to the
extracellular matrix (ECM). Moreover, their unique architecture provides permeability to
oxygen, nutrients, and other water-soluble compounds, in addition to allowing cellular
migration and communication through their porous flexible network [19]. Hydrogels can
be obtained using different crosslinking approaches, including chemical (establishment of
covalent bonds by chemical reactions) and physical (induced gelation by ionic, thermal, or
pH stimuli) strategies [20]. Natural polymers, also commonly referred to as biopolymers,
include macromolecules such as polysaccharides (e.g., cellulose, chitin (and its derivative,
chitosan), alginic acid (and in particular its salt form, alginate), pectin, hyaluronic acid,
and starch) and proteins (e.g., collagen and fibrin), biosynthesized by living organisms,
including plants, animals, algae, bacteria, and fungi [21-23]. The use of biopolymeric
hydrogel-based bioinks for 3D bioprinting applications offers inherent advantages, as
their biocompatibility toward mammalian cells and tissues, and most biopolymers are
biodegraded under physiological conditions, with the formation of nontoxic degradation
products [24]. Moreover, biopolymers are classified as eco-friendly materials due to their
renewable and biodegradable natures [22]. In turn, the main weakness of biopolymers
is the difficulty in obtaining materials with reproducible quality and properties, since
these heavily depend on the biopolymers source, which often leads to high batch-to-
batch variations [22,25] and, thus, some lack of reproducibility in their processing into
final materials.

Among the panoply of biopolymers with the ability to form hydrogels, polysaccha-
rides and their derivatives are increasingly popular for 3D bioprinting applications and
particularly for the engineering and development of bioink formulations [26]. This attrac-
tiveness relies on their main features, including ease of derivatization/functionalization,
high diversity of chemical structures, adequate rheological and mechanical properties,
and intrinsic biocompatibility and biodegradability. In fact, some polysaccharides (e.g.,
glycosaminoglycans) are present in the ECM and, in general, are molecularly similar
to other ECM components, namely, glycoproteins and glycolipids [27]. Therefore, most
polysaccharide-based hydrogels are biomaterials adequate for cell encapsulation, since they
are typically prepared using aqueous systems and mild crosslinking methods, following
diverse physical and chemical approaches that allow the control of the mechanical integrity,
morphology, and gel properties [28].

The developments in the field of bioinks for 3D bioprinting applications have been the
theme of several appraisals [18,29-52]. Specifically, the progress over the last two decades
was reviewed by Pedroza-Gonzalez et al. [39], who provided a systematic analysis of
more than 390 original papers from 2000 to 2019. From a materials perspective, many
of these revisions gave special emphasis to hydrogel bioinks [18,35,36,50,52,53] and to
natural materials-based bioinks [33,38]. Moreover, recent reviews have also focused
on the use of specific polysaccharides to produce bioinks, namely alginate [29,33,37,38],
(nano)cellulose [32,35,40,41,46,47,49], chitosan [44], and hyaluronic acid [31]. Most recently,
Mahendiran et al. [37] provided an overview of 3D printing technologies and the use of
different plant-based bioinks in tissue engineering, focusing on plant polysaccharides of ter-
restrial (starch, nanocellulose, and pectin) and marine (ulvan, sodium alginate (commonly
referred as alginate), fucoidan, agarose, and carrageenan) origins [37]. Nonetheless, a
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comprehensive compendium on the distinct polysaccharide families (from different origins)
to develop hydrogel-based bioinks has never been reported.

In this context, the present review describes a collection of information about the
use of polysaccharide-based hydrogels as bioinks for 3D bioprinting. The suitability and
versatility of these natural polymers for the development of hydrogel bioink formulations
are presented, considering the most representative polysaccharides obtained from different
sources, namely from seaweed (alginate, carrageenan, and agarose), other plants viz. higher
plants (cellulose, pectin, and starch), microbial origin (dextran, xanthan gum, gellan gum,
and pullulan), and animal sources, particularly from crustaceans (chitin and chitosan),
as depicted in Figure 1. Glycosaminoglycans, because of their specific properties and
diverse origins (plants, animals, and microbial), are considered in a separate section.
The polysaccharides’ advantages versus limitations, and strategies to overcome them, are
highlighted and supported by the most recent advances in their use for the development of
bioinks for the 3D bioprinting of various types of living tissue structures. Finally, the main
challenges and future perspectives on this matter are discussed.
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Figure 1. Most relevant polysaccharides from different sources used as raw materials for the fabrica-
tion of hydrogel-based bioinks for 3D bioprinting applications. Image created with BioRender.com.

2. Polysaccharide-Based Hydrogel Bioinks
2.1. Seaweed Derived Polysaccharides

Among marine resources, algae, also referred as seaweed, are a well-known natural
source of a high diversity of polysaccharides [53]. Seaweeds are classified into three main
groups based on their main photosynthetic pigments, viz. red (Rhodophyceae), brown
(Phaeophyceae), and green (Chlorophyceae) algae. Polysaccharides are the major components
of seaweeds, accounting for up to 70% of their dry weights, and are mainly present on their
cell walls [53,54].
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Among the various seaweed-derived polysaccharides, alginic acid (and particularly
its salt form, sodium alginate) [55-66], carrageenan [67-74], and agarose [75-79] have been
widely used as polymeric matrices (either solely or in combination with other polysaccha-
rides or proteins) for the development of hydrogel-based bioinks for 3D bioprinting, as
outlined in Table 1.

2.1.1. Alginate

Alginate is a polyanionic water-soluble linear polysaccharide extracted from brown
algae. Alginate polymeric chains consist of mannuronate(M) and guluronate(G) units
arranged in different proportions and motif blocks and have a molecular weight that
can range from 10 kDa to 600 kDa, depending on the algae source [80]. Alginate forms
hydrogels under mild conditions, almost instantaneously, by ionotropic gelation with
divalent cations, such as Ca?* [81]. This process follows the “egg-box” model where Ca?*
ions are entrapped within cavities formed by a cooperative coupling of contiguous G units.
Thus, apart from polymer concentration and molecular weight, G unit content is also an
important parameter that influences relevant alginate hydrogel properties, such as viscosity,
elasticity, and pore size [82].

Indeed, Ca®*-alginate hydrogels are one of the most studied systems in the field of
3D bioprinting (Table 1) due to their excellent tunability and printability, as reflected and
documented in the dedicated literature reviews about the main progress in the domain
of alginate-based bioinks since 2016 [29,33,37,38]. Despite its widely recognized and ex-
plored advantages, some recent research efforts on the development of alginate-based
bioinks are still focused on tackling the biological and mechanical limitations of alginate
hydrogels. Specifically, alginate is a relatively inert biopolymer, lacking cell-binding recep-
tors, which does not favor cell adhesion and proliferation in alginate-based bioinks [25].
Additionally, due to some degree of unpredictability in their degradation rates, 3D bio-
printed alginate-based tissue constructs often lack long-term mechanical stability [83].

In order to address the inertness of alginate, recent studies continue to explore the
chemical modification of alginate hydrogels by engrafting cell-adhesive peptides, such as
Arg-Gly-Asp (RGD) and Tyr-Ile-Gly-Ser-Arg (YIGSR) moieties, a strategy widely adopted in
the production of biomimetic scaffolds for tissue engineering [84]. For example, following
this approach, Sarker et al. [60], developed alginate bioinks for neural tissue engineering.
In this study, alginate was conjugated with both RGD and YIGSR peptides using carbodi-
imide to produce Schwann cells-laden bioinks with improved biological properties. In fact,
the simultaneous chemical engrafting of both peptides in alginate at 2% (w/v) promoted
high cell viability (~95%) for up to 7 days [60]. Despite the good results obtained with this
study, it is important to underline that these approaches are typically very expensive due
to the high production costs and low production yields of these peptide binding motifs.

Other strategies have been explored to improve cell proliferation on alginate-based
hydrogels, namely by combining the latter with bioactive materials [63,64]. As an example,
Liu et al. [63] developed a bioink by blending alginate with albumen, commonly known
as egg white, a protein-rich biomaterial, and umbilical vein endothelial cells (HUVECs).
The cell viability, evaluated by the cell optical densities of the bioinks composed of alginate
at 5% (w/v) with albumen, in a ratio of 5:1, was considerably higher compared to the
cell-laden alginate hydrogels after 5 days [63]. This combination was also explored by
Delkash et al. [63], who prepared bioinks by directly dissolving alginate in pasteurized egg
white in different concentrations (1, 1.5, 2, 2.5, and 3% (w/v)) and then loaded the mixture
with HUVECs. Rheological characterization of the printed constructs obtained by extrusion
printing (with alginate concentrations of 2 and 3% (w/v) selected for the printing tests)
revealed a storage modulus (G’) varying between 20 to 27 kPa, which is similar to those of
heart tissue samples. The cell viability of HUVECs determined by LIVE/DEAD assays was
about 94%, 7 days after printing [64].
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Table 1. Summary of the recent studies on seaweed derived polysaccharide-based bioinks for 3D bioprinting applications.
P . .. . Bioprinting o . S
olysaccharide Other Compounds Cell Type Bioink Formulation Method Conditions Construct Properties Application Ref.
Grid-like scaffolds with
10 x 10 x 5 mm?®
Alginate: 6 wt.% Nozzle: 0.610 mm Compressive strength:
. Gelatin: 10 wt.% Printing speed: 20.7 & 4.7 t0 23.9 = 1.5 MPa .
Alginate N Ge_latlnt. 4 (1 x 1rO%MSHC /mL) Nano-apatite: EB 5 mfr;n/ s Young’s modulus: 119 + 26 to Bor‘Ee tissue [55]
ano-apatite cefisim 0.1and 0.5 M Pressure: 0.5 MPa 135 + 36 MPa engineering
Crosslinker: CaCl, 1M Temperature: 55 °C Cell viability: higher in
nano-apatite coated scaffolds
with osteogenic differentiation
Alginate: 0.1 g/mL Grid-like structures 2 x 2 cm?
Agarose: 15 mg/mL with 6 layers
Acarose Primary (Alg/Col blend in a ratio of Compressive modulus: Cartilage tissue
Alginate Colla %n (Type T) chondrocytes 4:1 and Alg/Agrblend in a EB Nozzle: 0.260 mm ~50-65 kPa on ingeerin [56]
& yp (1 x 107 cells/mL) ratio of 3:1) Tensile strength: ~40-45 kPa & &
Crosslinker: CaCl, Cell viability: 95% at day 14 in
10% (w/v) the Alg/Col blend
. o Nozzle: 0.255 mm
Aleinate B SK-N-BE cells Crﬁl%llir;lal::r'zc/;(glj/fr)l a EB Printing speed: Grid-like geometries B [59]
& (1 x 107 cells/mL) . ’ 20 8 mm/s Cell viability: 83% at day 7
gelatin support medium P . .
ressure: 12.5 psi
Cubic shape scaffold
(10 x 10 x 5 mm®) with 1 mm
Alginate: 2% (w/v) Nozzle: 0.200 mm distance between strands
Alginate _ RPSCs engrafted with RGD and EB Printing speed: Young’s modulus: 40.3 & 2.2, Nerve tissue [60]
(2 x 10° cells/mL) YIGSR peptides 18 mm/s 23.7 +3.5,14.7 + 3.6, and engineering
Crosslinker: CaCl, 50 mM Pressure: 0.3 Bar 14.5 £ 2.7 kPaatday 0,7, 14,
and 21, respectively
Cell viability: ~100% at day 7
Shell Nozzle:
1.070 mm
Core Nozzle:
Alginate: 5% (w/v) 0.340 mm Grid-like scaffolds with tl;e size
L e SF: 5% (w/v) Printing speed: of 20 x 20 x 3 mm
Alginate Plsllllrl:)rfllillrgg7 (1x1 Oécgflls /mL) Pluronic F127: 13% (w/v) Co-axial EB 15 mm/s Compressive modulus: - [61]
Crosslinker: CaCl, Bioink extrusion rate: 16 + 2.5 kPa
5% (w/v) 7mL/s Cell viability: ~100% at day 14
Cross-linker solution
extrusion rate:
5mL/s
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Table 1. Cont.
. . . . Bioprinting . . o
Polysaccharide Other Compounds Cell Type Bioink Formulation Method Conditions Construct Properties Application Ref.
Circular tubes printed with a
3 mm diameter, an average
wall thickness of 0.5 mm and a
Modified printer for length of 7-10 cm
. . . o bioprinting of hollow Young’s modulus: .
Alginate Gelatin Flbgoblasts CNTs: 0.5 and 1%(w/v) EB tubular scaffolds 1.4 and 0.7 MPa Vessgls t1§sue [62]
Carbon nanotubes (4 x 10° cells/mL) Crosslinker: CaCl, i . engineering
Non specified Tensile strength:
conditions ~0.9 and 0.5 MPa
Cell viability: 85% survival rate
until 5 days, with mild toxicity
induced by CNTs
. o Grid structures with
Alginate: 5% (w/v) 30 x 30 x 1 mm? and
Albumen (egg white) Nozzle: 0.160 mm 3
. Albumen HUVECs . . . 25 x 25 x 1 mm
Alginate (Egg white) (6 x 106 cells/mL) added in volume ratios of EB Pressure: 2.5 Psi Cell viability: high up to 5 davs - [63]
88 1:1,2:1,3:1,4:1, 5:1 and 6:1. CaCl, perfusion bath . y- ugh up Yy
: with the formation of
Crosslinker: CaCl, i
vascularized channels
Alginate: 2-3% (w/v) Pl:liiszrie:s&zgg-n;?o Patches with 12 x 12 mm?
Alginate Albumen HUVECs Dissolved in Albumen EB an. dgl 1Pinm'/s ! and 8 mm height Endothelialized [64]
& (Egg white) (1.25 x 106 cells/mL) (egg white) Pressure: 0.3, 0.5 and Elastic modulus: 20-27 kPa tissue engineering
Crosslinker: CaCl, 500 mM 0 '7 l;ia,r ' Cell viability: 94% at day 7
Printed spherical discs
Alginate: 2% (w/v) Cell viability: after 21 da.ys, it
hi o was observed the formation of
iIMPCs Collagen: 0.015% (w/v) Nozzle: 0.455 mm small and large vessels that Blood vessels
Alginate Collagen type I (2.5 x 10° to With the addition of VEGF EB P T & . . ) : [65]
7 ressure: 100 kPa were transplanted into the tissue engineering
1 x 107 cells/mL) growth factor. hi horioall .
Crosslinker: CaCl, 20 mM chicken embryo chorioallantoic
’ membrane (CAM) model and
showed proper blood perfusion
Grid like scaffolds with the size
Alginate: 3 wt.% Pressure: 10 to of 20 x 20 x 3.5 mm?
. NIH-3T3 SFMA: 1,3 and 5 wt.% 100 kPa Young’s modulus decreases
Alginate SFMA (5 x 10° cells/mL) Crosslinker: CaCO3 EB Printing speed: 300 with the increments of SEMA - [66]
and UV to 900 mm/s concentration.

Cell viability: 95% at day 7
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Table 1. Cont.

Polysaccharide Other Compounds Cell Type Bioink Formulation Bll(\’dirtl}?(:tlng Conditions Construct Properties Application Ref.
N M6e1 Im Alglna'te: ((),'5 % (w/o) NOZ.ZIQ.: 0-580 mm Grids with 1 cm? with 3 layers In vitro and in vivo
. Hyaluronic acid (1 x 10° cells/mL) HA:0.1% (w/v) Printing speed: .
Alginate . T e EB . and 6 strands each metastatic [58]
Gelatin ADSCs Gelatin: 3% (w/v) 400 mm/min Cell viabilitv: ~100% at dav 14 melanoma model
(1 x 107 cells/mL) Crosslinker: CaCl, 100 mM Pressure: 10-15 kPa ell viability: oatday €lanoma modets
Three-layered, disc-shaped
constructs of 15 mm diameter,
about 3 mm height for
characterization
Rectangular-shaped,
. ingle-layered construct
Primary adult Smge-ay
dermal fibroblasts Alginate: 2% (w/v) (15 I;E Yﬁi,hlj nﬁ?)l flsl?gth
Alginate Gelatin (5 x 10° cells/mL) Gelatin: 3.3% (w/v) EB Nozzle: 0.410 mm cell cultu%‘e Skin tissue 57]
5 DCEL Primary epidermal DCEL: 0.93% (w/v) Pressure: 120 kPa Youne’s modulus: 125 & 22 kP engineering
keratinocytes Crosslinker: CaCl, 100 mM oung = mocuus: . a
(7 x 10° cells/mL) Elongation of break:
91.70 £ 9.36%
Cell viability: at 21 days of
culture, histological analysis
showed the formation of both
dermal and epidermal
equivalent structures
(i) Single fiber in a lattice
Carrageenan: 2.5 wt.% Nozzle: 0.340 mm network. an d a layered lzflttme.
oS 6 W% Printing speed: network; (ii) 30-layer cylinder;
. MC3T3-E1 . ) ’ (iii) nose and ear models.
Carrageenan nSi Crosslinker: CaSOy EB 4 mm/s . : - [68]
(N/A) o . Compressive modulus:
1% (w/v) Extrusion flow rate: 208 + 6.5 kPa
Gelling temperature: 35 °C 0.3mL/h S : o
G’ recovery: 95%
Cell viability: 99% at day 7
(i) Single fiber in a lattice
) network and a layered lattice
Carrageenan: 1% (w/v) Ngfiiltiho'iogi?n network; (ii) 30-layer cylinder;
Carrageenan nSi MC3T3-E1 nSi: 2% (w/v) EB 20 n:gml;s ’ (iii) nose and ear models. _ [69]
& GelMA (1 x 106 cells/mL) GelMA: 10% (w/v) Extrusion flow rate: Compressive modulus:
Crosslinker: KCl and UV 0.15 mL,/h ’ 71.1 £ 4.9 kPa

G’ recovery: 75%
Cell viability: >90% at day 120
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Table 1. Cont.

Bioprinting

Polysaccharide Other Compounds Cell Type Bioink Formulation Method Conditions Construct Properties Application Ref.
C2C12 Carrageenan: 2% (w/v) Nozzle: 0.250 mm Grid-like scaffolds with
Carrageenan Gelatin (2.8 x 10° cells/mL Gel: 8% (w/v) EB Tem ere;tlire' 25°C 25 x 25 mm? - [71]
in Gel) Gelling temperature: 25 °C P ’ Cell viability: 90% at day 1
C2C12 Carrageenan: 2% (/) Nozzle: 0.250 mm Z%rfégk;fﬁgffl?rllisswit'
Carrageenan GelMA (3 x 10° cells/mL GelMA: 10% (w/v) EB e ’ pace: - [70]
in Gel MA) Crosslinker: KCl and UV Temperature: 25 °C 1.3 mm, and 4 layers
’ Cell viability: 96% at day 7
Grid-like scaffolds with
Carrageenan: 1.5% (w/v) Nozzle: 0.510 mm 25 x 25 mm?, line space:
. MSCs Alginate: 2% (w/v) Printing speed: 1.3 mm, and 4 layers
Carrageenan Alginate (5 x 10° cells/ mL) Cr(%sslinker: CaSOy EB 2 m%n/i Storage modulus: gOO Pa B (731
1% (w/v) Pressure: 50 kPa Cell viability: higher in
Alg-Crg bioinks at day 3
Grid-like structure with
ADSCs Crg-MA: 1% (w/v) Nozzle: 0.210 mm 10 x 10 mm? and 10 layers Adi i
Carrageenan-MA GelMA (1 x 105 GelMA: 10% (w/ ) EB Printing speed: in height e ton [72]
cells/scaffold) Crosslinker: UV 650 mm /min Young’s modulus: 2.2 to 2.5 kPa regeneration
Cell viability: >80% at day 14
. Nozzle: 0.400 mm Mandibglar models
nSi Carrageenan: 1% (w/v) Printing speed: Compressive modulus:
Carrageenan GelMA hMSCs nSi: 2% (w/v) EB 20 mm/s ’ 141 £+ 8 kPa Bone tissue [74]
GAG’s GelMA: 7.5% (w/v) E . ) Cell viability: high with engineering
. xtrusion flow rate: . . 4
proteoglycans Crosslinker: KCl and UV 0.15 mL,/h differentiation until day 90
’ (histological analysis)
Constructs printed as single
Auricular cartilage Agarose: 2, 3 and 4% (w/v), lines (print width = 0.5 mm,
Agarose Aleinate digested with combined with alginate in EB Nozzle: 0.160 mm length = 30 mm) Tissue engineerin (75]
& & Collagenase Type 4 a ratio of 3:2 Pressure: 65-75Psi ~ Compressive yield: ~15-20 kPa & &

cell suspension

Gelling temperature: 25 °C

Cell viability: >~70% cell
survival at day 28
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Table 1. Cont.

Polysaccharide Other Compounds Cell Type Bioink Formulation Bll(\’dirtl}?(:tlng Conditions Construct Properties Application Ref.
Grid-like scaffolds with
20 x 20 x 0.5 mm?
Agr stock solution: Storage modulus: 20 Pa
1% (w/v) ) (Agr-NOCC 40:60); 25 Pa
Acar NOCC neuro2A NOOC stock solution: EB Ngiilteiho'uo nc1lm (Agr-NOCC 40:60) _ [79]
§arose (1 x 10° cells/mL) 10% (w/v) 3 m‘f’ns/iee ’ Printability numbers: 0.95
Agr-NOCC 80:20, 60:40, (Agr-NOCC 40:60); 0.99
40:60 and 20:80 (Agr-NOCC 40:60)

Cell viability: 100% at day 14
(Agr-NOCC 40:60)

Abbreviations: ADSCs-Adipose-derived mesenchymal stem cells; Agr-Agarose; Alg-Alginate; C2C12-Mouse myoblasts cells; C3A-Liver cancer cell line; CNTs-Carbon nanotubes;
Col-Collagen; Crg-Carrageenan; Crg-MA—Carrageenan methacrylate; DCEL-Diethylaminoelthyl cellulose; EB-Extrusion bioprinting; G’-storage modulus; Gel-Gelatin; GeIMA-Gelatin
methacrylate; HA-Hyaluronic acid; hiMPCs-Human induced pluripotent stem cell-derived mesodermal progenitor cells; HUVECs-Human umbilical vein endothelial cells; iPSCs—
Induced pluripotent stem cells; MC3T3-E1-Mouse preosteoblasts cell line; Mel Im-Malignant melanoma cell line; MSCs-Mesenchymal stem cells; NOOC-N,O-Carboxymethyl chitosan;
nSi-Nanosilicates; rBMSC-Bone marrow stem cells; RPSCs—Schwann cells; SF-Silk fibroin; SFMA-Silk fibroin methacrylate; UV-Ultraviolet light.
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The combination of alginate with nanofibrillar bio-based materials such as protein-
based nanofibers has also been used with the same purpose, with a special focus on silk
fibroin (SF), a natural biomaterial extracted from Bombyx mori silkworms, known for its
excellent biological properties and good mechanical performance [61,66]. As an illustration,
Li et al. [61] explored the combination of SF fibers with alginate and Pluronic F127 (used as
a sacrificial polymer) to produce a vascularized liver mimetic tissue. The addition of 5%
(w/v) of SF to the bioink formulation of alginate (5% (w/v)) and Pluronic F127 (13% (w/v))
not only promoted a 99.5% cell viability of liver cancer cells (C3A) 14 days after printing,
but the printed scaffolds of alginate and SF also showed improved mechanical properties,
with compressive modulus increasing from 11.5 & 1.6 kPa (for alginate) to 16.0 &= 2.5 kPa
(for alginate/SF) [61]. In a more recent study, Kim et al. [66] designed a bioink composed
of alginate (3 wt.%) and SF methacrylate (SFMA) (1, 3 and 5 wt.%) loaded with NIH-3T3
fibroblasts, taking advantage of two different crosslinking methods (ionic gelation for
alginate and UV crosslinking for SFMA). The production of the printed scaffolds comprised
two steps: First, the alginate/SFMA bioinks were pre-crosslinked with CaCOj to reach
proper viscosity for extrusion printing, and second, the printed constructs were crosslinked
by UV light. The cells’ viability was kept close to 95% up to 7 days after printing, and SF
promoted cell proliferation (Figure 2A), as demonstrated by the increased optical density
for the printed constructs [66].

The production of alginate nanocomposites using other biobased reinforcing nanos-
tructures has also attracted enormous attention. In fact, nanocellulose fibers (and other
cellulose-based nanostructures, such as cellulose nanocrystals) have been widely used as
reinforcement additives for alginate hydrogels, as will be discussed below (Section 2.2.1,
dedicated to cellulose-based bioinks).

Due to the proven and cumulated knowledge regarding alginate hydrogels bioinks
in the latter years, the most important efforts on the development of novel alginate-based
bioinks have been essentially centered on creating more sophisticated 3D living scaffolds
from alginate that allow the fabrication of both “soft” (skin) [57] and “hard” (bone and carti-
lage) [55,56] biomimetic tissue constructs, on engineering vascular structures [62,65] and on
the design of disease models [58,59]. On this matter, for instance, Somasekharan et al. [57]
reported a bioink based on alginate blended with gelatin and diethylaminoethyl cellulose
(DCEL) to produce skin tissue analogues by extrusion bioprinting. The addition of gelatin
enhanced the cell adhesion due to the intrinsic presence of RGD peptide sequences on the
gelatin backbone, and the incorporation of DCEL provided matrix stability and improved
mechanical properties because of its fibrous nature. The optimal formulation composed
of alginate 2% (w/v), gelatin 3.3% (w/v), and DCEL 0.93% (w/v), was loaded with a dual
cell culture of primary adult fibroblasts and primary epidermal keratinocytes, and the
bioprinted scaffolds showed suitable mechanical properties when compared to skin tis-
sue, namely elasticity, with a Young’s modulus of 125 & 22 kPa and elongation of break
of 91.7 £ 9.36%. Fibroblasts and keratinocytes were co-cultured, and cell differentiation
within the scaffolds was monitored for 21 days. At this point in time, histological analysis
showed the formation of both dermal and epidermal equivalent structures [57].

Another important challenge in the field of bioprinting is the production of vascular-
ized structures to enhance cell nutrient delivery and oxygen perfusion [85]. In this realm,
Li et al. [62] developed an alginate/gelatin/carbon nanotubes (CNTs) hybrid bioink to
manufacture cylindrical scaffolds loaded with mouse epidermal fibroblasts, envisioning
the engineering of artificial blood vessels. The use of a modified extrusion method allowed
the production of hollow tubular scaffolds. The addition of 0.5% (w/v) of CNTs to the
alginate/gelatin blend mechanically reinforced the resulting bioink with only mild toxic-
ity to fibroblasts, which were maintained viable until 7 days, with a cell survival rate of
~85% [62].
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Figure 2. Schematic representations of some approaches used for the manufacturing of bioinks from
seaweed derived polysaccharides. (A) Alginate/SFMA bioinks pre-crosslinked with CaCO3 and
then photocrosslinked to produce stable printed constructs with high cell viability (Reproduced
with permission from [66]. Copyright American Chemical Society, 2021); (B) NICE bioinks com-
posed by carrageenan, nSi, and GelMA to produce printed mandibular models (Reproduced with
permission from [74]. Copyright American Chemical Society, 2020); and (C) bioinks combining
agarose and NOOC with high printability and cell viability (Reproduced with permission from [79].
Copyright Elsevier, 2021).

In a more recent study, Dogan et al. [65] took a step further by producing bioprinted
scaffolds using an alginate-collagen I bioink loaded with human induced pluripotent stem
cell-derived mesodermal progenitor cells (hiMPCs), cultured with the addition of vascular
endothelial growth factor (VEGF) to induce the formation of blood vessels. After 21 days,
it was possible to observe the formation of small and large vessels within the bioprinted
scaffolds, which were then transplanted into a chicken embryo chorioallantoic membrane
(CAM) to test their functionality. The printed vessels allowed proper blood perfusion
within the CAM model [65].

The development of advanced disease models, based on organ-on-chip technologies,
to study disease mechanisms and explore new drugs is also an important contribution
of the 3D bioprinting technology. For instance, Lewiki et al. [59] developed a bioprinted
neuroblastoma model. Specifically, this study aimed at the optimization of the precise
printing parameters to maximize cell viability in alginate hydrogels at 2% (w/v) for 7 days,
creating a tumor model for the testing of novel anti-tumoral drugs [59]. Following the same
premise, Schmid et al. developed an alginate bioink with hyaluronic acid and gelatin (0.5%
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alginate, 0.1% hyaluronic acid, 3% gelatin (w/v)) loaded with malignant melanoma cells
(Mel Im) to produce a melanoma 3D disease model [58].

2.1.2. Carrageenan

Carrageenan is an anionic sulfated polysaccharide extracted from the Rhodophyceae
red algae that occurs in six different forms, depending on their sulfate content, source,
and water-solubility, viz. (Kappa)k-, (Iota)t-, (Lambda)A-, (Mu)p-, (Nu)v-, and (Theta)6-
carrageenans [86]. Among them, k-, -, and A-carrageenans are the most popular and
commercially available ones, because of their excellent gelling and viscoelastic properties,
with molecular weights ranging from 200 to 800 kDa [87]. Carrageenans can form hydrogels
in the presence of mono- or divalent cations (e.g., K* or Ca®") due to the establishment of
interactions of those cations with the sulfate groups. Moreover, and as for most hydrogels,
the gelling process and gel viscosity of carrageenan depend on multiple parameters, in-
cluding the carrageenan form and sulfate content, molecular weight, concentration, and
temperature [86].

The application of carrageenan-based hydrogels in the biomedical field is well-known,
particularly in drug delivery, tissue engineering, and wound healing, as reviewed by
Yegappan et al. [88] and, most recently, by Jafari et al. [89], who also highlighted the
potential of carrageenan hydrogels for the formulation of bioinks. Several strategies have
been explored to develop carrageenan-based hydrogel bioinks with adequate properties,
namely the incorporation of nanostructures, such as nanosilicates (nSi) [69,70,75], the
combination with other biopolymers, such as gelatin [70,71] and alginate [73], and even the
chemical modification of the carrageenan macromolecular backbone with the production
of methacrylated derivatives [67,72], envisioning to improve some limitations mainly
related with their rheological properties and poor mechanical stability under physiological
conditions [88].

As an illustrative example, Wilson and co-workers [68] investigated the addition
of nSi to a k-carrageenan hydrogel to tune its shear-thinning and thermo-reversibility
for improved printability. The addition of 6 wt.% of nSi to a 2.5% wt.% k-carrageenan
gel decreased the gelling temperature from 40 °C to 35 °C, allowing the printing of the
hydrogel at physiological temperature. The addition of nSi also increased the compres-
sive modulus of the resulting hydrogels by about 2.5-fold, reaching 210 kPa for the «-
carrageenan 2.5%-nSi 6 wt.% bioink formulation. Complex anatomical structures, such as
a nose or an ear, were printed by extrusion, and the obtained constructs were crosslinked
in an aqueous K* salt bath, allowing the production of mechanically resilient structures.
Moreover, MC3T3-E1 mouse pre-osteoblasts were incorporated into the nSi-«-carrageenan
bioink and were found to be viable 7 days after printing of the constructs, based on the eval-
uation of the normalized Alamar blue percentage reduction [68]. In a subsequent study [69],
an ionic-covalent entangled bioink was produced by adding gelatin-methacrylate (GeIMA)
to the carrageenan/nSi blend. Carrageenan (1% w/v)/nSi (2% w/v)/GelMA (10% w/v)
printed scaffolds were double crosslinked by UV (due to the addition of GelMA) and a
K* aqueous solution, displaying improved mechanical properties, namely higher stiffness,
toughness, and elasticity. Moreover, compression tests revealed that single carrageenan
hydrogels with only ionic crosslinking showed poor recovery properties (<30%), while the
inclusion of the nSi and GelMA increased the recovery percentage up to 75%. In addition,
encapsulated MC3T3-E1 cells survived (cell viability >90%) and proliferated within the
constructs for up to 120 days [69]. These results motivated an additional study [74], where
the carrageenan/nSi/GelMA bioink was optimized for bone tissue engineering, using
human mesenchymal stem cells (hMSCs) and different cartilage and/or bone-like ECM
components, including glycosaminoglycans and proteoglycans, as displayed in Figure 2B.
Similar results in terms of mechanical performance and cell viability were observed for
these systems [74].

Regarding the strategy of combining carrageenan with other biopolymers, for exam-
ple, Kim et al. [73] blended k-carrageenan with alginate to prepare a bioink laden with
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mesenchymal stem cells (MSCs) and studied its properties for extrusion-based bioprinting.
The combination of alginate 2% (w/v) with different amounts of carrageenan, namely 0.5,
1, and 1.5% (w/v), resulted in bioinks with enhanced rheological behavior, specifically
with increasing viscosity values with the increments on the concentration of carrageenan.
Although carrageenan is not the main component of these formulations, it is used to im-
prove important properties of the bioinks. The increasing amount of carrageenan on the
bioinks formulations also resulted in improved mechanical performance, with G’ increasing
up to 900 Pa. Moreover, the viability of MSCs laden on the printed constructs for up to
3 days was higher for carrageenan-alginate bioinks in comparison to the single alginate ones
when evaluated by the normalized Alamar blue percentage reduction [73]. These results
are certainly related to the better biological properties of carrageenan compared to those of
alginate, which are known to be quite biologically inert, as previously referred.

In a different vein, Li and co-workers [70,71] developed a methodology to improve
the interfacial bonding of a 3D-printed multilayered structure by taking advantage of
the electrostatic interactions between two oppositely charged hydrogel inks based on
k-carrageenan and gelatin, respectively. The combination of carrageenan and gelatin
overcomes the limitation of using gelatin for bioprinting at 37 °C without a further post-
crosslinking step. Apart from the improvement of the mechanical stability, the viability
of mouse myoblasts C2C12 cells on the printed constructs after 24 h was above 90% for
the carrageenan and gelatin concentrations of 2 and 8 wt.% [71]. To further explore this
approach, the authors studied different anionic (alginate, xanthan, and carrageenan) and
cationic (chitosan, gelatin, and GelMA) hydrogels combinations. Based on the rheological
properties of the printed hydrogels and the structural integrity of the printed constructs, it
was found that the best combination was carrageenan (2 wt.%) and GeIMA (10 wt.%). In this
case, apart from the ionic interactions between the different layers, the UV crosslinking of
the GelMA layers obviously resulted in constructs with improved structural integrity and
mechanical properties. However, the UV crosslinking did not affect the myoblasts loaded
in the two hydrogels bioinks since the bioprinted constructs showed cell viabilities above
96%, up to 7 days post bioprinting [70].

As a different strategy to improve the properties of carrageenan hydrogel bioinks, the
chemical modification of k-carrageenan with methacrylate groups was first reported by
Mihalia et al. [67] to produce hydrogels by two consecutive crosslinking steps, namely with
exposure to UV irradiation followed by treatment with K*. These hydrogels showed good
printability for extrusion bioprinting, and the bioprinted scaffolds loaded with hMSCs
presented good cell viability (~75%) for long periods (up to 21 days) [67]. In a more recent
study, methacrylated k-carrageenan (1% w/v) was blended with GeIMA (10% w/v) [72]
to fabricate 3D-printed scaffolds to support adipose tissue regeneration, with a specific
application in breast reconstruction. Scaffolds printed by extrusion of the bioinks seeded
with adipose tissue-derived stem cells (ASCs), and crosslinked via UV radiation, showed
similar mechanical properties to those of native breast tissue (Young’s modulus of 2 kPa)
and were proven to be stable up to 21 days, maintaining high cell viability (>94%), and
induced cell proliferation (proliferation rate > 128%) up to 14 days [72]. In fact, to the best
of our knowledge, the only commercially available carrageenan-based bioink (KapMA) is
composed of methacrylated carrageenan, and it is commercialized by AdBiolnk [90].

2.1.3. Agarose

Agarose, the gelling fraction of agar—agar, is a neutral linear polysaccharide present in
the cell walls of red algae, soluble in water at 95-100 °C, with a molecular weight between
80 and 140 kDa, and high gelling strength even at very low concentrations, creating
thermoreversible gels [91]. The gelling mechanism of agarose occurs upon cooling and
lies in the establishment of intermolecular hydrogen bonds, which lead to the formation
of side-by-side chain aggregates originating the gel network [92]. Once agarose gels are
formed, at around 32-34 °C, they are stable and do not re-liquefy until heated to 65 °C [93].
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Agarose hydrogels are characterized by their good mechanical properties and long-term
stability [91], which are some of the requirements for bioinks development. However, the use
of agarose hydrogels for bioprinting is still very limited, mainly because of their biolog-
ical inertness, resulting in poor cell viability in long-term cultures [91]. In fact, to the
best of our knowledge, only two studies have been reported so far [75,79]. The first, by
Lopez-Marcial et al. [75], compared the mechanical and rheological properties, including
yield stress, storage modulus, and shear thinning, of single agarose and of agarose—alginate
hydrogels with those of Pluronic hydrogels, commonly used in bioinks design, to assess
their suitability for extrusion bioprinting of cartilage constructs. Even though the sin-
gle agarose hydrogels (2, 3 and 4% (w/v)) showed appropriate shear thinning behavior,
filament shape fidelity was not the best when compared with 30% Pluronic hydrogels.
However, the combination of agarose with alginate in a 3:2 ratio improved print fidelity
and demonstrated excellent cell viability for auricular cartilage cells, which was main-
tained over a 28-day culture period post-bioprinting (>70% cell viability at the end of
28 days) [75]. More recently, Butler et al. [79] explored the combination of agarose with
N,O-carboxymethyl chitosan (NOCC) in different ratios (80:20, 60:40, 40:60, and 20:80) for
the development of bioinks laden with neuron cells (neuro2A) (Figure 2C). The rheological
properties and printability by extrusion of these bioinks were mainly influenced by the
NOCC content, with the agarose-NOCC 40:60 and agarose-NOCC 20:80 bioink formula-
tions presenting the highest storage modulus (2025 Pa) and printability, evaluated by
the assessment of the printability number. However, comparing these two formulations,
the post-bioprinting cell viability of neuro2A for 14 days was higher (100%) for the scaf-
folds produced with the bioink with the highest content of agarose (agarose-NOCC 40:60),
which the authors considered to be the best blend in terms of a compromise between
mechanical performance and cell viability [79]. This study opens the possibility for future
developments in the field of agarose-based bioinks by exploiting the combination of agarose
with bioactive compounds or polymers [94,95], as extensively explored for alginate-based
bioinks and previously highlighted in Section 2.1.1.

Alternative applications of agarose hydrogels in bioprinting processes, rather than
bioink components, have also been explored [93]. At low concentrations (less than 1%
(w/v)), agarose hydrogels can be easily molded and used to cast sub-millimetric geome-
tries [93]. Taking advantage of this feature, Aydin et al. [78] developed a bioink composed
of agarose and alginate, produced by a microwave-assisted method, where agarose served
as a self-eroding sacrificial part to cast tubular structures within the cell-laden alginate,
generating living printed constructs with a vascularized network. Specifically, the use of
this sacrificial bioink allowed the bioprinting of a 2 cm tubular structure in only 2 min,
which retained shape fidelity and allowed very high cell viability (up to 95%) in a 3-day
culture of human adipose tissue-derived mesenchymal stem cells (AT MSCs) [78].

Another use of agarose gels in the bioprinting field is related to their role as a support
medium in suspended layer bioprinting, providing protection to fragile and/or complex
printed structures from collapsing prior to final crosslinking [76,77]. In this sense, Senior
et al. [76] studied the optimization of agarose and gelatin gels for suspended layer 3D
printing and bioprinting techniques, with agarose slurry showing more adequate properties,
based on rheological studies, for embedded printing of 3D structures than gelatin [76]. In a
different study, Cidonio et al. [77] used a 0.5% (w/v) agarose gel loaded with endothelial
growth factor as a support medium for the bioprinting of a laponite-gellan gum bioink for
skeletal tissue engineering [77].

2.2. Other Plants Derived Polysaccharides

Higher plants are considered one of the main sources of polysaccharides [96]. They produce
these natural polymers as structural components of cell walls, e.g., cellulose and pectins, or
as a source of energy, stored in the chloroplasts of plant cells, e.g., starch. The high diversity
of chemical structures and properties of these plant polysaccharides opens the possibility
for their application in several fields, including in the food area (e.g., as gelling agents) [97],



Int. J. Mol. Sci. 2022, 23, 6564

15 of 46

in the biomedical field (e.g., in drug delivery systems) [98], and, more recently, in tissue
engineering [99]. The interest in using some of these plant-derived polysaccharides in
the formulation of bioinks for 3D bioprinting applications has also grown considerably
in the later years, as summed up in Table 2, with several works using cellulose and
nanocelluloses [100-118] and pectin [119,120].

2.2.1. Cellulose

Cellulose, the major component of plant cell walls, is the most abundant polysac-
charide on Earth and consists of 3-D-glucopyranose units linked by (-(1,4) glycosidic
bonds [121,122], with a variable degree of polymerization (10,000 for native cellulose,
15,000 for cotton plant-fiber cellulose, and after extraction for other plant fibers the range is
about 800-10,000, depending on the applied treatment). The high density of free hydroxyl
groups contributes to the abundant intra- and intermolecular hydrogen bonds within and
between individual chains, promoting their association into cellulose fibers. These cellulose
fibers consist of highly ordered (crystalline) and disordered (amorphous) motifs arranged
in an alternating fashion. Cellulose fibers are essentially used to produce paper or tex-
tiles and, more recently, in the composite industry [123]. However, this strong network
of hydrogen bonds is also responsible for the insolubility of cellulose in most common
solvents [122]. To overcome this issue, chemical modification of cellulose permits the
production of cellulose derivatives with a plethora of properties and applications [124,125].
Carboxymethyl cellulose (CMC), methyl cellulose, ethyl cellulose, hydroxyethyl cellulose,
hydroxypropyl methyl cellulose, and mixed ethers such as hydroxyethylmethylcellulose,
obtained by reaction of cellulose fibers with alkyl halides in alkaline medium, are some
examples of commercially available cellulose derivatives. These cellulose derivatives can
be obtained with different degrees of substitution (DS) and, therefore, with a panoply of
properties. The use of cellulose derivatives for the development of bioinks has been recently
reviewed [126,127], and it is mainly focused on the exploitation of CMC. However, other
cellulose derivatives, such as methyl cellulose [101], hydroxyethylcellulose [112], and
hydroxypropyl methyl cellulose [113,114], are also starting to be studied in this context.
For instance, Ni et al. [114] mixed silk fibroin with hydroxypropyl methyl cellulose, that
was previously methacrylated, in different proportions (3:1, 2:2 and 1:3) to bioprint, through
extrusion, bone marrow-derived mesenchymal stromal cells (BMSC)-laden double network
hydrogels for cartilage tissue repair, as seen in Figure 3A. Regardless of the proportions
used, the mechanical properties of the double network hydrogels were improved when
compared to the hydrogels contain only silk fibroin or methacrylated hydroxypropyl
methyl cellulose. Nonetheless, increasing the silk fibroin (proportion 3:1) resulted in higher
mechanical strength, with compressive stress at 50% strain above 100 kPa. The proliferation
of BMSCs was addressed using the WST-1 assay, and it was shown that cells proliferated
slowly between day 1 and day 7 (0.29 and 0.40, respectively) and then started to proliferate
quickly at day 10 (0.86). The LIVE/DEAD assay revealed that the dead cells were up to
46% due to the shear stress imposed on the cells and the UV irradiation at day 1, and
decreased to 3% at day 10, which indicates that the formulated hydrogel offers an excellent
microenvironment for BMSCs to grow and proliferate.
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Table 2. Summary of the recent studies on higher plants derived polysaccharide-based bioinks for 3D bioprinting applications.
. - . Bioprinting ips . s
Polysaccharide Other Compounds Cell Type Bioink Formulation Method Conditions Construct Properties Application Ref.
. o Cubic model (10 x 10 x 2 mm?® with
. Algmate.. 4% (w/) Nozzle: 0.410 mm 1 mm of filament distance) was printed
Human pancreatic Alg:CMC: 4:1,2:1,4:3 Printi . ) .
. . . rinting speed: Young’s modulus: >75 kPa
CMC Sodium alginate cancer cells and 1:1 (dry mass) EB o - [100]
(2 x 10° cells/mL) Crosslinker: CaCl, 5mm/s for >4% CMC
4% (w /v) Pressure: 8 psi Cell viability: >70% for alginate/CMC,
? for 15 and 23 days after bioprinting
Sodium GelMA: 1 or 5% (w/v) Nl(’)fiilfi;&iozggl@ Cylindrical model (10 mm in diameter)
carboxymethyl GelMA, AlgMA C2C12 CMCMA, AlgMA, or EB 7 m?n/Ps ' Compressive modulus: 1.96 + 0.16 kPa Muscle tissue [109]
cellulose PEGDA (1 x 107 cells/mL) PEGDA: 1% (w/v) (GelMA-CMCMA) engineering
. Pressure: 2.5 bar s i
methacrylate Crosslinker: UV T o Cell viability: 60%
emperature: 10 °C
Cubic model (9.5 x 9.5 x 1.4 mm?)
Bovine primary Alginate: 3 wt.% Nozzle: 0.610 mm Compressive strength: 45.2 + 8.0 MPa
. MC: 9 wt.% Printing speed: for UV-treated, 32.1 + 6.8 MPa for the
Methyl cellulose Alginate (SCZO? (;iGrgzl}ge/s ) Crosslinker: CaCl, EB 10 mm/s autoclaved, and 27.7 + 4.6 MPa for - [101]
8 100 mM Pressure: 70-80 kPa scCO,Cell viability: >50% for all
samples, except for scCO,-treated
1Eo Printing speed: Grid-like construct (15 x 15 mm?)
cCMC: 15% (w/v) 5-10 mm/s C . dulus: 46 to 316 kP
hMSCs, NIH 3T3 NorCMC: 10% (w/v) Increased pressure Oiln pression mo fu us.1. 4 to 12 § a
NorCMC and cCMC N/A and HUVECs Thiol: norbornene: to EB from 1368 kPa when increasimg from 1% £0 Lo, 1o - [111]
7 . cCMC, and from 40 to 133 kPa
(1 x 107 cells/mL) 1:4,1:2 and 1:1. (30 min) to 276 kPa
. . for NorCMC
Crosslinker: UV (60 min) and 345 kPa - o .
. Cell viability: >80% for all cell lines
(90 min)
Sodium alginate: Cylindrical model (9 x 8 mm?);
1% (w/v) spheroid model and human
. . 3 Gelatin: 5% (w/v) Printing speed: ear structure
Hyc(gﬁi?; j;hyl Sodu(l;rgiigr: nate, a 071\215111; /7mL) Hydoxyethyl cellulose: EB 5mm/s Compressive modulus: 13 kPa Breast tumor model [112]
1% (w/v) Temperature: 25°C for hydroxyethyl
Crosslinker: CaCl, cellulose-reinforced constructs
1.5% (w/v) Cell viability: 98%
NaF and/or glycine Grid-like structures
was added to obtain a Nozzle: 0.210 mm Young’s modulus: 99 + 15 kPa
final HPMC-Si Printing speed: Cell viability: LIVE/DEAD assay
Hydroxypropyl NaF and glycine hMSCs concentration of EB 10 mm/s indicated that 3D bioprinting did not - [113]

methyl cellulose-Si

(1.106 cells/mL)

135¢g/L
Gelation temperature:
room temperature

Pressure: 3 bar
Temperature: 37 °C

affect cells since most green living cells
were observed at day 1 and
till day 7
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. - . Bioprinting ipe . R
Polysaccharide Other Compounds Cell Type Bioink Formulation Method Conditions Construct Properties Application Ref.
Hydroxypropyl methyl Ring-like structure (8 mm diameter);
cellulose methacrylate: cylindrical (8 x 4 mm?) open structure
Hvdroxvpropyl 5wt.% Nozzle: 0.160 mm and human ear structure
y YPropy AL BMSCs Silk fibroin: Printing speed: Compressive stress: above 100 kPa for Cartilage tissue )
methyl cellulose Silk fibroin 6 EB . . [114]
methacrvlat (1 x 10° cells/mL) Hydroxypropyl methyl 20 mm/s proportion 3:1 repair
ethactylate cellulose methacrylate: Pressure: 30-80 kPa Cell viability: nonnegligible cell dead
4:0,3:1,2:2, 1:4 and 0:4 46% at day 1 and decreased to 3% at
Crosslinker: UV day 10
Poly(2-ethyl-2-
oxazoline): 5% (w/v)
Alginate: 5% (w/v) S
Poly(2-ethyl-2- . . Grid-like structures . .
NFC oxazoline), Sortase A hACs (107 cells/mL) e 0'50’ 10,1.5and EB Nozzle: 0.410 mm Compressive modulus: ~30 kPa Cartll.a ge t%ssue [115]
- 2.0% (w/v) Pressure: 18-21 kPa - o engineering
and alginate . Cell viability: 90 & 2%
Crosslinker: Sortase A
100 uM and CaCl,
10 mM
NFC: 0.5-1.5% (w/v) . 5
Horseradish Alginate: 0.5% (w/v) Nozzle: 0.210 mm Lattice structure (20 x 21 mm 2) and
. 10T1/2 . . o ) human nose (12 x 15 mm*)
NFC peroxidase, glucose, 5 Crosslinker: EB Printing speed: s o - [116]
. (5 x 10° cells/mL) . . Cell viability: 54.1 £ 0.6% at day 1 and
and alginate horseradish peroxidase 22 mm/s
. 56.0 + 2.4% at day 7
100 (units/mL)
Alginate: 3 wt.% Cylinder-shaped structure
CMC: wt. 3% (10 x 0.8 mm?) In vitro model of the
NEC Alginate, CMC hSF (10° cells/mL) NFC: 1.5 wt.% EB Nozzle: 0.250 mm Cell viability: LIVE/DEAD assay - [117]
- g human dermis
Crosslinker: CaCl, indicated a homogeneous cell
2wt % distribution
NFC:Alg: 01:00, 20:80,
50:50, 60:40, 70:30, Nozzle: 0.413 mm Block (20 x 20 x 3 mm®)
80:20 and 90:10, with a Printing speed: Peak modulus <10 kPa for th Human meniscus
NFC Alginate hMFC (107 cells/mL) solid content of EB § speed: cax modulus <1u kta tor the A 1S [118]
10 mm/s 10-40% cumulative strain tissue engineering

3.5% (w/v)
Crosslinker: CaCl,
100 mM

Pressure: 55-200 kPa

Cell viability: >60%
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Table 2.

Polysaccharide Other Compounds

Cont.

Cell Type Bioink Formulation

Bioprinting

Alginate: 2.1, 1.5 and
0.9% (w/v)

Method

Conditions

Construct Properties

Application

Ref.

Alginate and
polydopamine
nanoparticles

NFC

NEFC: 2.1, 1.5 and
0.9% (w/v)
Polydopamine
nanoparticles:
0.5% (w/v)
Crosslinker: CaCl,
5% (w/v)

Commercial inks:

MC3T3-E1
(6 x 103 cells/cm?)

EB

Nozzle: 0.500 mm
Printing speed:
5mm/s

Grid structure (20 x 20 mm?)
Compressive modulus: 2.03 + 0.31 kPa
(higher for 1.5% (w/v) of alginate and
NEFC with 0.5% (w/v) polydopamine
nanoparticles)
Cell viability: >75%

Bone tissue
engineering

[102]

NEC Alginate and

fibrinogen

CNC

gelatin methacrylate
and
alginate crosslinked by
UV light (CELLINK®
GelMA A); (2) gelatin
methacrylate, xanthan
gum, and alginate-
fibrinogen (CELLINK®
GelXA FIBRIN); (3)
nanofibrillated
cellulose
(NFC)/alginate-
fibrinogen crosslinked
with CaCl, and
thrombin (CELLINK
® FIBRIN)

C2C12
(25 x 106 cells/mL)

Aldehyde CNC:
18 wt.%

EB

Nozzle: 0.250 mm
Printing speed:
16 mm/s
Pressure: 10-15 kPa

Lines (length: 20 mm and thickness:
0.35 mm)
Cell viability: >90%

Skeletal muscle
regeneration

[103]

Platelet lysate

Gelatin methacryloyl
CNC

hASCs

Platelet lysate:
(1 x 106 cells/mL)

2.88 wt.%
Crosslinker: CaCl,
10 mM

CNC:1,5,10 and

EB

Nozzle: 0.210 mm
Printing speed:
5mm/s
Temperature: 20 °C

Square lattice (1 x 1 x 0.25 cm?)
Cell viability: >90%

[104]

and hyaluronic acid
methacrylate

ATDC5

15% (w/v)
(1 x 10° cells/mL)

GelMA: 10% (w/v)
HAMA: 2% (w/v)
Crosslinker: UV

EB

Nozzle: 0.200 mm
Printing speed:
8-12 mm/s
Pressure: 2—4 bar

Cuboid structures (10 x 10 x 1.5 mm?)
Compressive modulus: 22.7 4= 2.8 kPa
to 55.8 £ 2.1 kPa with increasing CNC
loading to 10% (w/v)
Cell viability: >90% until 7 days
after bioprinting

[110]
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Table 2. Cont.

Polysaccharide Other Compounds Cell Type Bioink Formulation Bll(\’dirtl}?(:tlng Conditions Construct Properties Application Ref.
Cylindrical scaffolds (7.5 x 4 mm?)
Chitosan: 3% (w/v) Young’s modulus: 85.12 £ 4.31 Pa for
Hydroxyethyl cellulose Nozzle: 0.900 mm chitosan, to 122.12 4 13.84 Pa for 0.5%
Chitosan, MC3T3-E1 (0-0.5mg/mL) Printiﬁ .s cod: CNC and to 132.40 + 2.55 Pa for
CNC hydroxyethyl 5 CNC: 02% (w/v) EB & speed: 1.5% CNC - [105]
(5 x 10° cells/mL) . 2mm/s L Lo .
cellulose Crosslinker: Pressure: 20 kPa Cell viability: qualitative analysis through
-glycerophosphate ’ LIVE/DEAD indicated that bioprinting
100 mM and cell-laden bioinks did not comprise
cell viability
k-carrageenan: Nozzle: 0.200 mm Grid-like constructs (10 x 10 cm?)
k-carrageenan and 1.929 0.3 wt.% Printing speed: Compressive stress: 20.03 £ 0.02 and
CNC methvlcellulose (3 x 10° cells/mL) Methylcellulose: EB 1mm/s 23.28 £ 0.01 kPa when increasing CNC - [106]
y 7 wt.% Pressure: 110 kPa content from 2 to 4 wt.%
CNC: 2 or 4 wt.% Temperature: 25 °C Cell viability: >90%
Cuboid structure (8 x 8 x 2 mm?3),
Alginate: 5% (w/v) Nozzle: 0.160 mm cylinder (5 x 4 mm?)
RSC96 GelMA: 5% (w/v) Printing speed: Compressive modulus: 2.25 kPa to
BC Alginate and GeIMA (15 x 10° cells/mL) BC: 0.3% (w/v) EB 30 mm/s 10.92 kPa with the incorporation of BC - [107]
Crosslinker: CaCl, Temperature: Cell viability: the addition of BC did not
50 mM and blue light 20-25°C affect cell proliferation as cell proliferation
absorbance increase to > 3 at day 7
TEMPO oxidized Grid-like constructs
TEMPO oxidized N/A R1/E bacterial NFC: EB Nozzle: 0.900 mm Cell viability: LIVE/DEAD assay showed _ [108]
bacterial NFC (3 x 107 cells/mL) 1% (w/v) Room temperature that only at day 7 cells started to stretch
Crosslinker: N/A and elongate
Cuboid structures (8 x 8 x 4.5 mm? and
Human neonatal Pectin methacrylate: 17 x 17 x 2.4 mm3) Dermal tissue
Pectin methacrylate N/A dermal fibroblasts 1.5-2.5 wt.% EB Nozzle: 0.642 mm Cell viability: LIVE/DEAD showed that [119]

(1.5 or 2.5 wt.%)

Crosslinker: UV

after 24 h post-printing the printed
constructs displayed viable cells

engineering
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Table 2. Cont.

Bioprinting

Polysaccharide Other Compounds Cell Type Bioink Formulation Method Conditions Construct Properties Application Ref.
Pectin: 2 wt.% N;iilsngilsaiergm
. . o, . s 15 2
‘ Pluronic F127 MING Alglpate. 6 wt.% . 4mm/s Grl.d 11.k.e structures (8 x 2 mm )
Pectin R 7 Pluronic F127: 8 wt.% EB . Cell viability: >80 4 3.7% during the - [120]
and alginate (1 x 107 cells/mL) - Pressure: 50 psi
Crosslinker: CaCl, ) 7 days of culture
5 mM Temperature:
30+ 3°C

Abbreviations: 10T1/2-Mouse fibroblasts; Alg—Alginate; AlgMA-Alginate methacrylate; ATDC5-Mouse teratocarcinoma cells; BC-Bacterial cellulose; BMSCs-Bone marrow mes-
enchymal stem cells; C2C12-Mouse myoblasts cells; cCMC-Carbic (norbornene) functionalized CMC; CMC-Carboxymethyl cellulose, CMCMA-Carboxymethyl cellulose methacrylate;
CNC-Cellulose nanocrystals; GeIMA-Gelatin methacrylate; hACs—-Human auricular chondrocytes; HAMA-Hyaluronic acid methacrylate; hASCs-Human adipose-derived stem cells;
hMFC-Human meniscus fibrochondrocytes; hMSCs-Human mesenchymal stromal cells; hSF-Human-derived skin fibroblasts; HPMC-Hydroxypropyl methyl cellulose; HUVECs-
Human umbilical vein endothelial cells; L929-Mouse fibroblasts; MC-Methyl cellulose; MC3T3-E1-Pre-osteoblasts; MCF-7-Human breast cancer cell line; MIN6-Mouse insulinoma cells;
NIH3T3-Fibroblasts cell line; NFC- Nanofibrillated cellulose; NorCMC-Norbornene CMC; R1/E-Pluripotent mouse embryonic stem cells; PEGDA-Poly(ethylene glycol) diacrylate
RSC96-Schwann cells; TEMPO-(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl.
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Figure 3. Various approaches for the development of bioinks from higher plant-derived polysaccha-

RGD Thioether bond .++..- Methacrylate kinet

rides. (A) Bioink from hydroxypropyl methylcellulose and silk fibroin for the bioprinting of BMSCs
cells (Reproduced with permission from [114]. Copyright American Chemical Society, 2020); and
(B) bioink of methacrylated pectin with RGD for 3D bioprinting of hANDFs cells (Reproduced with
permission from [119]. Copyright Royal Society of Chemistry, 2018).

Additionally, the development of nanocellulose forms, viz. nanofibrillated cellulose
(NFC) [128], obtained by the disintegration of cellulose through the combination of in-
tense mechanical treatments and chemical or enzymatic treatments; cellulose nanocrystals
(CNC) [129], prepared by acid hydrolysis of cellulose fibers; and bacterial cellulose (BC)
produced by non-pathogenic aerobic bacteria [122] also opened the possibility to extend
the applications of cellulose to other fields [130]. High surface area, excellent mechan-
ical properties, biocompatibility, and biodegradability are some of the most important
features of these cellulose nanoforms, that confer the possibility of using nanocelluloses
in biomedical fields, including in 3D bioprinting applications [130]. The use of nanocel-
lulose forms in 3D bioprinting applications has been reviewed [40,46,47], with the more
recent papers focusing on different crosslinking strategies to integrate multicomponent
nanocellulose-based bioinks [32], the advantages and disadvantages, applications of cel-
lulosic bioinks in printing vascular tissue, bone, and cartilage [49], and other biomedical
applications (e.g., drug delivery and wound dressings) [41]. Most of the studies regard-
ing nanocellulose-based bioinks have been focused on the combination of alginate with
nanofibrillated cellulose (NFC) in bioink formulations [131], which has already been trans-
lated into a commercial bioink, viz. CELLINK Bioink from Cellink [132]; throughout the
years, not much evolution and creativity has been observed regarding the use of NFC as
a bioink component. Most recent studies still describe its combination with alginate for
bioprinting of different cell lines, namely human cartilage [115,116], human dermis [117],
bone [102,118], and skeletal muscle [103]. Additionally, nanocelluloses are still mainly used
as reinforcing components for hydrogel bioinks due to their excellent mechanical properties.
As an illustrative example, Im et al. [102] recently formulated a hydrogel-based bioink
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using alginate, 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-oxidized cellulose
nanofibrils, and polydopamine nanoparticles (with a total solid content of 3% (w/v)) to
produce a functional bioink for MC3T3-EL1 cell line printing and bone tissue formation.
As expected, the formulated hydrogels showed a shear-thinning behavior. Moreover, the
storage modulus was higher than the loss modulus in the range of the tested frequencies
(0.1-100 Hz) for all samples, indicating a gel-like behavior. Increasing cellulose nanofibrils
content from 0.9 to 2.1% (w/v) led to an increase in the storage modulus from 541 to 1214 Pa,
while the incorporation of 0.5 wt.% polydopamine nanoparticles further increased the stor-
age moduli up to 2.3-fold. Furthermore, cell viability (LIVE/DEAD assay) of osteoblasts
was above 80% on day 1 and 7 for all tested bioinks, demonstrating the cytocompatibility
of the formulated bioinks.

The exploitation of cellulose nanocrystals (CNCs) has been described more recently, namely
through their combination with alginate [133] or other biopolymers/compounds (platelet
lysate [104], gelatin methacrylate /hyaluronic acid methacrylate [110], carrageenan [106], and
chitosan [105]). For example, Boonlai et al. [106] blended CNCs, k-carrageenan, and methyl-
cellulose, and a suitable hydrogel was created through ionic crosslinking (with aqueous
KCl) for 3D extrusion-based bioprinting of living constructs for bone tissue engineering
and regeneration applications. The addition of 2 and 4 wt.% of CNCs into the hydrogels led
to better shear-thinning behavior since nanocellulose improved the rheological properties
of the bioink. Moreover, CNCs-reinforced hydrogels showed an increase in compressive
stress at 30% strain from 20.03 =+ 0.02 to 23.28 £ 0.01 kPa when increasing CNCs content
from 2 to 4 wt.%, respectively. Five days after bioprinting, the viability of 1.929-laden
printed constructs was higher than 90%, indicating that both formulated biomaterials and
the bioprinting process were not harmful to these cells. Another interesting work by Matu-
ravongsadit et al. [105] explores the use of these cellulose nanoforms for reinforcement of a
chitosan-based bioink, which will be detailed in Section 2.4.

Bacterial cellulose (BC), although obtained from microbial sources, will be addressed
in this section, given its relevance as a nanocellulosic reinforcement agent. This is the least
explored nanocellulose form in 3D bioprinting, with only two reported studies [107,108].
This could be due to the fact that, in order to be used for the development of bioinks, BC
needs to be disintegrated to form a suspension [32]. For instance, Wu et al. [107] used
extrusion-based 3D bioprinting technologies to fabricate a nerve scaffold composed of
neuronal Schwann (RSC96) cells laden in a sodium alginate-GelMA-BC-based hydrogel.
A thixotropic evaluation revealed that, at 0.1 s~!, the ink with BC had a viscosity of
4 x 10° Pa-s, which was higher than the formulations without BC. Increasing shear rate led
to an accentuated decrease in viscosity, which was rapidly recovered after the shear rate
was restored to 0.1 s~ 1. Furthermore, the incorporation of BC in the hydrogels improved
the mechanical properties, with compression modulus increasing from 2.25 kPa for GelMA
to 10.92 kPa for GeIMA-BC-based hydrogels. LIVE/DEAD assay revealed high cell viability
since most of the cells seen in fluorescence microscopy were stained in green, and from day
1 to day 7, the number of fluorescent cells increased. However, no quantification of viable
cells was carried out. Cells were able to grow and form linear connections, a phenomenon
more evident in BC-based hydrogels, suggesting that BC promoted the oriented growth of
RSC96 cells and the adhesion to sodium alginate-GelMA hydrogel.

2.2.2. Pectin

Pectin is an anionic polysaccharide present in fruits, such as apple pomace and citrus peel,
and in vegetables, and it is composed of three polysaccharide domains, viz. homogalacturonan,
rhamnogalacturonan-l, and rhamnogalacturonan-II [134,135]. Homogalacturonan is the major
domain and contains «-(1,4)-D-linked galacturonic acid units, with differing degrees of
methylation of the uronic acid residues and molecular weights between 50 and 150 kDa.
Pectins with low methylation degrees form hydrogels in the presence of multivalent ions
(e.g., Ca%*, Mg?*, Fe*, Cu*"), whereas pectins with higher methylation degrees form hydro-
gels by the establishment of hydrogen bonds and hydrophobic interactions at low pH and
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with the addition of different sugars (e.g., sucrose or glucose) [136,137]. Pectin hydrogels
are non-toxic and have been used in various fields of biomedicine, including bandages, soft
contact lenses, and drug delivery systems, as recently reviewed by Li et al. [138]. The role
of pectin as a promising polysaccharide for the development of bioinks for 3D bioprint-
ing has also been mentioned by Jovic et al. [139] who reviewed plant-based biomaterials
for 3D bioprinting and other biomedical applications, and by Indurkar et al. [140], who
summarized plant-based biomaterials for tissue engineering.

Even so, the applications of pectin in 3D bioprinting only started to be explored in
2018 by Pereira et al. [119]. In this study, pectin was methacrylated (PECMA) to allow the
binding of integrin motifs (by biofunctionalization with a cell-adhesive peptide containing
the amino acid sequence RGD) and the formation of hydrogels by UV photopolymerization
(Figure 3B). Increasing PECMA concentration from 1.5 to 2.5 wt.% led to an increase in
G’ values from 0.0769 £ 0.0077 kPa to 2.6 £ 0.3 kPa, respectively. Furthermore, PECMA
(1.5 wt.%) formulations were incubated with different concentrations of CaCl, (0-5 mM),
and ionic pre-crosslinking resulted in a significant increase of the yield stress from 1.18 Pa at
3 mM and to 9.16 Pa at 5 mM, with the concentration allowing the ink to form a continuous
filament when printing by extrusion. The final UV crosslinking after printing increased
the stability of the obtained constructs. The cell viability of human neonatal dermal
fibroblasts (hNDFs), laden on this PECMA bioink, was qualitatively evaluated by analysis
of the LIVE/DEAD assay, and the results showed that after 24 h post-printing, the printed
constructs displayed viable cells. In this study, quantification was also not considered,
and higher post-printing periods were also not considered for this characterization. More
recently, Hu et al. [120] explored the incorporation of pure pectin in alginate-Pluronic-based
hydrogels to reduce the inflammatory response to cell replacement therapies and later
implanted it in mice. The addition of pectin did not influence the viscoelastic properties
of the formulated hydrogel bioinks since they had similar elastic modulus (stiffness) as
the ones without pectin (around 190 kPa). Additionally, pectin was able to protect the
bioprinted insulin-producing insulinoma (MING6) cells from inflammatory stress, which
was evidenced by the higher cell viability (73.3 £ 3.7%) when compared with pectin-free
constructs (64.4 £ 1.8%). This work highlights the role of pectin in reducing inflammatory
responses, which can be further explored in the future in other bioink formulations.

2.2.3. Starch

Starch is a neutral polysaccharide produced by plants, such as rice, wheat, and maize,
in the form of insoluble granules that constitute their main energy source [141]. In disregard-
ing the plant source, starch is composed of two different polysaccharides: amylose (linear
chain composed of (1,4)-linked a-d-glucan, with a molecular weight of 10° g-mol~!) and
amylopectin (branched «-d-glucan, with a molecular weight of 10°~107 g-mol—1). At room
temperature, this polysaccharide is insoluble in water and forms a suspension [142].
Nonetheless, upon heating, the granules swell and gelatinize. This promotes the sep-
aration of the amylose fraction from amylopectin and the emergence of a continuous phase
surrounding the swollen granules. By cooling the starch suspension, the amylose phase
separates, leading to gel formation. The resulting gel is highly stable and biocompatible,
and, therefore, it has been used in the biomedical field, viz. in drug delivery systems [143].
However, to the best of our knowledge, starch has never been used in the development of
cell-laden bioinks for 3D bioprinting applications. One reason could be related to the fact
that heat treatments (100 °C) are often needed to dry and maintain the integrity of starch
printed structures, as highlighted by Aljohani et al. [144] and Carrow et al. [145].

Recently, Maniglia and co-workers [146] explored the modification of cassava starch
by using an ozone process to evaluate the potential of starch to produce hydrogels for
3D food printing. Ozonation time originated a modified starch with higher carbonyl and
carboxyl contents, acidic character, and reduced molecular size, leading to hydrogels with
different behaviors depending on the extent of the ozonation but adequate for extrusion
3D printing. Following a different strategy, Noe et al. [147] used starch methacrylate to
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generate a photocrosslinkable hydrogel and evaluated its processability by photocuring in
amold or by digital light processing (DLP) 3D printing. This modification strategy allowed
the authors to obtain hydrogels with good mechanical and rheological properties and to
print starch structures without the need for any additional heat treatment. In a different
vein, pure starch was combined with gellan gum to formulate 3D-printed scaffolds with
various printing gaps for seeding Schwann cells [148]. Results indicated that the printed
constructs were stable, with adequate swelling ratios, and were non-cytotoxic toward
the L929 fibroblast cell line. These approaches will certainly potentiate the future use of
starch in the formulation of cell-laden bioinks for 3D bioprinting applications, due to their
suitability for 3D bioprinting as, in fact, explored for other polysaccharides.

2.3. Microbial Derived Polysaccharides

Several microorganisms produce polysaccharides that act as storage components or
participate in distinct biological processes, such as cell adhesion, molecular recognition, and
cell—cell interaction [149]. Microbial polysaccharides can accumulate inside the microbial
cells, the so-called intracellular polysaccharides, such as glycogen [150], or be secreted to
the surrounding or synthesized extracellularly, and these are known as exopolysaccharides
or extracellular polysaccharides (e.g., dextran, xanthan gum, gellan gum, pullulan, and
bacterial cellulose) [149]. Here, only exopolysaccharides (except for bacterial cellulose that
was considered in Section 2.2) will be reviewed since they are the most commonly used
microbial polysaccharides for bioprinting applications [26]. The usage of these polysaccha-
rides in 3D bioprinting is still gaining ground since the exploitation of microbial-derived
polysaccharides-based bioinks has only been recently described in the literature [151-162],
as summarized in Table 3.

2.3.1. Dextran

Dextran is an exopolysaccharide produced by several bacteria, such as Leuconostoc
meenteroides, Lactobacillus brevis, and Streptococcus mutans, and its secretion is used by
bacteria to form biofilms or protective microbial coatings [163]. Dextran is a branched
polysaccharide composed of glucose units linked consecutively by «-(1,6) linkages, and o-
(1,3), and occasionally «-(1,4) or x-(1,2) branched linkages, with a molecular weight ranging
between 1 and 40,000 kDa [164]. However, since pure dextran cannot form hydrogels, it
must be chemically modified, either by functionalization with methacrylate groups or by
oxidation techniques [165], to enable crosslinking.

In fact, to date, only one study reported the use of oxidized dextran for the bioprinting
of a vascularized construct for wound care, using a promising core/shell extrusion-based
3D bioprinting technology [151]. To achieve that, peptide-functionalized succinylated
chitosan (C) and periodate oxidized dextran (D)-based hydrogel was used as the core,
and GelMA was used as the shell (Figure 4A). Two types of cells were used in this work:
HUVECs in the core and BMSC in the shell. The 3D bioprinted peptide-CD/GelMA
constructs provided an appropriate microenvironment for cell growth and differentiation,
with HUVEC-specific markers detectable 21 days after bioprinting, demonstrating the
presence of endothelial cells within the tube-like structures. Furthermore, osteogenic
differentiation indicated that the components of the constructs did not affect BMSC multi-
potency, which is important to create regenerative constructs that may differentiate into
another cell type as needed. Despite being the sole study to date on the use of dextran-
based bioinks, this work opens the door to the use of this polysaccharide to produce
vascularized structures, which is still one of the main challenges in the 3D bioprinting of
living tissues [85].
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Table 3. Summary of the recent studies on microbial derived polysaccharide-based bioinks for 3D bioprinting applications.

Polysaccharide Other Compounds Cell Type Bioink Formulation Bllt\)llpertlltll(:gig Conditions Construct Properties Application Ref.
hBMSC Succinylated Nozzle: 0.400 mm Core/shell structure (12 x 12 x 4 mm?)
GelMA, succinylated (1.0 x 10° cells/mL) %ut(;san: ? c{o }(lwc/i v? Prn;tmg s/peed: Young's modu(liusé i(;o 1;Pa for GelMA
Dextran chitosan and and e ra({m arachyde: EB mm S. L a’or Wound healing [151]
dextran aldehyde HUVEC 0.6% (w/v) Pressure: chitosan-dextran hydrogel
(1.0 x 106 cells/mL) GelMA: 13% (w/v) 150-225 kPa Cell viability: cell growth increased
’ Crosslinker: UV Temperature: 25 °C until day 21
p y
Sle li\iﬁelgé) EZ;Z; Grid-like structures
CN%C' 1 0.r 20; (w/2) Young’s modulus: >40 kPa for
Xanthan eum GelMA, alginate hMSCS Xantilan uI:r 1or EB Nozzle: 0.515 mm UV + ionic (with Ca2*)-crosslinked _ [152]
& and CMC (2.5 x 10° cells/mL) 20 (%u /v). T hydrogels, >20 kPa for UV-crosslinked
Cr i)ink UV and <20 kPa ion-crosslinked
ossinxer: Cell viability: >80%
and CaCl,
ECs/hESC-ECs Xanthan gum: 10% Nozzle: 0.410 mm Grgl(—)hi(i OC in;ti;lf;?; s
6 - .
Xanthan gum Collagen type 1 (10 x 10° cells/mL) (w/o) EB Printing speed: -y iobility: 92.39 4 2.02% at 24 h post - [155]
& gen typ and hESC-FBs Collagen: 15 mm/s y p
(2 x 10° cells/mL) 473 mg/mL Pressure: 29-35 kP~ Printingand 8940 £ 258% at 48 h
5 post printing
Primary Xanthan gum: 0.3,
human-derived-skin 0.7 1 and 1.2% (w/v) Grid-like constructs (1 cm?)
fibroblasts Gelatin: 2.5 and 3% Nozzle: 0.250 mm Cell viability: bioprinting process did
Xanthan gum Gelatin (0.5 x 10° cells/mL) (w/v) EB Pressuré' 1 020 kPa not affect the cell viability, as no sign of - [154]
and Crosslinker: ' cell death was visible on day 1
HaCaTs glutaraldehyde 0.3, after bioprinting
(5 x 10° cells/mL) 0.5and 1% (v/v)
Gellan eum: Nozzle: 0.908 mm
Poly(lactic acid) Mesenchymal 1% (wg/v) ’ Printing speed: Grid-like structures (2.25 mm
Gellan gum yGelM A ! stromal cells GelM AO 10% (w//0) EB 79 mm/s line spacing) - [156]
(10 x 10° cells/mL) Crossl.inke:“ uv Temperature: Cell viability: >80% after 3 days
: room temperature
Gellan gum Primary cortical RGD-ge(lzljjlv%um: 1% Cylindrical structure
modified with RGD N/A neurons Crosslinker: CaCl, EB Nozzle: 0.200 mm Cell viability: >70% until day 7 - [157]

(1 x 106 cells/mL)

1M

after bioprinting.
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Polysaccharide Other Compounds Cell Type Bioink Formulation Method Conditions Construct Properties Application Ref.
Rectilinear and honeycomb structures
Gellan gum: Young’s modulus: higher values for
Cell PEGDA BMSCs 0.75 wt.% EB Nozzle: 0.515 mm h%)ne comb séru cgtures than Intervertebral [158]
chan gum (2 x 10° cells/mL) PEGDA: 15 wt.% Temperature: 37 °C y e disc regeneration
Crosslinker: UV for rectilinear
rossimier: Cell viability: >90%
Sharp cone (10 mm in diameter and
height), square prism (bottom diameter
Gellan gum: 1.0, 1.5, Nozzle: 0.515 mm 10 mm, top diameter 10 mm, height
BMSCs and 2.0 wt.% Printih 'S ced: 10 mm) and human scale ear and nose
Gellan gum PEGDA MC3T3-E1 PEGDA: 0, 5.0, 10.0 EB 10 m{;ml;s ) Young’s modulus: UV crosslinking of - [159]
(2 x 106 cells/mL) and 15.0 wt.% Temperature: 37 °C G1.5P10 (chosen formulation) caused
Crosslinker: UV P ’ an improvement in the Young’s
modulus from 40 kPa to 60 kPa
Cell viability: >87%
GelMA: 2,4,10,15, Nozzle: 0.410 mm Grid pattern (9 x 9 x 10 mm?) and
20, 30% (w/v) Printing speed: tubular structure .
Gellan gum GelMA @ x 15625911125 /mL) Gellan gum: 0, 0.2, EB 1.7 mm/s Compressive modulus: 9-16 kPa eiOfi;telZ:if [160]
04,1,1.5% (w/v) Pressure: 1.2 bar Cell viability: maintained > 95% at all & &
Crosslinker: UV Temperature: 25 °C time points (0, 7 and 14 days).
Sodium alginate: 2.5
or 4.0% (w/v) Grid-like constructs (20 x 20 mm?),
Gellan gum: 3.0 or . ) . 1
2.0% (w/v) human mandible, university symbo
Sodium alginate and . . abbreviation and human nose
. . Sodium Nozzle: 0.410 mm . .
thixotropic MG-63 . L . Compressive stiffness: 299 + 71 kPa for .
Gellan gum . 6 alginate-gellan gum EB Printing speed: o o Osteochondral repair [161]
magnesium (1 x 10° cells/mL) . : 2.0% gellan gum and 4.0% (w/v)
to thixotropic 0.005 mL/s ; .
phosphate-based gel . sodium alginate
nagnestum 11 viability: relati liferation rat
hosphate-based gel Cell viability: relative proliferation rate
P (1.5:1) >100% 5 and 7 days after bioprinting
Crosslinker: UV
Gellan gum: Cuboid structures (10 x 10 x 5 mm?)
12 mg/mL Compressive elastic modulus: ink with
Fibrinogen: 25, 50, Nozzle: 0.240 mm 100 mg/mL of fibrinogen had the
- pMCs 75,100, 125, and Printing speed: highest with values increasing from Fibrocartilaginous
Gellan gum Fibrinogen (1.5 x 107 cells/mL) 150 mg/mL EB 250 mm /min 136 & 150 23.1 + 2.7 KPa at 3% strain,  tissue regeneration |02}
Crosslinker: Pressure: 45-65 kPa  14.8 4 2.1 to 24.3 + 1.8 KPa at 6% strain
thrombin 20 (U/mL) and 17.9 £ 3.2t0 27.5 £ 2.3 KPa at 12%
and UV Cell viability: >90% during the culture
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Table 3. Cont.

Bioprinting

Polysaccharide Other Compounds Cell Type Bioink Formulation Method Conditions Construct Properties Application Ref.
Two different
alginate-gellan gum
blends were
prepared: 1.5% (w/v) Grid-like structures
alginate, 0.5% (w/v) Nozzle: 0.200 mm Elastic modulus: 0.3% Alg-0.8% gellan
gellan gum and Printing speed: gum-0.01% laminin had the lowest In vitro neural
Gellan gum Alginate and laminin hiNPCs 0.01% (w/v) laminin, EB 4.1 mm/s elastic modulus (20 kPa) when models [153]
and 0.3% (w/v) Pressure: compared to 1.5% Alg-0.5% gellan
alginate, 0.8% (w/v) 450-550 kPa gum-0.01% laminin (35 kPa)
and 0.01% (w/v) Cell viability: 60%

laminin gellan gum
Crosslinker: CaCl,
0.09M

Abbreviations: BMSCs—Bone marrow mesenchymal stem cells; C2C12-Mouse myoblasts cells; CMC-Carboxymethyl cellulose; ECs/hESC-ECs—-Human embryonic stem cells and
endothelial cells; GeIMA-Gelatin methacrylate; HaCaTs—Human epidermal keratinocyte; hBMSCs—-Human bone marrow derived mesenchymal stem cells; hINPC-hMSCs-Human
mesenchymal stromal cells; HUVECS-Human umbilical vein endothelial cells; hINPC-Human induced pluripotent stem cells-derived neural progenitor cells; MC3T2-E1-Pre-osteoblasts;
MG-63-Osteosarcoma cells; pMCs-Porcine primary meniscus cells.
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Figure 4. Diverse strategies for the creation of novel bioinks from microbial derived polysaccharides.
(A) Core/shell bioinks composed of dextran aldehyde and succinylated chitosan (core), and GelMA
(shell) for the bioprinting of MSCs and HUVECs cells (Reproduced with permission from [151].
Copyright American Chemical Society, 2020); (B) UV-crosslinked bioinks gellan gum and PEGDA
with BMSCs and MC3T3-E1 cells (Reproduced with permission from [159]. Copyright Elsevier, 2018).

2.3.2. Xanthan Gum

Xanthan gum is a negatively charged exopolysaccharide with an average molecular
weight close to 2000 kDa, synthesized by Xanthomonas campestris bacteria, composed of a 1,4
linked 3-D-glucose main chain, with trisaccharide side chains composed of 3-D-mannose,
(3-D-glucuronic acid, and «-D-mannose [166]. In aqueous solutions, xanthan gum presents
two different conformations depending on the temperature: an ordered and rigid double
helical strand structure with a gel-like behavior at low temperature (below 40-50 °C) and a
disordered and flexible coil structure at higher temperatures (above 50 °C). A drawback of
xanthan gum is the formation of aggregates in water, upon dispersion, due to inadequate
hydration [167]. As a result, a gelatinous outer layer is formed, which blocks the infiltration
of water and, therefore, compromises the complete dissolution of this polysaccharide.
To overcome this issue, xanthan gum may be modified or combined with other polymers
(through crosslinking processes) to improve its water solubilization [168]. Despite this issue,
xanthan gum is frequently employed as a viscosity regulator due to its excellent rheological
characteristics. As a result, it constitutes an excellent option to improve the rheological
and mechanical characteristics of bioinks. However, its application in the fabrication of
bioinks for 3D bioprinting is still relatively new, with just three published papers on the
topic [154,155,169].

Specifically, Lim et al. [152] benefited from the shear-thinning properties of xanthan
gum and combined it with CMC in different concentration ratios (1:1, 1:2, 2:1, and 2:2) and
with alginate, GeIMA, and hMSCs for the development of an adequate bioink for extrusion-
based bioprinting. The viscosity of the bioinks decreased as the shear rate increased, con-
firming the contribution of xanthan gum to the shear-thinning behavior. Furthermore, all
formulations showed a gel-like behavior as the G’ was higher than the loss modulus (G”)
within the tested region (1-100 rad/s). Two different crosslinking methods were evaluated,
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namely UV irradiation and UV plus ionic crosslinking (with Ca?*). No differences were
observed in the viabilities of the hMSCS cells on the bioprinted constructs crosslinked with
the two distinct approaches (with cell viability >80%). However, considerably higher cell
proliferation was detected for the hydrogel constructs crosslinked under the UV and ionic
conditions, as evaluated using the bromodeoxyuridine (BrdU) assay. These results were
attributed by the authors to differences in pore size and distribution, which may affect cell
infiltration behavior and proliferation. The combination of xanthan gum with GelMA is
also the base of two commercial bioinks, namely GelXA and GelXG, commercialized by
Cellink company [169,170].

In another study, Muthusamy et al. [155] also explored the thickening properties of
xanthan gum, conjugating this polymer with neutralized collagen type 1 to develop a
bioink for bioprinting endothelial cells in specific spatial locations, sandwiched between
bioprinted layers of fibroblasts to promote vessel formation. The rheological evaluation
showed that the addition of xanthan gum (0.5-10% (w/v)) contributed to a higher viscos-
ity (up to 1088.8 mPa-s for the formulation with 10% of xanthan gum) and a higher G/,
enhancing the printability of the collagen-based formulations. The bioink showed a shear-
thinning and a gel-like behavior, as G’ values were higher than G”. Furthermore, cell-laden
bioprinted constructs displayed overall high cell viability (92.39% =+ 2.02% at 24 h post
printing and 89.40% =+ 2.58% at 48 h post-printing). Endothelial sprouting and formation
of interconnected capillary-like networks within the lattice were also observed by day
6. More recently, Piola et al. [154] prepared xanthan gum/gelatin-based bioinks, with
different proportions of the biopolymers, laden with human keratinocytes and fibroblasts
to produce scaffolds for cell growth or wound dressings [154]. Here, glutaraldehyde was
used to crosslink gelatin. As expected, higher amounts of gelatin (2.5 and 3% (w/v)) and
xanthan gum (1.2% (w/v)) contributed to higher shape retention of the bioprinted struc-
tures. However, the glutaraldehyde crosslinking of gelatin was essential to maintain the
shape of the constructs. The bioprinting process of the cell-laden bioinks did not affect the
cell viability, as no sign of cell death was visible on day 1 after bioprinting. In fact, cell
proliferation increased until 14 days of culture [154].

2.3.3. Gellan Gum

Gellan gum is an anionic extracellular bacterial polysaccharide produced by micro-
bial fermentation of Sphingomonas paucimobilis, composed of a repeating unit of 3-(1,3)-
D-glucose, 3-(1,4)-D-glucuronic acid, 3-(1,4)-D-glucose, and «-(1,4)-L-rhamnose, with a
molecular weight of 500 kDa [171]. This polysaccharide is also thermo-responsive, as it
exists in coil form in solutions at temperatures above 60 °C [172]. Below this temperature,
it evolves into a double-helix form, producing a hydrogel. Moreover, the presence of
carboxylic groups in its structure allows the formation of hydrogels in the presence of mono
and divalent ions, such as Na*, K* and Mg?*, Ca*, respectively [173]. Gellan gum hydro-
gels obtained by ionotropic crosslinking are brittle and mechanically weak, so it is normally
necessary to chemically modify [157] or blend them with other polymers [153,158-162] to
obtain printable bioinks.

The shear-thinning properties of gellan gum were explored for the first time in
2014 [156] for the biofabrication of living tissue constructs by extrusion-based 3D bioprint-
ing of MSC-laden polylactic acid microcarriers encapsulated in gelatin methacrylate-gellan
gum (GelMA-GG) hydrogel bioinks. As GelMA is not sufficiently viscous, gellan gum
was added to increase the solution viscosity and improve the printability of the bioink.
Actually, the inclusion of gellan gum helped to keep the form of the printed filaments
after they were deposited, permitting the fabrication of structures with high shape fidelity.
Furthermore, the viability of MSC cells 3 days after bioprinting was higher than 90%,
and cells were homogeneously distributed within the hydrogel matrix. More recently,
Wu et al. [159] combined the shear-thinning and recovery properties of gellan gum with the
rapid photocrosslinking of poly(ethylene glycol) diacrylate (PEGDA) to develop a double
network hydrogel to produce human-scale constructs (viz. a human ear and nose) with
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high-fidelity (Figure 4B). All formulations presented shear-thinning performance and a
gel-like behavior, with G” > G” under small strain and a liquid-like behavior (G” > G’)
under large strain. These hydrogels were laden with murine BMSCs and MC3T3-E1 cells.
During the 21 days of cell culture, both cell types remained stable and viable (cell viability
above 87%). Plus, the bioprinted scaffold provided an open network with sufficient ex-
change of oxygen and nutrients, promoting cell activity, measured by integrated optical
density (IOD). Similarly, Zhuang et al. [160] combined GelMA with gellan gum as a viscos-
ity enhancer to improve the printability of the inks and shape fidelity of the correspondent
constructs. However, GeIMA-GG printability is still narrowed to single and thin structures.
As an improvement, Zhuang and co-workers introduced a new printing strategy that allows
the fabrication of more complex structures via UV-assisted extrusion printing technology.
Printability analysis allowed the selection of six combinations of GelMA-GG inks (5-0.5%,
7.5-0.1%, 7.5-0.2%, 7.5-0.5%, 10-0.1%, and 10-0.2% (w/v)) that showed good printability,
good cell encapsulation, and negligible cell sedimentation. As expected, higher polymer
concentration led to a higher compressive modulus, as was seen by the increment of the
compressive modulus from 9 to 16 kPa for this set of formulations. Bioprinting C2C12
cells in 5-0.5% (w/v) GelMA-GG led to a faster proliferation rate when compared to the
cells bioprinted in 7.5-0.5% (w/v) GeIMA-GG, as indicated by the increased cell number
after 7 days (>160,000 cells), possibly due to more favorable micro-structure and stiffness
of the materials.

Methacrylated derivatives of gellan gum can also be prepared. In fact, a commercial-
ized bioink is based on GGMA (GumMA from AdBiolnk) [174].

2.3.4. Pullulan

Pullulan is a non-ionic exopolysaccharide, mainly produced by fermentation of
Aureobasidium pullulans, consisting of maltotriose units (3 glucose units linked through
a-(1,4) glycosidic bonds) linked through «-(1,6) bonds, with a molecular weight between
10 and 400 kDa [175,176]. Pullulan can be synthesized as well as by other microorganisms
such as Tremella mesenterica and Cryphonectria parasitica. Pullulan is a highly water-soluble
polysaccharide that originates low viscosity solutions. Pullulan could also be chemically
modified, for instance, giving origin to methacrylate derivatives, to produce hydrogels.
As an example, Qin et al. [177] functionalized pullulan with methacrylate moieties and
combined it with poly(ethylene glycol) diacrylate (PEGDA) to form a hydrogel for cartilage
tissue engineering. Similarly, Giustina et al. [178] also combined pullulan methacrylate with
PEGDA for multiscale light-assisted 3D printing techniques, such as stereolithography and
two-photon lithography. Additionally, pullulan was functionalized with fibronectin, a high
molecular weight glycoprotein, to originate active sites for cell attachment. Cell viability of
MSCs was assessed, and the addition of fibronectin allowed the attachment of mesenchy-
mal stem cells and contributed to cell viabilities above 70% for different timeframes after
cell seeding (24, 48, 72, and 168 h). Similarly, Mugnaini et al. [177] also described the syn-
thesis of a photocrosslinkable pullulan derivative through the introduction of methacrylic
groups for exploitation in 3D printing. The modification of pullulan did not affect the
rheologic properties of the polysaccharide, especially the shear-thinning behavior, granting
this polysaccharide the ability to be printed into self-standing printouts. Even though these
studies evidence the potentialities of pullulan to produce hydrogels formulations with suit-
able properties for extrusion 3D printing, to the best of our knowledge, the use of pullulan
for the preparation of cell-laden bioinks for 3D bioprinting has never been reported.

2.4. Crustacean Derived Polysaccharides

The use of renewable and sustainable marine resources for 3D bioprinting endeavors
is not restricted to seaweed-derived polysaccharides, as described above in Section 2.1.
In fact, the shell of crustaceans, such as shrimps and crabs, is a very important source of
chitin, which is often considered the second most abundant polymer after cellulose [179].
Chitin is a polysaccharide composed of 3-(1,4)-linked N-acetyl-D-glucosamine residues,
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commonly present on the exoskeletons of crustaceans but also in insects and in the cell walls
of fungi [180]. Chitin is biodegradable, nontoxic, and possesses renowned antibacterial
properties that grant this polysaccharide numerous applications in the biomedical field,
including in drug delivery [181] and tissue engineering approaches [182].

However, only the work of Li et al. [183] seems to have described, to this date, a
chitin-based bioink for 3D bioprinting. The limited use of chitin in this domain is certainly
related to its lower solubility in most common solvents, implying challenging processability
issues. In fact, this study involves the use of a chitin derivative, viz. hydroxypropyl chitin.
Specifically, hydroxypropyl chitin was used together with Matrigel (a gelatinous protein
mixture secreted by Engelbreth-Holm-Swarm mouse sarcoma cells [5]) to form a hydrogel
bioink for the 3D bioprinting of constructs containing induced pluripotent cells (iPSCs).
The addition of Matrigel was justified by the authors since hydroxypropyl chitin has no
RGD groups in its composition to promote cell adhesion. The thermos-sensitivity of this
bioink was proven by the continuous increase in storage and loss moduli with increasing
temperature, reaching a maximum storage modulus of 432 Pa, 654 Pa, and 958 Pa for 2%,
2.5%, and 3% (w/v) of hydroxypropyl chitin, respectively. Additionally, it was observed
that the bioinks containing a higher concentration of hydroxypropyl chitin contributed to
a smaller variance in cell aggregate size, as obtained for the bioink with 3% (w/v) of this
polysaccharide (124.1 & 28.2 um). All bioinks revealed high cell survival after bioprinting
(>90%), and those with higher Matrigel content showed good cell proliferation after 10 days
(at around 30%) [183].

However, chitosan is the most remarkable derivative of chitin, obtained through the
enzymatic or chemical deacetylation of the starting material to variable extents (higher than
50%). Typically, chitosan is obtained with a molecular weight of 50 to 2000 kDa, and because
of the deacetylation, it is positively charged and soluble in slightly acidic aqueous solutions,
and it is well-known for its antimicrobial properties [179,184]. Chitosan forms hydrogels by
treatment with multivalent anions, such as glycerophosphate and tripolyphosphate [185].
It is also biodegradable and biocompatible, with low immunogenicity, and because of
all these features, it has been widely studied for many biomedical applications, such as
drug delivery [186] and wound healing [187,188]. The development of bioinks for 3D
bioprinting is no exception, as very recently reviewed by Taghizadeh et al. [44] in a work
that thoroughly explores this topic, highlighting the reasons for the use of chitosan-based
bioinks, the challenges and limitations of these materials, and their applications in the
biomedical field. Chitosan-based bioinks have already been explored to fabricate 3D living
structures laden with a panoply of cells for use in neural networks, bone, and skin tissue
regeneration, among others [44]. Moreover, the emergence of commercially available
chitosan-based bioinks (viz. Chitoink by Cellink [189]) is a clear sign of the growing interest
in this polysaccharide.

The use of chitosan in bioink formulations explores its unique features, namely the
biological properties (antimicrobial properties) and the ease of functionalization (to intro-
duce different reactive moieties, i.e., allowing different crosslinking strategies). In Table 4,
illustrative works on the use of chitosan for the development of new bioinks are summa-
rized [190-197].
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Table 4. Summary of recent works on chitosan-based bioinks for 3D bioprinting applications.

Bioprinting

Polysaccharide Other Compounds Cell Type Bioink Formulation Method Conditions Construct Properties Application Ref.
Chitosan: 6% (w/v) Grid structure with 1.6 x 1.6 cm?
D-(+)-raffinose Young’s modulus: KOH:
g . pentahydrate: . 105 kPa + 18 kPa; Nap,COg3:
Chitosan Dé;t)a;afg?aots: IZEIIIT?& 2&?;2 290 mM EB Prirﬂ?rfzf gil6-03r?nr?n /s 94 kPa + 19 kPa; ammonia vapours - [190]
P y Crosslinkers: KOH § speed: 128 kPa =+ 21 kPa
1.5MNa,CO315M, Cell viability: enhanced cell growth up to
ammonia vapours 21 days
Chitosan: 1.67%
PDLSCs (w/v) Lattice-type structure (thickness of
Chitosan - (5 x 10° cells/mL) Crosslinker: EB N/A 2 mm X 8-layer height) - [191]
cers K,HPO, Cell viability: high viability for 7 days.
and NaHCO3
. Chitosan: 1% (w/v) DLP ph(?tf)curmg Lattice structure with 10 x 10 x 1 mm? .
Chitosan HUVECs . o conditions: - ) Tissue
methacrylate LAP (1 x 106 cells/mL) LAP: 0.2 wt.% EB/DLP 405 nm, 15 mW /cm? Compressive modulus: Increased from engineering [192]
Crosslinker: UV ! 155 ! 315 kPa to 910 kPa, with CSMA.
Carboxymethyl
chitosan: 2 wt.%
Oxidized and Hyaluronic acid: Nozzle: 0.200 mm 2- and 4-layered ggld square scaffolds
Carboxymethyl non-oxidized L929 0.4 wt.% EB Printine speed: (12 x 12 mm~ printed area) _ [193]
chitosan N 1zed (1 x 10° cells/mL) ~ Oxidized hyaluronic & speed: Cell viability: 96% at day 7 and 95% at
yaluronic acid L o 5-25mm/s
acid: 4 wt.% day 14
Crosslinker: FeCls
20 mM
Chitosan/Gelatin/PEG-
. Star-ma Nozzle: 0.410 mm A .
. Gelatin uUs7 . () (O . Grid-like structure In vitro
Chitosan PEG-Star-Ma (7 x 10° cells/mL) ratlo' = 1:3:0.05% (w/v) EB Pressure: 25-35 kOP a Cell viability: maintained for 6 days models [194]
Gelling temperature: Temperature: 37 °C
37°C
3D columnar structures
(10 mm diameter x 3 mm thickness)
Young’s modulus: 4 kPa to 130 kPa
. CS-PEG at 30 mg.mL. - .
Chitosan PEG, x-cyclodextrin MSCs Crosslinker- EB Nozzle: 0.300-0.400 mm MSCs differentiated better towards _ [195]

and gelatin

(1 x 107 cells/mL)

-glycerophosphate

adipose cells in bioink with a Young’s
modulus of 60 kPa, while bioinks with
10-20 kPa favoured the MSCs
differentiation towards neuron-like cells.
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Table 4. Cont.

Polysaccharide Other Compounds Cell Type Bioink Formulation Bll(\’dirtl}?(:tlng Conditions Construct Properties Application Ref.
Chitosan: 4.5% and Nozzle: 0.700 mm (CS)
Human adult 6% (/o) 0:500 mm (Gamma-PGA) Rectangular grid structure with
. . Gamma-PGA: Pressure: 25-40 kPa (CS) 3
Chitosan Gamma-PGA fibroblasts EB 20 x 10 x 1.2 mm - [196]
2 % 10° cells/mL) 2-20% (w/v) 5-10 kPa (Gamma-PGA) Cell viability: ~70% after 24 h
Gelling temperature: Temperature: 37 °C v ?
37°C Printing speed: 10 mm/s
Grid-like structure
Chitosan (3-glycerol NIH 3T3 Chitosan: 1.5% (w/v) EB Nozzle:()(lié(i&?lo and The dev;sl(r)fedthgf c;l(riogel was _ [197]
methacrylate phosphate salt (1 x 10° cells/mL) Crosslinker: UV . O eyIotoxc

Temperature: 37 °C After bioprinting, NIH 3T3 cells were well
dispersed and proliferation was observed.

Abbreviations: CS-Chitosan; CSMA-Chitosan methacrylate; DLP-Digital light processing; EB-Extrusion bioprinting; L929-Mouse fibroblasts cell line; Gamma-PGA-Poly-gamma-
glutamic acid: LAP-Lithium phenyl-2,4,6-trimethylbenzoylphosphinate; MSCs-Mesenchymal stem cells; NIH 3T3-Mouse fibroblasts cell line; PDLSCs—Periodontal ligament stem cells;
PEG-poly(ethylene glycol); PEG-Star-ma-Poly(ethylene glycol)-Star-maleimide; HUVECs-Human umbilical vein endothelial cells; U87-Malignant glioma cell line; UV-Ultraviolet light.
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Magli et al. [194] functionalized chitosan and gelatin with 5-methyl furfural, aiming to
produce hydrogels through crosslinking via Diels-Alder thermoreversible reaction with
poly(ethylene glycol)-Star-maleimide (Star-PEG-ma) (Figure 5A). In the linear viscoelas-
tic zone, the intrinsic structural characteristics of the hydrogels were independent of the
applied stress, with G’ value higher than the G”, and this region was linear up to about
40% of strain. When the strain ceased, the samples exhibited a solid gel response, with G’
values being restored to 90% of the original value. The extrusion-based bioprinting process
of the U87 (human primary glioblastoma) cell-laden bioink resulted in a construct that
remained stable until 6 days of culture, with good cell viability at day 1 (80%) and enhanced
cell viability at days 3 and 6 (>80%), with clear cell proliferation in the hydrogel [194].
Following a different approach, Tonda-Turo et al. [197] developed a chitosan-based bioink
with a dual crosslinking mechanism that combines thermally induced gelation and pho-
tocrosslinking. For this purpose, chitosan methacrylate and 3-glycerol phosphate salt were
added to provide thermo-sensitive behavior (Figure 5B). The photocrosslinking was found
to yield hydrogels with an elastic modulus of around 6 kPa. Extrusion bioprinting of these
hydrogels laden with NIH 3T3 cells originated 3D constructs with good dispersion of
the cells, even after 24 h; after 48 h, cell proliferation was observed [197]. However, even
though the authors claim that this bioink allows cell proliferation and organization in
tissues, no precise evaluation of cell viability post-bioprinting was performed.

Another common strategy to improve the performance of chitosan-based bioinks is
the concomitant use of other components or nanostructures in the bioinks. The work of
Pisani et al. [196], for instance, describes the development of a bioink based on chitosan
together with poly(gamma-glutamic acid) YPGA. The hydrogel was formed by the ionic
interaction between the amine groups of chitosan and the carboxylic acid groups of YPGA,
resulting in the gelation of a 4.5% (w/v) chitosan solution just 50 s after the addition of a 2%
(w/v) YPGA solution. The authors used this hydrogel for the 3D bioprinting of grid-shaped
constructs with human dermal fibroblasts, and cell viabilities of around 70% were seen 24 h
after the bioprinting process, and kept for 14 days in culture [196].

As already described in the section dedicated to cellulose (Section 2.2.1), the use of cellu-
lose nanoforms is a common strategy to reinforce the bioinks developed from other biopoly-
mers. Chitosan is no exception, and the very recent work by Maturavongsadit et al. [105]
uses this approach by describing a bioink based on chitosan, with glycerophosphate and
hydroxyethyl cellulose, reinforced with CNCs for the 3D extrusion bioprinting of constructs
containing MC3T3-E1 cells (Figure 5C). The authors saw an improvement in the rheological
properties of the bioinks and the mechanical properties of the constructs with the addi-
tion of CNCs, with a 1.5-fold increase in Young’s modulus for the bioinks with a higher
concentration of these cellulose nanostructures. On the other hand, cell viabilities were
not impacted by the presence of CNCs in the constructs, and, interestingly, the analysis
of osteogenic differentiation showed that the bioinks with higher CNCs content (1.5%
(w/v)) showed a faster onset of osteogenesis, higher formation of ECM, and higher calcium
deposition at day 21. This increase in osteogenic markers is justified by the authors with
the significantly higher mechanical properties of the structures attributed to the presence
of CNCs [105].

2.5. Glycosaminoglycans

Glycosaminoglycans are polysaccharides composed of repeating units of 2-amino-2-
deoxy sugars. They are naturally present in the ECM in their integral and single form or
covalently bound to proteins to form proteoglycans. Most glycosaminoglycans are obtained
from animal sources (such as rooster combs and shark cartilage), but microbial approaches
(including production via fermentation by Streptococci) are increasingly explored [198,199].
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Figure 5. Different approaches for the development of chitosan-based bioinks. (A) Example of the
modification of chitosan (and gelatin) with 5-methyl furfural and crosslinking with Star-PEG-MA
for the development of a bioink for 3D bioprinting with U87 cells (Reproduced with permission
from [194]. Copyright Frontiers, 2020); (B) dual-crosslinked hydrogel bioink using chitosan methacry-
late together with 3-glycerol phosphate with NIH 3T3 cells (Reproduced with permission from [197].
Copyright Elsevier, 2020); and (C) bioink based on chitosan, together with -glycerol phosphate and
hydroxyethyl cellulose, reinforced with cellulose nanocrystals, with good printability and high cell
viability(Reproduced with permission from [105]. Copyright American Chemical Society, 2021).

Since they are the building blocks of the natural ECM, glycosaminoglycans are of
extreme interest in producing biomimetic cell culture models and tissue constructs [200].
In fact, hydrogels obtained from these polysaccharides have found a wide array of applica-
tions in the biomedical domain [201]. Chondroitin sulfate, dermatan sulfate, heparin and
hyaluronic acid are some examples of glycosaminoglycans that have been used as compo-
nents of hydrogels to encapsulate and culture living cells [201]. However, hyaluronic acid
is by far the most studied glycosaminoglycan in this area. Hyaluronic acid is constituted
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of repeating disaccharide units of D-glucuronic acid and N-acetyl- D-glucosamine, with
a molecular weight between 100 to 10,000 kDa, depending on the source. It is the main
component of the ECM of cartilage, and it is also present in the epithelial, neural, and
connective tissues of vertebrates [202]. The several attractive properties of this biopoly-
mer rely on its high viscoelasticity, biodegradability, and low immunogenicity, allied with
its unique biological interaction with cells, and they have been widely explored in the
biomedical field [202]. As far as bioprinting applications are concerned, hyaluronic acid is
also the most explored glycosaminoglycan, as reviewed by Petta et al. [31]. This appraisal
highlights the latest advances in hyaluronic acid-based bioinks for extrusion 3D bioprinting
divided into four categories: (i) bioinks where hyaluronic acid or its derivatives are the
main component and self-standing material; (ii) blends of hyaluronic acid derivatives with
both natural polymers or synthetic polymers; (iii) incorporation of hyaluronic acid or its
derivatives in ink formulations to improve both the viscosity, the final mechanical stability
or the biological properties; or (iv) blends with mechanically competent support materials.

Although most of the previous works on this topic are reviewed in that recent ap-
praisal, some more recent studies [203-206] published lately are worthy of note, and they
are described below. The work of Lee et al. [203], for instance, describes the develop-
ment of bioinks from hyaluronic acid and sodium alginate at different ratios (Figure 6A).
The authors saw an increase in the viscosity of the bioinks with increasing hyaluronic
acid content (with bioinks SI00HO, S90H10, and S70H30 revealing viscosities of 883, 1211,
and 1525 Pa-s, respectively) and were able to bioprint 3D-constructs through extrusion
techniques using all the formulations. The evaluation of the viability and proliferation of
NIH 3T3 cells in the constructs showed living and well-spread cells after 7 days for all
bioinks, and the presence of a higher content of hyaluronic acid led to increased prolifera-
tion of these cells in the scaffolds after 4 days [203]. Ma et al. [204], on a similar approach,
combined hyaluronic acid and alginate with different concentrations of gelatin, aiming
to create models of the brain matrix microenvironment. The authors printed the bioinks
at 37 °C in order to preserve the viability of human glial cells (HEBs) and found that the
bioink C (with 0.015 g/mL HA, 0.015 g/mL alginate and 0.075 g/mL gelatin) originated a
construct with close stiffness to that of human brain tissue, and maintained cell viabilities
above 85% after 14 days [204]. Both works confirm the approach described above of using
hyaluronic acid together with other polymers to improve the bioinks’ features.

Nonetheless, the modification of hyaluronic acid is also a logical strategy for these en-
deavors, providing this polysaccharide with new features. In fact, Sigma-Aldrich commer-
ciallizes a bioink kit based on a methacrylated derivative of hyaluronic acid (PhotoHA™-
IRG) [207]. In this topic, the recent and very interesting works by Hauptstein et al. [205,206]
described the development of hyaluronic acid-based bioinks using thiol-modified hyaluronic
acid and its crosslinking with acrylated (PEG-diacryl) and allylated (PEG-diallyl) polyethy-
lene glycol in a two-step reaction. The resulting hydrogels were later used together
with tethered TGF-{31 growth factor for the bioprinting of cartilaginous tissue constructs
(Figure 6B). The encapsulated MSCs resisted the extrusion procedure, with the quantifica-
tion of cell survival immediately after bioprinting revealing that around 98% of the cells
were still alive in the constructs. After culture for 21 days, the authors observed notorious
cell survival and enhanced chondrogenic differentiation for the hyaluronic acid-based
constructs containing the tethered growth factor [206].
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Figure 6. Some strategies applied for the development of hyaluronic acid-based bioinks. (A) Bioink
of hyaluronic acid and alginate for the bioprinting of NIH 3T3 cells. (Reproduced with permission
from [203]. Copyright MDPI, 2021); and (B) bioink based on thiol-modified hyaluronic acid and a
growth factor (TGF-31) for the bioprinting of MSCs for chondrogenic differentiation (Reproduced
with permission from [205,206]. Copyright John Wiley & Sons, Inc. and MDPI, 2022).

3. Conclusions and Future Perspectives

Three-dimensional bioprinting shows great potential for the tailored fabrication of
artificial living tissues, with several applications in the biomedical field. This technique has
seen much development in recent years, yet one of the main challenges of 3D bioprinting
is still the necessity of bioink formulations with appropriate features. Understandably,
while designing novel bioinks, special attention is given to their mechanical and rheological
properties and cell compatibility. Therefore, hydrogel-based bioinks are one of the most
investigated classes, given their similarity to the ECM and their unique structure that
provides permeability to oxygen and nutrients and a friendly environment for cells to
thrive. Polysaccharides constitute a remarkable family of polymeric raw materials for the
creation of new hydrogel-based bioinks due to their intrinsic traits of biodegradability,
nontoxicity, tailorable chemistry, and diverse crosslinking mechanisms that are rather
appealing for 3D bioprinting applications, as proven by the number of works analyzed in
this review. Polysaccharides-based hydrogel bioinks have been used to print a panoply
of cells, including Mesenchymal Stem Cells (MSCs), Human Umbilical Vein Endothelial
Cells (HUVECs), and preosteoblasts (MC3T3), among many others, envisioning the 3D
bioprinting of living tissues for different applications.

Polysaccharides with carboxylic (or carboxylate) and sulfate groups that are easily
crosslinked with mono or divalent cations, e.g., alginate, carrageenan, and pectin, are nor-
mally used as polymeric matrices of hydrogel bioinks. However, the obtained hydrogels
typically lack the desired rheological properties and the printed constructs for mechanical
performance and long-term stability. One of the strategies used to overcome this limi-
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tation is the production of composite materials, and here, cellulose, the most abundant
polysaccharide, and in particular its nanometric forms, have a major role. In this topic, a
panoply of other polysaccharide nanometric forms, namely starch nanocrystals and chitin
nanocrystals or nanofibers, or even protein nanofibrils, which are gaining considerable
attention in other applications, could also be a good choice for new bioink formulations.
The combination of these polysaccharides with other biopolymers (e.g., proteins, such as
gelatin and collagen or even other polysaccharides) also circumvents the above-mentioned
limitations. However, improvements on the biological performance using this strategy
have also been explored by several research teams. Polysaccharides with thickening prop-
erties, such as, for instance, gellan and xanthan gums, are normally used to improve the
rheological properties of other biopolymeric hydrogel bioinks.

Another main challenge in the use of polysaccharide-based hydrogel bioinks is the
fact that many of these biopolymers need to be modified to be used for such endeavors,
granting the polysaccharides with different or improved functionalities (viz., cell adhesion
and proliferation, e.g., by grafting of RGD moieties), e.g., alginate or agarose, crosslinking
abilities, e.g., pullulan, starch, and hyaluronic acid, or even improved solubility, e.g.,
cellulose and chitin. In fact, the chemical modification with polymerizable moieties, mainly
acrylate groups, to allow double crosslinking strategies has also been widely explored to
improve the mechanical properties of the 3D-printed constructs. However, this chemical
modification is normally recognized as a non-environmentally friendly approach since it
involves the use of harmful solvents and reagents as well as laborious procedures, and
the use of UV light to promote the crosslinking can affect the viability of laden cells, even
though high cell viabilities have been reported in some cases. In fact, several commercially
available bioinks are based on methacrylated derivatives of polysaccharides. However, in
the future, these toxic reagents or solvents should be avoided, given their recognized
danger for living cells, the operator, and the environment. The use of alternative solvent
systems, such as ionic liquids (ILs) or deep eutectic solvents (DES), could be considered in
the future as a new and safer option for some of these chemical modification approaches.

A different matter of concern when using polysaccharides is their reproducibility and
large-scale production. Even though some of them are naturally derived from abundant
renewable sources, such as cellulose and chitin, the properties of the polysaccharides are
strongly dependent on their sources, and the extraction processes may lead to batch-to-
batch variations. This is an issue that should be carefully addressed in the up-scaling studies
of promising bioinks. Moreover, regarding the evaluation of the biological properties of
the 3D-printed constructs, particularly the post-printing cell viability, diverse time periods
(1 day to several days) are considered, which makes it difficult to compare the performance
of the bioinks. Some uniformization needs to be considered in future studies.

Nonetheless, the potential of polysaccharides for the development of hydrogel bioinks
for 3D bioprinting is undeniable, and the research on this topic is increasing very fast,
with new strategies and biomaterials described regularly. In fact, several commercial
polysaccharide-based bioinks are already available [208], as highlighted throughout this
review, and we foresee that the research and development of new bioinks and strategies
will accelerate in the next few years, with new solutions for the market.
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