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Abstract

The significance of bioink suitability for the extrusion bioprinting of tissue-like constructs cannot be overemphasized. Gelatin,
derived from the hydrolysis of collagen, not only can mimic the extracellular matrix to immensely support cell function,
but also is suitable for extrusion under certain conditions. Thus, gelatin has been recognized as a promising bioink for
extrusion bioprinting. However, the development of a gelatin-based bioink with satisfactory printability and bioactivity to
fabricate complex tissue-like constructs with the desired physicochemical properties and biofunctions for a specific biomedical
application is still in its infancy. Therefore, in this review, we aim to comprehensively summarize the state-of-the-art methods
of gelatin-based bioink application for extrusion bioprinting. We firstly outline the properties and requirements of gelatin-
based bioinks for extrusion bioprinting, highlighting the strategies to overcome their main limitations in terms of printability,
structural stability and cell viability. Then, the challenges and prospects are further discussed regarding the development of
ideal gelatin-based bioinks for extrusion bioprinting to create complex tissue-like constructs with preferable physicochemical
properties and biofunctions.
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Introduction

The emerging field of bioprinting, as an important branch of
three-dimensional (3D) printing, employs cells and biomate-
rials as bioinks to rapidly generate accurate custom-shaped
tissue-like constructs with a great potential for individual-
ized tissue regeneration [1-6], drug screening [7-9], and
the study of tissue morphogenesis [10—12]. Among the
main bioprinting modalities (i.e., extrusion, stereolithogra-
phy, inkjet and laser-assisted) [13—16], extrusion bioprinting
has become the most widespread method for the fabrica-
tion of tissue-like constructs owing to its easy operation,
relatively low cost and wide range of available biomate-
rials [17-19]. In extrusion bioprinting, bioinks are loaded
into a printhead and extruded from the nozzle to form fila-
ments under internal pressure, which are deposited (usually
in a layer-by-layer manner) to construct desired structures
[20-22]. Extrusion bioprinting techniques can be classified
into two subcategories: pneumatic extrusion and mechanical
extrusion [3, 23]. The development of extrusion bioprint-
ing is heavily dependent on the physical and chemical
properties of biomaterials in bioinks [24, 25]. Therefore, find-
ing suitable bioinks with excellent printability, satisfactory

biocompatibility, appropriate biodegradability, high struc-
tural fidelity and reliable mechanical strength is of great
significance for creating complex tissue-like constructs by
extrusion bioprinting [16, 26-29].

Biomaterials (synthetic and natural) provide a structural
framework to facilitate the attachment and migration of cells
and can drive the differentiation of these cells into tissue-
specific cell types [30]. Gelatin, a water-soluble protein
derived from natural collagen, has been of great interest due
to its unique composition and structural similarities to the
extracellular matrix (ECM) [31]. Besides, it shows excellent
biocompatibility, biodegradability, bioactivity, and is non-
immunogenic. Meanwhile, gelatin can be easily subjected
to chemical modification and physical gelation [32, 33]. It
was not until 2015 when an exponential increase occurred
in the number of publications related to the application of
gelatin-based bioinks for bioprinting (Fig. 1a). Especially,
gelatin-based bioinks are now attracting the most atten-
tion (31%) among all of the potential bioinks (Fig. 1b),
and extrusion bioprinting is currently the main applica-
tion modality (71%) of gelatin-based bioinks (Fig. I1c).
Therefore, gelatin-based bioinks have attracted growing
interest as bioinks for the extrusion bioprinting of tissue-like
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Fig. 1 Literature review of
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constructs. The intrinsic limitations of gelatin bioink are
low viscosity and instable physical gelation, which cause
its poor printability, weak shape fidelity and low mechanical
strength, seriously limiting its application for the fabrica-
tion of complex, large-scale and multicellular constructs
(Fig. 1d). Therefore, many efforts have focused on enhancing
the viscosity of gelatin bioink to achieve the desired rhe-
ological properties for bioprinting, as well as to improve
the shape fidelity and mechanical strength of constructs at
the same time, especially in physiological operational envi-
ronments. In fact, there have been a number of reviews
of gelatin-based bioinks. For example, Wang et al. [34]
discussed gelatin-based bioinks (such as gelatin/fibrinogen,
gelatin/hyaluronan and gelatin/alginate/fibrinogen) used for
organ bioprinting. Ying et al. [35] outlined recent advances
in the development of gelatin methacryloyl (GelMA)-based
bioink formulations (pure GeIMA bioink, preformed GelMA
bioink, and alginate-GelMA bioink) and suitable strategies
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for GelMA bioprinting. Rajabi et al. [36] reviewed different
studies on bioprinting with GelMA-based components and
categorized them into two different groups based on their
applications for soft and hard tissue engineering. However,
there is still a lack of a systematic and comprehensive review
of gelatin-based bioinks in extrusion bioprinting regarding
achieving the desired printability, shape fidelity and cell via-
bility to fabricate complex tissue-like constructs.

The goal of this review is to present an in-depth overview
of the state-of-the-art gelatin-based bioinks. Firstly, the char-
acteristics and properties of gelatin are outlined. Then, the
requirements of gelatin-based bioinks for extrusion bioprint-
ing tissue-like constructs are discussed. Furthermore, on
the basis of these requirements, the strategies to overcome
the main obstacles of gelatin-based bioinks are summa-
rized with an emphasis on how to improve their printability,
enhance their stability post-printing by physical or chem-
ical crosslinking, and maintain high cell viability. Finally,
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we comprehensively analyze the challenges and prospects in
promoting gelatin-based bioinks to fabricate the next gener-
ation of tissue-like constructs with complex structure, large
size and biological function.

Characteristics and properties of gelatin

Gelatin is a degradation product derived from the partial
hydrolysis of collagen, which is the fibrous protein located
mainly in bone, cartilage and skin [37]. Gelatin has triplet
repetitions denoted as Glycine-X-Y peptide, where X and
Y can be any amino acid. Also, it possesses degradable
motifs by matrix metalloproteinase (MMP) and contains the
arginine—glycine—aspartic acid (RGD) peptide sequence that
is beneficial for cell growth [33]. Besides, pure gelatin solu-
tion has the unique property of gelation at low temperatures
to form physically crosslinked hydrogels. To obtain soluble
gelatin, insoluble native collagen is subjected to a hydrolytic
process to cleave the hydrogen and covalent bonds. Although
enzymatic and chemical hydrolysis are increasingly criti-
cal in some processes, the common and acceptable strategy
is physical pre-treatment by hot water [38]. The degree of
conversion of collagen into gelatin depends on the pH, tem-
perature and processing time of hydrolysis. Typically, two
types of gelatins, commercially called type-A gelatin (with
an isoelectric point of nine) and type-B gelatin (with an iso-
electric point of five), are obtained by acidic and alkaline
treatment from collagen I, respectively [39]. Few triple-
helical structures remain in the gelatin after the hydrolytic
process [38]. Therefore, in addition to its favorable bio-
compatibility and biodegradability to support the adhesion,
spreading, proliferation, and differentiation of encapsulated
cells, gelatin has a much lower immunogenicity compared
with collagen, making it a promising candidate for cell-laden
tissue constructs [34].

The main sources of gelatin are pig skin (46%), bovine
hide (29.4%), and pork or cattle bone (23.1%). Fish gelatin
accounted for only less than 1.5% in 2007 [40]. Due to
the various potential sources of gelatin, non-covalent inter-
actions between molecules, such as hydrogen bonding,
hydrophobic and electrostatic interactions, and van der Waals
forces are also distinctly formed, resulting in differences in
the physical properties of the derived product. In general, fish
gelatin tends to be weaker and has worse rheological proper-
ties compared with those from mammals [41]. Furthermore,
the source of gelatin has a significant influence on hydrogels
based on it or its derivatives. For instance, there are markedly
different properties of GeIMA derived from cold water fish
skin, cold soluble gelatins and porcine skin. After the mod-
ification of gelatin with methacrylic anhydride, the degrees
of methacrylation of fish skin GeIMA (16%) are the low-
est compared to cold soluble (64%) and porcine skin (76%)

GelMA is considered to result from fish skin gelatin having
fewer hydrophobic amino acids and imino acids than other
gelatins from mammalian sources. As a result, the compres-
sive Young’s modulus at the concentration of 10% (0.1 g/mL)
fish skin GeIMA is 7.3 kPa, which is markedly lower than
that of cold soluble (14.5 kPa) and porcine skin (24.6 kPa)
GelMA. Since the properties of gelatin from distinct sources
are significantly different, it is necessary to take this into
account when gelatin is used as bioink [42].

Basic requirements of gelatin-based bioinks
for extrusion bioprinting

Developing a robust system possessing all the desirable
merits (printability, shape stability and cell survival) is
essential for the successful extrusion bioprinting of tissue-
like constructs [43, 44]. The rheological properties are key
determinants of printability. In addition, shape stability is
affected by the physicochemical properties and crosslink-
ing mechanisms of gelatin-based bioinks [24]. In particular,
the bioprinting conditions depend on the physicochemical
properties of gelatin-based bioinks, which also influence the
printability of gelatin-based bioinks. Furthermore, besides
the biocompatibility of bioinks for extrusion bioprinting,
many factors affect the viability of cells encapsulated in
gelatin-based bioinks. The bioprinting conditions (e.g., com-
position and concentration of bioink, extrusion pressure,
nozzle size, holding temperature and holding time) and the
crosslinking processes may also have remarkable effects
on the encapsulated cells. The process of extrusion exerts
shear stress on cells and may cause cell damage. There-
fore, pressure should be controlled within certain limits as
high pressure leads to high shear stress [3]. In addition,
once the cell-laden constructs have been bioprinted, they will
be processed by various crosslinking solidification methods
(chemical, physical, enzymatic or a combination of them)
to ensure their structural stability and sufficient mechani-
cal strength under physiological conditions [45]. Thus, the
critical points for achieving satisfied extrusion bioprinting
with gelatin-based bioinks are to improve the performance
of gelatin-based bioinks in terms of printability, structural
stability and cell viability.

Printability

The printability of gelatin-based bioinks can be assessed by
a two-step method: initial screening and rheological evalu-
ation (Fig. 2a) [43, 46, 47]. The first criterion for the initial
screening of printable gelatin-based bioinks is the morphol-
ogy of bioinks at the needle tip after extrusion. Scaffolds with
high shape fidelity can be printed by bioinks that form fila-
ments rather than droplets [48]. The second criterion is that
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extruded filaments have the ability to stack layer-by-layer to
form 3D constructs with the binding force between printed
layers [49] but without merging. The rheological proper-
ties of bioinks play a key role in this process [46] and are
generally characterized by yield stress, shear rate-dependent
viscosity, and recovery behavior of the materials. Regard-
ing the rheological behaviors of bioinks before, during and
after extrusion, bioinks have a yield stress upon a shear stress
ramp, the shear thinning properties of bioinks facilitate the
extrusion, and the recovery of rheology enables the shape
fidelity. In general, extrusion bioprinting requires the high
dynamic viscosity (from 30 to 6x 107 mPa-s, depending on
the extruder of the printer) of bioinks to maintain the ini-
tial shape after deposition compared to inkjet printing that
generally needs low-viscosity bioinks (3—12 mPa-s) [50, 51]
and can be subsequently crosslinked [52]. The application
of alginate, silk, collagen, and hyaluronic acid bioinks, etc.,
has demonstrated that appropriate printing viscosity can be
achieved by increasing concentrations [53-56]. For example,
5% hyaluronic acid bioink shows shear thinning property and
can be successfully extruded to bioprint constructs [29, 57].
The majority of studies were carried out using collagen solu-
tions of low concentration—usually, not more than 5 mg/mL
and rarely 10 mg/mL [58, 59]. However, gelatin solution has
a very low viscosity with the elastic modulus (G") below
0.1 Pa [60] even with a high solid content of 20% above the
sol—gel transition temperature, which will lead to the forma-
tion of droplets driven by surface tension after extrusion and
the collapse of deposited structures. To impede the formation
of droplets, surface tension must be increased by elevating
the viscosity of the solution. For instance, by the incorpora-
tion of a rheology enhancer (e.g., hyaluronic acid, alginate,
silk, nanoclay, Pluronic F-127, gellan gum, and carbomer),
the morphology of extruded gelatin-based bioinks turns from
droplets to filaments, such that 3D constructs with high shape
fidelity can be fabricated [20, 48, 60—63]. For the qualita-
tive characterization of printability (Pr), Ouyang et al. [47]
developed a new algorithm depending on the geometry of the
pores in the fabricated constructs (Fig. 2b). Pr is defined by
the following function:

L2
= TeA’
where L denotes perimeter and A denotes area of the pore.

A Pr value between 0.9 and 1.1 is believed to have
good printability. In addition, other methods to enhance
viscosity include increasing the intermolecular interactions
by controllable crosslinking [64, 65] and attributing the
gelatin temperature-programmable properties (Fig. 2c) [66].
Besides, the gelatin-based microgel can also significantly
improve the printability of bioinks for its excellent shear thin-
ning property [67-70].
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Structural stability

Gelatin-based constructs are mostly applied at physiologi-
cal temperature (37 °C), which is higher than their physical
gelation temperature. Since the physical gelation of gelatin
is reversible by changing the temperature, the gelatin-based
constructs must be solidified by various crosslinking solid-
ification methods, such as enzymatic, physical, chemical,
or a combination thereof, to maintain a stable structure
with high fidelity [3]. One crosslinking strategy is to use
transglutaminase [65, 68]. During the catalytic process by
transglutaminase, the e-amino groups of the lysine residue
are covalently bonded with the y -carboxamide groups of glu-
tamine residue in gelatin (Fig. 3a). This crosslinking strategy
can also be applied in bioinks whose molecules contain &-
amino groups of lysine residue, such as silk and collagen.
However, the low contents of glutamine in gelatin cause
the weak covalent-crosslinking networks of gelatin hydrogel,
leading to low mechanical strength at physiological tempera-
ture. Another crosslinking strategy is to introduce a polymer
that can be crosslinked independently or with gelatin chains
post-printing [71, 72]. The most common of such methods
is to mix the gelatin solution with sodium alginate (Fig. 3b).
The latter can not only act as a thickener for printing, but can
also be solidified by the facial crosslinking of calcium ions
[73]. In addition, the chemical modification of gelatin (gelatin
derivative) with functional groups (such as methacrylate) is
an efficient strategy to achieve more controllable crosslink-
ing (Fig. 3¢) [36, 64, 74].

Notably, the components and crosslinking methods will
markedly influence the swelling and degradation properties
of the obtained gelatin constructs [73, 75, 76]. Thus, the
swelling properties must be taken into account when a par-
ticular size of construct is fabricated. Due to the arbitrary
deformation of the final construct caused by the significantly
dissimilar swelling behavior, it is challenging to print precise
constructs. Swelling behavior is general among hydrogels;
for instance, silk fibroin shows a tendency of swelling in the
range of 15%—25% [54]. This property may invariably affect
the resultant geometry and porosity of the construct. Further-
more, compared to some bioinks (e.g., alginate) that lack the
ability to biodegrade [77], the biodegradation of gelatin is
another factor that influences its structural stability and can-
not be ignored. Gelatin is effectively degraded in the presence
of collagenase, while chemical modification or mixing with
other components will slow down this process. For instance,
after the methacrylation of gelatin, the covalent polymer seg-
ments will be inserted into the gelatin network by free radical
photopolymerization, markedly decreasing its biodegrad-
ability [76]. In addition, the incorporation of other stable
inorganic or polymer components will reduce the degrada-
tion rate of gelatin-based constructs [73]. Nonetheless, the
biodegradation of gelatin is favorable for cell behavior and
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between layers; Rheological evaluations were employed to character-
ize (i) the flow initiation properties and yield stress, (ii) the degree of
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(iii) the recovery behavior of bioinks after printing. b Evaluation of
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a significant aspect. Namely, when the chemical modifica-
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Copyright 2016, with permission from IOP Publishing Ltd.). ¢ Vis-
cosity of gelatin with temperature-programmable properties. When the
temperature decreased from 37 to 25 °C, the Gel-UPy-0.05-Tyr bioink
showed sharply increased viscosity compared with gelatin (reproduced
from [66], Copyright 2020, with permission from IOP Publishing Ltd.)

employed to maintain the structural stability of gelatin-based
constructs, degradation should also be taken into account.
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Cell survival

Gelatin shows superior performance in supporting the sur-
vival of cells compared to alginate, hyaluronic acid, etc.,
which lack RGD molecules (responsible for cell attach-
ment) [53, 77]. However, besides the biocompatibility of the
bioink itself, two additional important factors that affect cell
survival during extrusion bioprinting are the printing condi-
tions and the process of solidification. In the initial printing
process, it is crucial to understand how the printing param-
eters (composition and concentration of bioink, extrusion
pressure, nozzle size and shape, holding temperature, and
holding time) influence the printability and cell survival rate
in extrusion bioprinting [47, 78]. These parameters depend
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solidified by facial crosslinking with calcium ions (reproduced from
[73], Copyright 2013, with permission from Acta Materialia Inc.).
¢ Other chemical crosslinking methods can modify the gelatin, such as
gelatin methacryloyl (GelMA), which can be solidified by photopoly-
merization (reproduced from [131], Copyright 2016, with permission
from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). TG: trans-
glutaminase; hMSCs: human mesenchymal stem cells

on the rheological properties of bioinks. More specifically,
a viscous bioink with a fast-gelling property will benefit the
printing of complex tissue-like constructs with high resolu-
tion [79]. However, enhancing the viscosity of bioinks will
lead to increased shear stress encountered by cells during the
extrusion process, which is one of the main factors causing
cell death and injury in extrusion bioprinting [80]. Interest-
ingly, Liu et al. [64] demonstrated that cells experienced
lower shear stress in a cone-shaped nozzle compared to a
straight nozzle during the bioprinting process, contributing to
higher cell viabilities for gelatin-based bioinks at all concen-
trations (Fig. 4a). Zhao et al. [78] systematically investigated
the effects of the rheological properties of gelatin-based
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bioinks and extrusion bioprinting parameters on printabil-
ity and cell survival. Low temperature (below 20 °C) will
cause considerable cell apoptosis, even at short holding time
(5 min). Especially, when the holding time reaches 20 min,
the cell survival will also decrease significantly at a rela-
tively high temperature (20 °C) (Fig. 4b). Notably, when the
storage modulus of bioinks is in the range of 154-382 Pa,
both high cell survival rate and good printability can be
achieved in the bioprinting process (Fig. 4c). The viscos-
ity of gelatin-based bioinks enhances with the increasing

g 7 8
Gel Conc.(%)

Imm

10 1

concentration and holding time or the decreasing of holding
temperature below the gelation temperature. Ouyang et al.
[47] evaluated and balanced printability versus cell viability
under different gelatin concentration and printing tempera-
ture combinations, with a holding time of 10 min (Fig. 4d).
Thus, gelatin-based bioinks should have suitable rheologi-
cal properties for bioprinting to meet both the requirements
of printability and needs for cell viability. Another key fac-
tor that influences cell survival is the crosslinking method in
the solidification process to achieve gelatin-based constructs
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with stable structures. Cell viability in gelatin networks
crosslinked by transglutaminase and tyrosine after bioprint-
ing were (98.3£1.3)% [65] and more than 90% [81], respec-
tively. Thus, enzymatic crosslinking is a favorable strategy,
characterized by satisfactory biocompatibility, for the solidi-
fication of printed gelatin-based constructs. As for chemical
crosslinking (such as photopolymerization), gelatin-based
constructs can be formed in situ upon exposure to light
(ultraviolet (UV) or visible light) in the presence of photo-
initiators; free radicals are generated to initiate polymeriza-
tion and finally form crosslinked hydrogel networks [82].
Photopolymerization has been increasingly popular due to
the rapid and stable solidification of gelatin-based con-
structs. Some studies pointed out that high cell viability
can be achieved through controlling the concentration of
photo-initiator and the wavelength/intensity of light. For
example, when using the Irgacure 2959 (0.00025-0.001
g/mL) and VA086 (0.0025-0.01 g/mL) reaction systems
at 365 nm and 2-136 mW/cm? light intensity, encap-
sulated stem cells can reach high viability above 90%
[83]. Specifically, VAO86 has better biocompatibility com-
pared to the conventional Irgacure 2959 [84]. In addition,
lithium phenyl(2,4,6-trimethylbenzoyl) phosphinate (LAP)
can induce radical crosslinking by visible light and has
proven to be much more efficient and less cytotoxic than
Irgacure 2959, making it a better photo-initiator for in situ
cell encapsulation studies [85]. Meanwhile, the use of near-
UV blue or UV light has proved to have the potential to break
the stability of chromosomes and genes in cells [86].

Noteworthily, near-UV blue or UV light has a limited
penetration depth, which will impede polymerization to
fabricate large-scale constructs [87]. In contrast, other photo-
initiators, such as Ru/SPS and eosin Y that are triggered
by visible light, have significant advantages for bioprinting
large-size constructs [76, 87, 88]. Recently, anovel crosslink-
ing approach via bisulfite-initiated radical polymerization
has been developed, which was successfully used to print
complex constructs with cell viability higher than 90% within
a support bath including sodium bisulfite [74]. Overall, all
these initiators, especially photoinduced ones, may produce
reactive oxygen species (ROS) that can exert certain nega-
tive effects on cells. This problem might be alleviated by the
incorporation of ROS scavengers into the hydrogel formula-
tion [82].

Formulation of gelatin-based bioinks
for extrusion bioprinting
Pure gelatin bioinks

The direct printing of gelatin solution by temperature and
concentration control suffers many disadvantages, such as
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poor fidelity, weak mechanical strength and instable struc-
ture. Recently, Song et al. [67] proposed an injectable gelatin
composite bioink consisting of a microgel solid phase (gelled
gelatin microgels) and a gelatin solution phase (Fig. 5a).
This composite ink can be printed directly and solidified by
physical crosslinking to hold printed structures (i.e., lattice,
tube-shaped, cup-shaped, and human anatomical structures)
at room temperature. Subsequently, the structures can be
immersed in transglutaminase solution to achieve a physio-
logically stable construct. To further improve the mechanical
strength and stability of fabricated structures, Song et al. [68]
developed other gelatin microgel-gelatin solution compos-
ite bioinks, which comprise a discrete phase of microgels
(enzymatically gelled gelatin microgels) and a crosslinkable
continuous gelatin precursor solution-based phase contain-
ing transglutaminase (TG); the rheological properties and
printability change gradually due to the TG enzyme-induced
crosslinking process.

Gelatin/polymer hybrid bioinks

The incorporation of additional components can efficiently
improve the printability of gelatin-based bioinks. Due to the
limited number of available methods to form a mechani-
cally stable gelatin network, the additive components are
prospected to construct a stably crosslinked network. For
instance, alginate can be crosslinked through divalent cations
(for example, Ca2*), forming a network in water (Fig. 3b)
[89]. In addition, silk fibrin can be crosslinked via self-
assembly to form S-sheet crystals that feature cytocompat-
ibility. In addition to the facile formation of network in the
presence of cells, the incorporation of alginate or silk fib-
rin can further improve the viscosity of gelatin bioinks for
extrusion bioprinting and enhance the mechanical strength of
the constructs. Thus, alginate and silk fibrin have become the
most widely used additives in gelatin/polymer hybrid bioinks
[71, 90-99]. Furthermore, other polymers such as hyaluronic
acid [100], fibrinogen [101] and agarose [102] have been uti-
lized. Nonetheless, gelatin lacks the ability to form a stable
network under physiological conditions, limiting the use of
gelatin/polymer bioinks for bioprinting complex tissue-like
constructs.

Gelatin/alginate bioinks

Alginate (Alg) and its derivatives are among the most popu-
lar additives in gelatin bioink because of their satisfactory
thickening effect, biocompatibility and easy crosslinking,
which can improve the printability and structural stability
of gelatin-based bioinks [77]. The rheological properties of
gelatin/Alg mixtures are similar to those of pure gelatin
solution, being temperature-responsive and the viscosity
increasing sharply when the temperature is below the value
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Fig.5 Approaches of extrusion bioprinting for gelatin bioink and
gelatin/polymer bioink. a An injectable gelatin composite bioink that
consists of a microgel solid phase (gelled gelatin microgels) and a
gelatin solution phase (reproduced from [67], Copyright 2020, with per-
mission from American Chemical Society). b Oxidized alginate/gelatin
hydrogel with amine-functionalized copper (Cu)-doped mesoporous
bioactive glass nanoparticles (ACuMBGNs) for extrusion-based

of sol-gel transition. Gelatin/Alg can usually be crosslinked
in two ways: ionic crosslinking and chemical crosslinking.
Owing to its biological benefits, CaCl, solution is com-
monly used for crosslinking gelatin/Alg bioinks through
ionic bonds for extrusion bioprinting. Di Giuseppe et al. [103]
studied the mechanical properties of gelatin/Alg hydrogel
after crosslinking with CaCl, solution. The ionic crosslink-
ing process markedly increased the stability of gelatin/Alg
network, with a significant rise in its mechanical strength.
The compression modulus and failure stress reached about
40 and 80 kPa, respectively, whereas the failure strain was
not sensitive to this process. Due to the intrinsic reversible

bioprinting (reproduced from [99], Copyright 2022, with permission
from the authors, licensed under CC BY). ¢ Gelatin/fibrinogen bioink
to attain a desirable shear-thinning property for rotary bioprinting,
which can be solidified by thrombin (reproduced from [101], Copy-
right 2019, with permission from Acta Materialia Inc.). GEL: gelatin;
AMBGN: aminated mesoporous bioactive glass nanoparticle; ADA:
alginate dialdehyde; mTG: transglutaminase

ionic crosslinking nature of CaCl,, the gelatin/Alg network
is also unstable and shows high swelling and degradation
properties in water or other aqueous solutions. In contrast,
the gelatin/Alg constructs formed by chemical crosslink-
ing yield a high-strength network. There are two strategies
for the chemical crosslinking of gelatin/Alg bioink: using a
crosslinker and the modification of alginate. Shi et al. [104]
showed that extruded gelatin (0.1 g/mL)/Alg (0.1 g/mL) scaf-
folds crosslinked by carbodiimide-N-hydroxysuccinimide
(EDC-NHS) and CaCl, consecutively had a high Young’s
modulus of (240.1419.9) kPa, a low swelling ratio of about
25%, and a low degradation rate of only 36.5% of dry weight
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loss after one week. Other chemical crosslinkers, such as
glutaraldehyde, have similar enhanced effects on gelatin/Alg
scaffolds [105]. Meanwhile, EDC/NHS and glutaraldehyde
have slight cytotoxicity, which limits their application in bio-
printing. Alginate dialdehyde (oxidized alginate) and gelatin
can form dynamic covalent crosslinking [106]. Distler et al.
[71] showed that alginate dialdehyde (oxidized alginate) and
gelatin, with favorable rheological properties, improved the
shape fidelity and structural stability of constructs made
by extrusion bioprinting. Zhu et al. [99] developed oxi-
dized alginate/gelatin hydrogel with amine-functionalized
copper (Cu)-doped mesoporous bioactive glass nanoparti-
cles (ACuMBGNs) for extrusion bioprinting (Fig. 5b). The
combination of reversible dynamic microenvironment and
the impact of cell-adhesive ligands introduced by aminated
particles enabled the rapid spreading (within three days) and
high survival (>90%) of embedded cells. In addition, the bio-
printed alginate dialdehyde-gelatin-ACuMBGN scaffolds
could promote osteogenic differentiation and angiogenesis.
Gelatin/Alg bioinks can not only improve the printability
and mechanical strength of gelatin-based constructs, but also
support cell function by bioactive additives. Zhang et al. [95]
prepared a human mesenchymal stem cell (hMSC)-laden
graphene oxide (GO)/alginate/gelatin composite bioink with
better printability, shape fidelity, compressive modulus, cell
viability, osteogenic differentiation, and ECM mineralization
than the pure alginate/gelatin composite bioink. Lietal. [107]
encapsulated Schwann cells in a gelatin/Alg bioink, which
could maintain a high viability of (83.3546.19)% after print-
ing and solidification of the constructs. Furthermore, after
two weeks of culture, the encapsulated cells showed a via-
bility of about 92.34% and enhanced capability to release
nerve growth factor compared with that of cells cultured in
two-dimensional culture. Hiller et al. [108] used a bioink
composed of alginate, gelatin, ECM, and HepaRG liver cells
to fabricate 3D liver constructs crosslinked by CaCl,, to study
transduction by an adeno-associated virus (AAV) vector and
infection with human adenovirus 5 (hAdV5). The results
showed that the tissue-like constructs were efficiently trans-
duced by AAV vectors of serotype 6 and supported efficient
adenoviral replication, making it a suitable platform to study
viral biology and develop new antiviral compounds. Further-
more, tissue-engineered skin constructs bioprinted by mixing
gelatin/Alg with human skin primary fibroblast cells were
used as skin engraftment for deep skin thermal wounds after
crosslinking with CaCl; [109]. Liu et al. [110] bioprinted
a 3D matrix laden with epithelial progenitors and function
guide (BMP-4) and crosslinked by CaCl,. The 3D construct
(printed by a nozzle with 300 pm diameter) guided the self-
organized formation of sweat gland tissue, which was similar
to that of the natural development process. Zhao et al. [111]
developed platelet-rich plasma (PRP)-integrated alginate-
gelatin (AG) composite hydrogel bioinks and evaluated their
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biological effects in vitro and in vivo. The integration of PRP
not only improved the behavior of seeded cells, but also reg-
ulated the tube formation of vascular endothelial cells and
macrophage polarization in a paracrine manner.

Gelatin/silk fibroin bioinks

Silk fibroin (SF), one of nature’s strongest fibrous proteins
that are both biocompatible and biodegradable, is widely
used as an additive for gelatin-based bioinks to optimize the
rheology for extrusion bioprinting (printability) and build
constructs with tunable degradation and mechanical prop-
erties (structural stability) for a range of tissue engineering
applications [54, 90-93, 112, 113]. SF transforms from an
amorphous to a crystalline phase by a S-sheet structure to
form a hydrogel through physical crosslinking, which can
be accelerated and induced by sonication and polyols [114].
For instance, constructs were printed using a gelatin/SF
bioink and physically stabilized by the addition of non-
toxic glycerol according to images extracted from computed
tomography scans (CT-scans) of a patient with head and neck
tumor mass [115]. The formulation of this bioink was opti-
mized with a gelatin concentration above 0.1 g/mL and a
ratio of 1:1 of SF to gelation, which presented a good print-
ability under physiological conditions (37 °C extrusion and
20-25 °C deposition) and a homogenously stable structure
after solidification in a glycerol bath for 1 h. Moreover, the
constructs could retain their shape for up to three months with
minimal inflammatory response and good integration with
tissue. An even more stable structure and higher mechan-
ical properties can be achieved by physical and chemical
(such as with tyrosinase and genipin) double crosslinking
of SE. As an example, the tyrosine residues of gelatin and
SF can be oxidized into o-quinone moieties by tyrosinase,
which will continue to react with each other or with free
amino groups of gelatin and SF. Das et al. [116] prepared
a high-viscosity gelatin/SF bioink (15% gelatin, 8% SF)
that exhibited an elastic modulus of about 2x10° Pa at
37 °C through partial crosslinking by tyrosinase or physical
crosslinking (B-sheet crystals of SF) accelerated by soni-
cation. After printing with human nasal inferior turbinate
tissue-derived mesenchymal stromal cells (hnTMSCs), the
dual crosslinking technology allowed the formation of a sta-
ble structure and a high cell viability of more than 96%.
Furthermore, the gelatin/SF construct crosslinked by tyrosi-
nase turned out to be suitable for cartilage regeneration.
Chameettachal et al. [117] reported that the hMSC-laden
gelatin/SF bioprinted constructs crosslinked with tyrosinase
offered a suitable microenvironment for hMSCs, and could
upregulate hypoxia (HIF1A) to enhance the expression of
chondrogenic markers (Aggrecan, COMP1) of hMSCs com-
pared to spheroids (without gelatin/SF). By combining with
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bone mesenchymal stem cell (BMSC)-specific-affinity pep-
tide in bioinks, these optimized constructs exhibited superior
performance in cartilage repair of a knee joint; they not only
retained adequate BMSCs owing to their efficient recruit-
ing ability and acted as a physical barrier for blood clots,
but also provided mechanical protection before neocartilage
formation and a suitable 3D microenvironment for BMSC
proliferation, differentiation, and ECM production [118].

Gelatin/other polymer bioinks

Other polymers, such as poly(ethylene oxide) (PEO),
hyaluronic acid [100], fibrinogen [101], and agarose [102],
also have been applied in gelatin/polymer bioinks, which can
enhance the viscosity gelatin-based bioink to improve print-
ability. When the constructs were fabricated with 3% gelatin
and 2% PEO, and crosslinked with microbial transglutami-
nase (mTgase), shear thinning property was improved and the
subsequent solidification process of bioinks was mild. These
constructs could support entrapped cell growth, spreading
and proliferation for both HEK293 cells and human umbili-
cal vein endothelial cells (HUVECs) [119]. Freeman et al.
[101] developed a fibrinogen/gelatin bioink to attain the
desired shear-thinning property for rotary extrusion bio-
printing, which could be solidified by thrombin (Fig. 5c).
Characterizations revealed that not only the concentration of
gelatin but also the heat treatment could affect cell viability
during printing. Notably, the density of cells in the bioinks
influenced printability, and increased collagen deposition and
the mechanical strength of construct during two months of
culture. Enzymatic crosslinking is a promising crosslinking
method for the stabilization of gelatin/polymer under phys-
iological conditions; meanwhile, it has the main drawback
of low mechanical properties due to the slightly crosslinked
network. Employing aldehyde-modified polymers is another
strategy to stabilize the network of gelatin/polymer by the
interaction of aldehyde and amino groups, such as oxidized
dextran [120] and aldehyde-modified cellulose nanocrystals
[121]. However, the application of gelatin/polymer bioinks
to bioprint tissue-like constructs is currently limited.

Chemically modified gelatin-based bioinks

An additional approach encompasses conjugating chemical
functional moieties to the gelatin chain, that is, preparing
gelatin derivatives that can form covalent-crosslinked net-
work dependently by stimulation, such as radiation and
ions. Chemically modified gelatin has additional advantages
in extrusion bioprinting [35, 66]. For instance, it can be
bioprinted without further additives, the mechanical prop-
erties and degradation rates can be tuned, and other fast and
convenient printing technologies can be applied for the mod-
ification of gelatin. Moreover, dual solidification processes

(i.e., physical and chemical) can be achieved in chemically
modified gelatin-based bioinks to enhance the structural sta-
bility of constructs. Thus, chemically modified gelatin-based
bioinks are gaining increasing attention [122—125].

Gelatin methacryloyl (GelMA) bioinks

Pure GelMA bioinks GelMA is derived from gelatin by
modification with photopolymerizable methacrylate groups,
where the gelation of GeIMA can be achieved by both the
physical crosslinking and photo-induced covalent crosslink-
ing of these groups. GeIMA has shown a potential as a viable
bioink due to the superior biocompatibility, on-demand
photo-crosslinkability and broadly tunable physicochemical
properties [35, 125—-127]. Through a simple cooling process
and subsequent photo-induced crosslinking for stabilization,
a cell-laden 3D construct can be printed directly by using
GelMA bioink [36, 64, 128]. GeIMA bioinks (3% GelMA,
1.8 kPa compressive modulus) could be bioprinted success-
fully at 21 °C owing to their shear thinning properties [129].
The printed cell-laden constructs with low GelM A concentra-
tions showed high porosity, which could effectively support
cell survival, as well as enhance cell proliferation and spread-
ing. Gu et al. [130] systematically investigated the influence
of GelMA concentration and printing temperature on the
printability and cell viability. They established that, com-
pared to GelMA bioinks with high solid content, GeIMA
bioinks with low solid contents should be conducted at a rel-
atively low printing temperature to achieve good printability,
while a low conducting temperature below 20 °C will cause
negative effects on cell viability. However, high solid con-
tents of the bioinks will limit cell survival, proliferation and
spreading; therefore, it is crucial to balance these two aspects
for optimal GelMA bioinks.

One strategy to solve the above issue is programming
the viscosity of bioinks, or extrusion bioprinting with other
methods instead of adjusting the printing temperature. For
instance, by partial crosslinking of GelMA using mTgase, the
rheological properties of the bioink were well controlled to
yield good printability [65]. Furthermore, Ouyangetal. [131]
introduced light through a photo-permeable capillary (e.g.,
silicone tubing and glass) to crosslink GeIMA bioink during
the extrusion process immediately prior to deposition, which
was termed as “in-situ-crosslinking” (Fig. 3c). In this way, the
shear forces for extrusion were low and consistent, the printed
filament was uniform, and high cell viability (about 95%) was
achieved. Moreover, this strategy could be used to print rel-
atively complex structures (e.g., core—shell, heterogeneous
and hollow structures). Most importantly, maintaining the
long-term survival of cells in GeIMA hydrogels is crucial for
building tissue-like constructs from shape to function.
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Combination of GelMA bioink with thickeners Similar
to gelatin, the viscosity of GeIMA bioinks can be easily
increased with rheology enhancers for better printability,
such as polymers and nanoclay. As the incorporation of
other components will alter the microenvironment of mate-
rials, the additive should be suitable for tissue engineering
or later removal. Hyaluronic acid (HA) is an abundant natu-
ral polymer in human tissues with superior biocompatibility
and desirable biological activity [132]. HA methacryloyl
(HAMA) shows photocurable property similar to GelMA,
which has been one of the most commonly utilized compo-
nents in GelMA-based bioink formulas. Due to the incor-
poration of viscous HAMA, GelMA (5%)HAMA (2%)
bioink with a low solid content showed good printability
and allowed the precise fabrication of complex 3D con-
structs, such as human ear- and nose-shaped scaffolds [133].
GelIMA/HAMA bioink can also support cell function [134,
135]. vander Valk et al. [ 134] engineered a 3D human calcific
aortic valve disease (CAVD) model using GeIMA/HAMA
bioink laden with valvular interstitial cells. The novel 3D-
bioprinted CAVD model potentiated microcalcification by
mimicking the native aortic valve (AV) mechanical environ-
ment, and could facilitate high-throughput drug-screening
in CAVD. Articular cartilage progenitor cells and multi-
potent mesenchymal stromal cells (MSCs) were embedded
in GeIMA/HAMA/gellan bioink for the fabrication of car-
tilage constructs [135]. The incorporation of HAMA in
GelMA/gellan bioink increased filament stability, whereas it
did not influence the (zone-specific) chondrogenesis of any
cell type.

Other photocurable polymers (e.g., polyethylene glycol
diacrylate (PEGDA), alginate and carboxymethyl cellulose
(CMC) chemically functionalized with methacrylic anhy-
dride) have also been used in GelMA-based bioinks. These
polymers can increase the viscosity to improve the print-
ability of gelatin-based bioinks. In addition, they can be
used to fabricate structurally stable and long-lasting scaf-
folds for specific applications owing to their relatively slow
degradation. Garcia-Lizarribar et al. [136] printed skeletal
muscle structures with GeIMA-PEGDA, GelMA-AlgMA
and GelMA-CMCMA bioinks, which were not only sta-
ble but also featured tunable biodegradable and mechanical
properties to maintain high cell viability and facilitate myo-
genesis. Compared with GeIMA—PEGDA bioink, higher cell
proliferation and viability were achieved by GelMA-Al-
gMA and GeIMA-CMCMA bioinks. 3D durable structures
could be efficiently fabricated with GelMA—-AlgMA and Gel-
MA-CMCMA bioinks, which were conductive to forming
differentiated and aligned muscle fiber. Gao et al. [137] devel-
oped conductive biomimetic scaffolds based on GelMA,
HAMA and poly(3,4-ethylenedioxythiophene):sulfonated
lignin (PEDOT:LS), which mimicked the native spinal cord
and were fabricated by 3D bioprinting. The neural stem cells
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(NSCs) encapsulated in the scaffolds exhibited good survival
rate (higher than 90%). By precisely regulating the light
curing time, the conductive hydrogels showed mechanical
properties similar to native spinal cord tissues. Apart from the
above advantages of GeIMA/polymers, they can form a long-
lasting matrix for in vitro applications compared to GeIMA.
To balance the printability and biocompatibility of GelMA
bioink, nanoclay or other nanomaterials are generally uti-
lized. Due to the thixotropic property of nanoclay, complex
scaffolds with high shape fidelity can be easily printed using
nanoclay composite [138, 139]. Gao et al. [62] developed a
GelMA/nanoclay bioink consisting of 10% GelMA and 4%
nanoclay (Laponite) to print complex 3D structures. Com-
pared with GelMA, the GelMA/nanoclay scaffolds showed
enhanced modulus and strength, albeit lower swelling and
degradation ratios. Besides, GelMA/nanoclay had a high
biological performance similar to GeIMA. GelMA/nanoclay
constructs could promote osteogenic and angiogenic tis-
sue formation [139]. Liu et al. [140] demonstrated that
nano-attapulgite (nano-ATP)/GelIMA groups outperformed
the control group in terms of printability, indicating that
nano-ATP is beneficial for printability. Additionally, after
the incorporation of nano-ATP, the mechanical strength of
the composite hydrogels was significantly improved, result-
ing in adequate mechanical properties for bone regeneration.
Their findings showed that cells within the scaffold not only
had high viability but also a clear tendency to promote the
osteogenic differentiation of BMSCs.

Other chemically modified gelatin-based bioinks

To date, several types of chemically modified gelatin have
been developed as bioinks, which can yield a mild solid-
ification process to improve cell survival, or enable pro-
grammable viscosity to enhance printability. Gelatin con-
jugated with polyphenols is one common strategy to form
crosslinked gelatin networks by enzymatic crosslinking or
photo-crosslinking [81, 141-145]. Phenolic hydroxyl (Ph)
moieties can be conjugated with gelatin via the condensa-
tion of amino moieties of tyramine and carboxyl moieties
of gelatin using commercial EDC/NHS. A bioink contain-
ing Gel-Ph, horseradish peroxidase (HRP) and cells was
extruded into air containing HyO», which maintained cell
viability above 90%, supporting the migration and spreading
of mouse fibroblast 10T2/2 cells (Fig. 6a) [81]. Alternatively,
crosslinking Gel-Ph bioink in the presence of Ru/SPS could
be triggered by visible light (Fig. 6b), which yielded good
cytocompatibility and had a fast gelation below 30 s, while
this hydrogel was weak with a Young’s modulus below 3 kPa.
Human adipose stem cells (hADSCs) encapsulated in the
constructs bioprinted in this manner showed good prolifera-
tion and differentiation potential [145]. Similarly, gelatin can
be modified with other phenolic hydroxyl moieties, such as
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heim). d Modified gelatin with temperature-programmable viscosity
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gallol- [143] and dopamine-gelatin [142]. Dopamine-gelatin
seems a promising choice for neural tissue engineering [141,
142].

Free radical polymerization (e.g., GelMA) will result
in the formation of a rather heterogeneous network [146,
147]. Thus, multifunctional molecules coupled with thiol-
ene yield more homogeneous networks with characteristics
determined by the molecular architecture of the employed
educts [148]. Allylated gelatin (GelAGE) can be applied as
a thiol-ene clickable bioink for distinct biofabrication appli-
cations. Bertlein et al. [76] reported that the curing of this
GelAGE system occurred via dimerization and yielded a
network with flexible properties that offered a wider bio-
printing window than GelMA, without utilizing additional
non-degradable components (Fig. 6¢). GelAGE could enable
more homogeneous networks due to the thiol-ene clickable
coupling of multifunctional molecules, and support the long-
term viability of encapsulated cells post-printing. In addition,
He et al. [66] developed a chemical gelatin (Gel-Upy-
Tyr) with temperature-programmable viscosity and enzyme-
controlled solidification by using reversible quadruple-
hydrogen-bonded ureido-pyrimidinone (UPy) and enzyme-
responsive tyramine moieties (Tyr) (Fig. 6d), realizing
enhanced printability and superior fidelity. The loaded cells
in the construct had high viability of over 90% at 24 h, and
exhibited proliferation and protein secretion after one week.

Construction of complex, multicellular
and large-scale structures based
on gelatin-based bioinks

The development progress of gelatin-based bioinks has con-
tributed to the biofabrication of complex, multicellular and
large-scale constructs widely applied in tissue/organ engi-
neering. Maintaining the long-term survival of cells in
gelatin-based hydrogels is crucial for building tissue-like
constructs from shape to function, especially in large-scale
constructs. An alternative strategy is to develop a pore-
forming GelMA-based bioink formulation or an embedded
vasculature to enhance nutrient delivery and cell growth.
The bioprinting of porous hydrogels was achieved by using
GelMA mixed with PEO [149]. After the printing of this
bioink composed of two immiscible aqueous phases, the
porous structure of the 3D-bioprinted hydrogel construct
was formed by subsequently removing the PEO phase from
the photo-crosslinked GeIMA hydrogel (Figs. 7a and 7b).
This offered a rapid technology to form porous struc-
tures, which showed enhanced cell viability, spreading and
proliferation compared to the standard (i.e., non-porous)
hydrogel constructs (Fig. 7c). The sacrificial microgel-laden
bioink, which contained cell/GelMA mixture and gelled
gelatin microgel, was first thermo-crosslinked to fabricate
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temporary predesigned cell-laden constructs by extrusion
bioprinting. Then, the construct was stabilized through
photo-crosslinking of GeIMA. The pore networks inside the
printed constructs were formed after subsequent dissolution
of the gelatin microgel. These pore networks allowed for
effective oxygen/nutrient diffusion, facilitating the genera-
tion of bioactive tissues [150].

Moreover, by combining with sacrificial bioinks, an
embedded vasculature can be fabricated within cell-laden
GelMA hydrogels. For example, Byambaa et al. [151] fab-
ricated micro-structured bone-like constructs containing a
perfusable vascular lumen. To form perfusable blood ves-
sels inside the bioprinted construct, a central cylinder with
5% GelMA hydrogel characterized by low methacryloyl sub-
stitution (GelMA[ ow) was printed (Fig. 8a). Ouyang et al.
[152] fabricated 3D complex vascular networks using a sin-
gle bioprinting step and two types of bioink, a gelatin-based
templating bioink (e.g., gelatin) and a photo-crosslinkable
matrix bioink (e.g., GeIMA), which were printed side by
side into 3D constructs without any void spaces. By preload-
ing endothelial cells (ECs) into the gelatin bioink, ECs
were deposited and automatically adhered to the inner sur-
face of the channels, which could provide nutrients for cell
growth. Shao et al. [153] utilized coaxial 3D bioprinting to
generate a large-scale tissue (>1 cm), which consisted of
solid sheath-core (GelMA/desired tissue-gelatin/endothelial
cells) fibers and had a self-supporting property to ensure
the fidelity of the printed structures during the printing pro-
cess (Fig. 8b). When the core fibers dissolved to generate
channels, the surface of the core could be efficiently cel-
lularized with a confluent EC layer. This method was the
first to successfully fabricate 3D cell-laden vascularized tis-
sue constructs with a long-term culture (>20 d). Moreover,
tissue-like constructs with effective oxygen/nutrient diffu-
sion and cell growth could be bioprinted. Taymour et al.
[154] developed a liver sinusoid-like model that consisted
of a core compartment with pre-vascular structures and a
shell compartment containing hepatocytes through coaxial
extrusion-based 3D bioprinting. Human endothelial cells,
laden in the core ink together with human fibroblasts as
supportive cells, formed a pre-vascular network in the core
both in the absence and presence of HepG?2 in the shell. The
cellular interactions occurring in this triple culture model
enhanced albumin secretion. In conclusion, core—shell bio-
printing was shown to be a valuable tool to study cell—cell
interactions and to develop complex tissue-like models. He
et al. [66] bioprinted a reversible twisting-tension human-
scale hBMSC-laden ear and a bicellular tibia-like construct
containing hBMSCs and endothelial cells scaffold by using
the gelatin-based (Gel-Upy-Tyr) bioink (Fig. 8c), and both
types of constructs exhibited good mechanical strength.
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Fig.7 Preparation of a — wis e .
pore-forming GelMA-based (a) Bioink 3D Bioprinting Cell Spreadlji

bioink for enhancing cell F 2 W

viability (reproduced from [149],
Copyright 2018, with permission
from WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim).
a Extrusion bioprinting of (i)
porous hydrogel structure using
two-phase aqueous emulsion
bioink and (ii) a conventional
hydrogel structure. b Photograph
of 3D-bioprinted multilayered (i,
ii) standard and (iii, iv) porous
GelMA hydrogel patterns.

¢ Fluorescence micrographs
showing bioprinted HUVECs
and NIH/3T3 fibroblasts in (i-iv)
standard GeIMA hydrogel
patterns and (v—viii) porous
GelMA hydrogels patterns on
Day 7 of culture. GeIMA: gelatin
methacryloyl; PEO:
poly(ethylene oxide); HUVECs:
human umbilical vein endothelial
cells

Pre-gel
solution

(c)

Standard
GelMA

Porous
GelMA

Challenges and prospects

Despite the numerous advances, the fabrication of gelatin-
based bioinks with satisfactory printability and bioactivity
into complex tissue-like constructs which have desirable
physicochemical properties and biofunctions for specific
biomedical applications, still presents several challenges.
Specifically, the following requirements for gelatin-based
bioinks have remained largely unmet: (1) The printability
window of current gelatin-based bioinks is narrow; higher

Crosslinked Non-spreading .4 Spreading
I:l GelMA DPEO@ cell —T cell

printability and shape fidelity are still expected to achieve
complex and sophisticated structures, such as vascular net-
works, nephric tubules in the kidney, liver units in the liver
and alveolus pulmonis in the lung, etc. (2) The poor mechan-
ical strength of gelatin-based hydrogels limits the size and
scope of applications for bioprinted constructs. (3) The bio-
printing of complex tissue-like constructs calls for precise
multicellular arrangement, which is limited by the extru-
sion bioprinting technology. (4) The majority of studies
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Fig. 8 Bioprinting of complex cell-laden constructs by using gelat-
inbased bioinks. a Formation of HUVECs/hMSCs-lined perfusable
hollow lumen structure in the bioprinted bone constructs. (i) Cross-
sectional view of the whole bioprinted construct and encapsulated
cells with live/dead staining. (ii) Demonstration of a HUVEC-lined
vessel-like lumen structure within the bioprinted construct; cross- and
top-sectioned confocal micrographs of central vessel within the con-
struct. The central vessel was stained with DAPI and a-SMA on Day
12 of culture. Encapsulated endothelial cells lined the vascular walls
(green fluorescence) and hMSC cells were differentiated into peri-
cytes (red fluorescence) (reproduced from [151], Copyright 2017, with
permission from WILEY-VCH Verlag GmbH & Co. KGaA, Wein-
heim). b Coaxial 3D bioprinting to generate (i) 2D butterfly and leaf
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patterns: (i) solid nose and (ii) large-scale tissue (>1 cm) with vascular
channels, which consists of solid sheath-core (GelMA/desired tissue-
gelatin/endothelial cells) fibers and has a self-supporting property to
ensure the fidelity of the printed structures during the printing pro-
cess (reproduced from [153], Copyright 2020, with permission from
IOP Publishing Ltd.). ¢ Bioprinting of (i) a reversible twisting-tension
human-scale hBMSC-laden ear and (ii) a bicellular tibia-like scaf-
fold containing hBMSCs and endothelial cells by using gelatin-based
(Gel-Upy-Tyr) bioink (repro-duced from [66], Copyright 2020, with
permission from IOP Publishing Ltd.). HUVECs: human umbilical vein
endothelial cells; hMSCs: human mesenchymal stem cells; DAPI: 4°,6-
diamidino-2-phenylindole; a-SMA: a-smooth muscle actin; hBMSCs:
human bone mesenchymal stem cells
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currently focus on in vitro experiments, whereas the func-
tion of gelatin-based tissue-like constructs in vivo needs to
be further verified. Nevertheless, we are confident that there
are great prospects for gelatin-based bioinks used in 3D bio-
printed constructs with a potential for much more hierarchical
structures, diverse cell types, and physiological functions for
customized organ regenerative medicine, high-throughput
drug screening and the study of tissue morphogenesis.

Conclusions

Gelatin has shown great advantages as a bioink material.
However, developing a robust system with all the desired
merits (printability, shape stability and cell survival) depends
on both the physicochemical properties of gelatin-based
bioinks and bioprinting conditions. By the incorporation
of polymers (e.g., alginate or silk fibrin), hybrid bioinks
have demonstrated good printability. Notably, by chemically
conjugating functional moieties to the gelatin chain, mod-
ified gelatin not only can form networks dependently but
also possesses several advantages: it can be printed directly
without the incorporation of other components; it is bene-
ficial for bioprinting relatively complex structures, such as
porous structures and vasculature, or constructs with mul-
tiple cell types. Therefore, with the rapid development of
gelatin-based bioinks and extrusion bioprinting technology,
the bioprinting of complex tissue-like constructs with the
desired physicochemical properties and biofunctions for a
particular biomedical application will be soon realized.
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