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Abstract

The three-dimensional (3D) bioprinting technology has progressed tremendously over the past decade. By controlling the size,
shape, and architecture of the bioprinted constructs, 3D bioprinting allows for the fabrication of tissue/organ-like constructs
with strong structural—functional similarity with their in vivo counterparts at high fidelity. The bioink, a blend of biomaterials
and living cells possessing both high biocompatibility and printability, is a critical component of bioprinting. In particular,
gelatin methacryloyl (GelMA) has shown its potential as a viable bioink material due to its suitable biocompatibility and
readily tunable physicochemical properties. Current GelMA-based bioinks and relevant bioprinting strategies for GelMA

bioprinting are briefly reviewed.
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Introduction

The demand for organ replacement or tissue regeneration
is quickly expanding, while the number of donor organs is
far from sufficient [1, 2]. Tissue engineering, initially pro-
posed approximately three decades ago, has thus emerged as
an alternative strategy aiming to generate tissues and organs
that are functionally relevant to their in vivo counterparts,
to replace those that are damaged or diseased in the body
[3]. Besides this conventional aspect, tissue engineering has
found additional applications over the past years in serv-
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ing as a tool to produce biomimetic miniaturized human
tissue models for the purpose of improving the accuracy
of drug screening and of promoting personalized medicine
[4, 5]. Nevertheless, it is still a great challenge to fabri-
cate complex living tissues except for a few simple organs
such as skin [6] and cartilage [7]. Recently, the advance-
ments in three-dimensional (3D) bioprinting seem to have
brought us a step closer to realizing the ambitious aim of
tissue engineering, by providing an unprecedented means to
control, in precision, the deposition/patterning of cells and
biomaterials in the volumetric space at high reproducibility
[8].

While there are several bioprinting modalities commonly
used for tissue fabrication, the bioink consisting of a mixture
of biomaterial(s) and cell(s) is the unanimously vital com-
ponent serving as the building block of bioprinted 3D tissue
structures [9, 10]. Taking extrusion bioprinting as an exam-
ple, the bioinks play key roles in dispersing the cells prior to
bioprinting, in maintaining the integrity of the structures dur-
ing bioprinting, and in supporting the adhesion, spreading,
and functionality of encapsulated cells post-bioprinting [11,
12]. The bioprinted cell-laden constructs featuring arbitrary
shapes and architectures finally form 3D tissue-like struc-
tures following a period of culture [13].

In principle, an ideal bioink should possess physico-
chemical properties suitable for the bioprinting process,
and the bioprinted constructs should have proper biologi-
cal and mechanical properties close to those of the native
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tissues. Hydrogel-based bioinks encapsulating living cells
and bioactive components are of particular interest for bio-
printing [14]. To this end, numerous hydrogel-based bioink
formulations such as gelatin methacryloyl (GeIMA) [15-17],
acrylate-functionalized poly(ethylene glycol) [18, 19], algi-
nate [20, 21], agarose [22], and collagen [23] have been
adopted, either used alone or in combinations, as bioinks.
Among the different types of hydrogel bioinks, those based
on GelMA hold good promise attributed to the superior bio-
compatibility, on-demand photocrosslinkability, and broadly
tunable physicochemical properties of this biomacro-
molecule denatured from collagen [22]. This review out-
lines recent advances in the development of GelMA-based
bioink formulations and strategies suitable for GelMA
bioprinting.

GelMA-based bioink formulations

Pure GelMA bioink

To produce hydrogel constructs through extrusion bioprint-
ing, it is necessary to control the viscosity of the bioink
as an important rheological parameter [24]. High viscosity
of the bioink is essential to maintain the structural fidelity
of the extruded filaments deposited layer by layer in 3D.
Direct bioprinting of pure GeIMA hydrogel as the bioink
has been a challenge because of its generally low viscosity
at room or higher temperatures. Yet, GeIMA could still be
directly bioprinted through adjusting several parameters
to reach appropriate viscosity: the concentration of the
polymer, the temperature, and the degree of crosslinking
[25]. First, higher viscosity can be obtained by increasing the
concentration of the GelMA solution potentially allowing
for high-fidelity bioprinting. The challenge associated with
this approach is that the elevated concentration of GelMA
solution (such as>30 w/v%) will inevitably lead to low
cell bioactivity due to the presence of the dense polymer
network [26]. Second, owing to its temperature sensitive-
ness, reduced temperature at close to 0 °C would induce
the formation of the GeIMA physical gels (GPGs) that are
shear-thinning and self-healing, enabling direct extrusion
bioprinting of pure GelMA constructs at relatively low
concentrations of the bioinks (down to 3 w/v%, Fig. 1A)
[15, 17]. The formation of the GPGs could be achieved by
cooling down the GelMA bioinks prior to bioprinting [15]
or by using a cooling printhead during bioprinting [27-29].
In the third option, by taking advantage of the in situ
crosslinking strategy, GeIMA bioinks could be partially
photocrosslinked during extrusion to enhance the viscosity
and thus the fidelity of their direct extrusion bioprinting
(Fig. 1B) [30].
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Pore-forming GelMA bioink

Direct bioprinting of pure GelMA bioinks provides
programmable and customizable platforms to engineer
cell-laden constructs mimicking human tissues for a wide
range of biomedical applications. However, the encapsulated
cells are often restricted in spreading and proliferation by
the relatively dense GelMA networks from gelation of
the GelMA molecules at medium-to-high concentrations.
A pore-forming GelMA-based bioink formulation was
recently developed (Fig. 2A) to possibly overcome the
aforementioned drawback of the conventional pure GeIMA
bioinks [31]. Such a formulation relying on an aqueous two-
phase emulsion, which contains two immiscible aqueous
phases of cell/GelMA mixture encapsulating droplets of
poly(ethylene oxide) (PEO), is photocrosslinked following
bioprinting to fabricate predesigned cell-laden hydrogel
constructs at a reduced temperature for increased viscosity.
Porous structure of the 3D bioprinted construct is formed
by subsequently removing the PEO phase from the GelMA
hydrogel during incubation in cell culture medium (Fig. 2B).
The development of the aqueous two-phase emulsion
bioinks enabled controllable pore size distribution through
adjusting the volume ratio of the PEO/GelMA solutions,
serving as a new strategy to engineer porous-structured tis-
sue constructs using bioprinting (Fig. 2C). Cells within the
3D-bioprinted porous cell-laden hydrogel patterns showed
enhanced cell viability, spreading, and proliferation com-
pared to the standard (i.e., non-porous) GelMA constructs
(Fig. 2D).

Alginate-templated GelMA bioink

Besides direct deposition, low-viscosity biomacromolecules
such as GeIMA at low concentrations can also be extrusion-
bioprinted in a molecular-templated manner. For this, the
alginate/GelMA composite bioink and the microfluidic bio-
printing technology based on a coaxial needle have been
developed, where the bioink is delivered from the core and
the ionic crosslinking agent (CaCl, solution) is sheathed on
the side (Fig. 3A) [32-35]. The introduction of alginate in the
composite bioink enhances the viscosity of the GeIMA solu-
tion. More importantly, the alginate component allows for
rapid physical crosslinking by CaCl, during the bioprinting
process to maintain the structural fidelity of the microfibrous
constructs [36], followed by photocrosslinking of the GeIMA
component using UV illumination. This two-step crosslink-
ing procedure enabled bioprinting of microfibrous structures
based on GelMA/alginate (Fig. 3B-a, b) [35]. Interestingly,
alginate could be removed following bioprinting, through
chelation of Ca?* by immersing the constructs in a solution
of ethylenediaminetetraacetic acid (EDTA), to leave behind
microfibers consisting of almost pure GeIMA (Fig. 3B-c). As
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Fig. 1 Pure GeIMA bioink. A Direct bioprinting of the pure GelMA
bioink by a cooling process to form GPG prior to bioprinting. a
Schematic of the bioink preparation. b Photographs showing the
bioprinted structures (4 w/v% GelMA in GPG). Reproduced with per-
mission [15]. B Direct bioprinting of the pure GelMA bioink through
in situ photocrosslinking. a Schematic diagram of three photocrosslink-

ing methods: before (pre-crosslink), after (post-crosslink), and during
(in situ crosslink) extrusion. b Fluorescence images showing the reso-
lution of the structures bioprinted by three different photocrosslinking
methods. ¢ Images showing the bioprinted filament and ring (5 w/v%
GelMA). Reproduced with permission [30]
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Fig.2 Pore-forming GelMA bioink. A Schematics of 3D bioprint-
ing of a a porous hydrogel structure using the pore-forming GelMA
bioink and b a conventional hydrogel structure using the pure GelMA
bioink. B Images showing the interior structure of patterns bioprinted
with a pore-forming GelMA bioink and b pure GelMA bioink. C
Photographs of 3D bioprinted multilayered GeIMA hydrogel patterns

such, microfibers at lower concentrations of GeIlMA could be
bioprinted, leading to improved cell spreading, migration,
and proliferation (Fig. 3C) [33].
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with a, b pure Ge]MA bioink and ¢, d pore-forming GeIMA bioink.
D Fluorescence images of NIH/3T3 fibroblasts in GeIMA hydrogel
patterns bioprinted with pore-forming GelMA bioink. ¢, d Cell spread-
ing within GeIMA hydrogel constructs bioprinted with pore-forming
GelMA bioink. Reproduced with permission [31]

Strategies for bioprinting GelMA-based
bioinks

Several bioprinting techniques based on modifications of
extrusion bioprinting, including sacrificial bioprinting and
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Bioink

Fig.3 Alginate-templated GeIMA bioink. A Schematics of the bio-
printing process: a preparation of templated GelMA bioink containing
alginate and GelMA; b construction of a core—sheath coaxial nozzle,
where the alginate-templated GeIMA bioink is delivered through the
core flow and the CaCl, solution is co-delivered through the sheath
flow; ¢ ionic crosslinking of the alginate component by Ca”*; and d
formation of the GeIMA hydrogel through a secondary photocrosslink-
ing, followed by gradual removal of alginate using a bath of Ca?*
chelator. B Bioprinting of microfibrous structures based on alginate-
templated GelMA bioink. a Schematics showing two-step crosslinking

hollow tube bioprinting, have been developed in addition to
direct extrusion bioprinting to generate GelMA-based tis-
sue constructs. Besides, GelMA-based bioinks can also be
applied to non-extrusion bioprinting strategies for tissue fab-
rication.

Sacrificial bioprinting

Sacrificial bioprinting has been developed to produce hydro-
gel constructs containing interconnected vessel-like struc-
tures (Fig. 4A-a, b) [37]. As a sacrificial material, Pluronic
F-127 microfibers are first bioprinted as the templates in
arbitrary shapes, where GeIMA pre-polymer bioink is subse-
quently filled in the surrounding space and photocrosslinked.
The GelMA block with embedded microchannels can be
obtained by removal of the Pluronic templates through
immersing the construct at a low temperature (<4 °C) to
liquefy the material and flushing it away. Endothelial cells

fluorescence micrographs showing a bioprinted multilayered construct;
¢ Fluorescence microscopic images showing the release of alginate.
Reproduced with permission [35]. C a Schematic representation show-
ing the encapsulated HUVECsS spreading in the bioprinted microfibers.
b and ¢ Confocal fluorescence micrographs showing the spreading
of HUVECS in the bioprinted microfibrous structures using alginate-
templated GelMA bioink following removal of the alginate component.
Reproduced with permission [33]

could be finally seeded into the hollow microchannels to form
biologically relevant blood vessels (Fig. 4A-c).

Alternatively, the sacrificial templates may also be phys-
ically extracted. For example, using agarose as the bioink,
which forms a mechanically robust solid hydrogel at room
temperature or lower, microfibers could be bioprinted and
GelMA constructs containing hollow microchannels could
be fabricated in a similar manner (Fig. 4B-a, b) [38—40].
Again, these hollow microchannels may be further popu-
lated with a monolayer of endothelial cells (Fig. 4B-c), and
the formed endothelium was functional serving as an effi-
cient barrier deferring the diffusion of biomolecules into the
surrounding GeIMA matrix (Fig. 4B-d) [39].

Hollow tube bioprinting

The bioprinted microfibrous structures composed of solid
interiors, as shown in Fig. 3C, were not perfusable. To mimic
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Fig.4 Sacrificial bioprinting. A a Schematic of the sacrificial bioprint-
ing process using Pluronic F-127 as a sacrificial material. b Photographs
showing the bioprinting procedure and fabricated hydrogel construct
with a central hollow microchannel structure. ¢ Endothelialization of
the hollow microchannel inside the GeIMA construct for c-i O day, c-ii
1 day, and c-iii 2 days in a linear microchannel, and c-iv in a branch-
ing microchannel, where HUVECs were labeled with green fluorescent
protein (GFP); c-v CD31 staining of the HUVECs. Reproduced with

cannular tissues widely present throughout the human body,
another technique based on microfluidic bioprinting has been
developed to directly bioprint perfusable hollow microfibers
[41-43]. In a typical setup, a multilayered concentric nozzle
is utilized, where the composite bioink containing alginate,
GelMA, and other structural molecules is delivered from
the middle layer, and the crosslinking agent CaCly solu-
tion is flown from both interior and exterior, leading to the
generation of a tubular structure in a single extrusion pro-
cess (Fig. 5A-a) [10]. Volumetric structures consisting of a
single hollow tube could be bioprinted (Fig. SA-b), which
was demonstrated to be perfusable across the entire layers
(Fig. 5A-c-i). Vascular cells could be further encapsulated
into the bioink during extrusion, forming the biologically
relevant hollow vessel structure following a period of culture
(Fig. 5A-c-ii). With the inclusion of more layers in the con-
centric nozzle setup, tunable numbers of walls in a hollow
fiber (e.g., between single and double layers at regular inter-
vals) could be achieved by switching the bioink delivery in
the different layers on or off at desired time points (Fig. 5B)
[44].

Contrarily, the hollow alginate microfibers may as well
serve as structural supports for building cell-laden con-
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permission [37]. B a Schematic of the sacrificial bioprinting process
using agarose as a sacrificial template and b photographs showing a lin-
ear microchannel and a branching microchannel embedded inside the
GelMA matrix. ¢ Formation of endothelial monolayer in the microchan-
nel of the GeIMA construct and its outward sprouting. d Diffusion
profiles of rhodamine 6G into the microchannel d-i without and d-ii
with the endothelium at different time points. Reproduced with permis-
sion [39]

structs in low-stiffness GelMA hydrogels, providing cells
with soft microenvironments suitable for engineering certain
tissue types [45]. Different with the hollow GelMA-based
microfibers discussed above, here a mixture of GelMA and
CaCl; solution is employed as the core while the alginate
solution is extruded from the sheath (Fig. 5C-a), resulting
in bioprinted 3D microfibrous constructs where the GelMA
bioink is embedded within the microfibers and subjected
to subsequent photocrosslinking. The encapsulated cells
showed differential morphologies when the GeIMA bioinks
used in the cores of the microfibers had different concentra-
tions (Fig. 5C-b). The concentration (down to 1 w/v%) of
GelMA that could be bioprinted using this strategy was even
lower than that possible through direct extrusion bioprinting
with the GPGs [15].

Non-extrusion-based bioprinting

The above-mentioned bioprinting strategies relying on direct
or indirect extrusion are easy to realize, but the processes are
generally slow. In comparison, a few non-extrusion-based
bioprinting strategies could shorten the time needed for tissue
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Fig.5 Hollow fiber bioprinting. A a Schematic diagram showing direct
bioprinting of perfusable hollow microfibers. b Bioprinted tubular con-
structs with different numbers of layers. c-i Perfusion of bioprinted
hollow fibers. c-ii Vascular cells in bioprinted hollow fibers. Repro-
duced with permission [10]. B a Schematic illustration of controllable
tuning of layers of a bioprinted hollow fiber. b Intensity of green and
red signals at regions of single and double layers of a bioprinted hollow
tube containing green fluorescence in the inner layer and red fluores-
cence in the outer layer. ¢ Perfusion of the bioprinted continuous hollow

UV crosslinking

NGB

|

Cell culture

fiber with different layers of walls. d Fluorescence microscopy images
of a bioprinted hollow tube containing transitions from double to single
to double layers. e Dynamic conversion from double-layered to single-
layered hollow fiber in a single bioprinting process. Reproduced with
permission [44]. C a Schematic diagram showing the strategy of algi-
nate hollow microfiber-templated GeIMA bioprinting. b Spreading of
MDA-MB-231 breast cancer cells in 1.0 w/v% and 2.0 w/v% GelMA
hydrogels within the bioprinted alginate hollow microfibers. Repro-
duced with permission [45]
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Fig. 6 Non-extrusion-based bioprinting.

A DMD bioprinting. a
Schematic of the DMD bioprinter setup, including a UV lamp, opti-
cal lenses and objectives, a DMD chip, and a microfluidic chip device.
b The microfluidic device for different bioink injections. c—e A set of
GelMA-encapsulated complex tissue constructs: ¢ a vascularized tumor,
d a muscle strip, and e a musculoskeletal interface. Reproduced with
permission [48]. B Chaotic bioprinting. a Schematic and b mechanism

fabrication and possibly enhance the resolution of features
in the generated tissue constructs.

The digital micromirror device (DMD), an integrated
microelectromechanical system containing controllable
arrays of micromirrors at a high number, provides a high-
speed platform for bioprinting [46]. The DMD bioprinting
is operated by projecting a pattern of light onto the bottom
layer of the bioink (such as GelMA) hosted in a reservoir
[47]. Through exposure, each photosensitive bioink layer is
photocrosslinked, which, followed by vertical movement of
the substrate to expose a new layer of the bioink, allows for
the generation of a 3D pattern when this pair of operations is
repeated. Recently, a DMD bioprinting technology integrated
with a microfluidic chip serving as the reservoir enabling
sequential injection of different bioinks was developed to bio-
print multicomponent tissue constructs (Fig. 6A-a, b) [48]. A
set of complex tissue constructs with well-defined structures
based on GelMA encapsulating various cell types was bio-
printed, including a vascularized tumor (Fig. 6A-c), amuscle
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of the chaotic bioprinter setup (Joule bearing flow system). The cells
are encapsulated within GeIMA hydrogel by rotating two eccentrically
located cylinders in pre-programmed directions and angles, followed
by photocrosslinking. ¢ Characterization of produced chaotic structure
(fluorescent dye within the GeIMA hydrogel). d Chaotic-bioprinted
cells within GeIMA hydrogel. Cells were spreading along a string pro-
duced by chaotic bioprinting. Reproduced with permission [49]

strip (Fig. 6A-d), and a musculoskeletal interface (Fig. 6A-
e). The cells were found to be viable and proliferating within
the bioprinted multicomponent GelMA constructs.

More recently and interestingly, an unconventional
chaotic bioprinting technique was reported to control the
precise positioning of microscale and nanoscale features in
the bioprinted structures [49]. The chaotic bioprinting is
designed to create fine architectures by flow itself in a con-
trollable and reproducible manner in a solid matrix, where
the bioink and the matrix can be either the same material
or different materials. For this, a customized Joule bearing
device, which contained an outer cylinder and an inner cylin-
der, was constructed (Fig. 6B-a). By rotating the cylinders in
opposite directions with a defined angle, the bioink droplet
in the matrix could be elongated forming a pattern that was
highly predictable as a function of the rotation and mate-
rial parameters (Fig. 6B-b, c). As an example, cells could
be embedded in the GeIMA bioink droplet, in which after
rotation (bioprinting) high-resolution patterns of cells in the
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surround GelMA matrix could be generated to mimic, for
example, multiscale vascularization, revealing also favorable
cell spreading (Fig. 6B-d).

Conclusion and future perspective

To date, various types of GelMA-based bioinks have been
developed, allowing us to bioprint complex tissue constructs
that were difficult to produce in the past. On the other
hand, improved bioprinting strategies have further enabled
us to fabricate complex tissue-like structures using differ-
ent GelMA-based bioinks. We envision that GeIMA as a
cost-effective yet biocompatible and bioactive material will
play an important role in bioprinting to facilitate the gen-
eration of functional tissues and biomimetic tissue models
for widespread applications in tissue engineering, regenera-
tive medicine, pharmaceutics, and precision medicine among
others.
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