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Abstract

the development of GelMA in the biomedical field.

During the past decades, photo-crosslinked gelatin hydrogel (methacrylated gelatin, GelMA) has gained a lot of
attention due to its remarkable application in the biomedical field. It has been widely used in cell transplantation,
cell culture and drug delivery, based on its crosslinking to form hydrogels with tunable mechanical properties and
excellent bio-compatibility when exposed to light irradiation to mimic the micro-environment of native extracellular
matrix (ECM). Because of its unique biofunctionality and mechanical tenability, it has also been widely applied in
the repair and regeneration of bone, heart, cornea, epidermal tissue, cartilage, vascular, peripheral nerve, oral
mucosa, and skeletal muscle et al. The purpose of this review is to summarize the recent application of GelMA in
drug delivery and tissue engineering field. Moreover, this review article will briefly introduce both the development
of GelMA and the characterization of GelMA. Finally, we discuss the challenges and future development prospects
of GelMA as a tissue engineering material and drug or gene delivery carrier, hoping to contribute to accelerating
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1 Introduction
Gelatin attracts more and more attention in the biomed-
ical field, owing to its unique characteristics such as bio-
compatibility, solubility, low immunogenicity, low cyto-
toxicity, easy acquirement, and so on [1, 2]. As a kind of
natural hydrogel, gelatin possesses the unique structure,
similar to native extracellular matrix (ECM), which is
very suitable for in vitro cell culture [3], and it also can
become even several times larger than its original vol-
ume and weight without dissolution in the water. Gel-
atin contains the arginine-glycine-aspartic acid (RGD)
peptide sequence and the matrix metalloproteinase
(MMP) degradable motifs, the one which is beneficial
for cellular growth, and the other controls cell enzymatic
degradation [4, 5].

To further improve this materials, Van den Bulcke and
coworkers firstly modified gelatin hydrogels with
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methacrylamide (MA) in 2000 and introduced its struc-
tural and related mechanical properties. A few amino
acid residues (about 5% of molar ratio) were involved
during the process of synthesizing GelMA [6] and the
RGD motifs will not react with MA [7-9], which means
the functions of RGD and MMP degradable motifs are
still reserved. GelMA used in the biomedical field is
mainly derived from animal skin and can be divided into
two types: type A GelMA derived from porcine skin and
type B GelMA derived from bovine skin.

GelMA not only maintains good bio-compatibility, low
immunogenicity, and the ability to promote cellular
growth, but also obtains the property of forming 3D
structure under the radiation of UV with the presence of
a photoinitiator (because the side groups of methacryla-
mide and methacrylate of gelatin chain were polymer-
ized to obtain cross-linked gelatin network). Compared
with other kinds of hydrogels, the most prominent ad-
vantage of GelMA is that the mechanical properties can
be adjusted by multiple factors, such as GelMA concen-
tration, the kinds of photoinitiator (Irgacure 2959, lith-
ium phenyl-2,4,6-trimethylbenzoylphosphinate and VA-
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086 are typical photoinitiators used for UV crosslinking),
photocrosslinking times, ultraviolet (UV) dose during
photoinitiation and so on [10-12], according to actual
needs. Crosslinking which is induced by light in a
photo-initiated polymerization reaction, is a typical
method used to alter physicochemical properties of
GelMA. When exposed to the UV light in the presence
of a photoinitiator, the methacrylamide and methacrylate
side groups on the GelMA chains will polymerize via
radical addition-type polymerization to form a 3D net-
work structure.

Based on its 3D structure and the RGD and MMP de-
gradable motifs, GelMA has been widely applied in cell
culture field, which represents the method of cell culture
shift from monolayers (2D) to the third dimension and
also provides prerequisites for the application of GelMA
in tissue engineering. In the tissue engineering field, au-
tografts and allografts have been widely utilized for ac-
celerating healing and functional recovery of damaged
areas [13]. However the resource of donor organs can
not satisfy the clinic demand [14, 15]. As a kind of
promising material, GeIMA hydrogels combines the ad-
vantages of natural and synthetic hydrogels, becoming a
research focus in the tissue engineering field. Complex
living tissue culture, repair and regeneration remain a
big challenge. Take bone defect repair as an example,
while the graft fills the defect area, whether the blood
supply of the defect area, peripheral nerves, sensory neu-
rons and muscles can regenerate and heal as soon as
possible affects the final prognosis. GeIMA not only can
repair defect area without severe inflammatory response
(owing to its unique bio-compatibility and mechanical
tenability), but also can promote the peripheral neurons
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and vascular regeneration (owing to RGD, MMP degrad-
able motifs and ECM-like micro-environment).

In this review, we focus on recent studies related to
the biomedical application of GelMA hydrogel including
its basic characterization and drug delivery, as well as
tissue engineering field. Finally, we will discuss the chal-
lenges and future development prospects of GelMA as a
tissue engineering material and drug delivery carrier
(Scheme 1).

2 Basic synthetic procedures and influencing
factors on GelMA hydrogels characterization

2.1 Basic synthetic steps

Since GelMA was first synthesized in 2000, many re-
searchers have optimized and adjusted the synthesis
steps according to their own needs, but their basic syn-
thesis steps are similar. Next, we will briefly introduce
the synthesis method of GelMA (Fig. 1). In general, the
GelMA synthesis is that gelatin is modified with meth-
acrylic anhydride (MA) to graft unsaturated bounds
(methacrylamide groups and methacrylate groups) onto
the molecular chains [7, 17, 18], and the hydrogels are
fabricated by cross-linking of solubilized GelMA with
the presence of a photoinitiator.

Step 1: Dissolve the gelatin in the phosphate buffer
(pH =7.5) at 50°C, then add the MA and constantly stir
for 1h to ensure sufficient reaction of MA and gelatin
(The reactivity of amine and hydroxyl groups and the
amount of MA influence the degree of substitution [19]).

Step 2: The reaction product is dialyzed against deionized
water for more than 24-h at 40°C, to remove possible re-
sidual toxic impurity (including residue of methacrylic an-
hydride and the byproducts of reaction, etc.).
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Scheme 1 Photo-crosslinked gelatin hydrogel (methacrylated gelatin, GelMA) has been widely applied in various biomedical fields, such as the
repair and regeneration of bone, heart, cornea, epidermal tissue, cartilage, vascular, nerve, skeletal muscle and drug delivery and so on
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Fig. 1 Diagram of GelMA synthesis and photocrosslinking. Reproduced with permission [16]. Copyright (2019), The Royal Society of Chemistry

Step 3: Freeze drying and storing the product in the
refrigerator until use.

Step 4: Dissolve the GelMA in the deionized water at
40°C, add moderate photoinitiator and NaNj as anti-
microbial agents.

Step 5: Pour the mixture into a pre-prepared container
and cool to room temperature,and exposure to radiation
of UV for a given.

Step 6: After storing the cast at 4 °C for a given period,
remove the pre-prepared container, and GelMA hydro-
gels are obtained.

2.2 Influencing factors on GelMA hydrogels
characterization

2.2.1 Mechanical properties

As the material used for repair and regeneration of various
organs and tissue, the tunable mechanical properties of
GelMA is vitally important. In previous studies, we have re-
ported the relationship between the concentration of GelMA
prepolymer solution and mechanical properties [20].
Through increasing the concentration of GelMA prepolymer
solution, both Young’s modulus and compressive modulus
shift from a few kPa to a few hundred kPa. Chen et al. [21]
explain the the effects of the degree of methacryloyl substitu-
tion (DS) on GelMA mechanical properties. Increasing the
the degree of methacrylation substitution could enhance the
compression modulus of GelMA hydrogel. The sources of

the gelatin used for GelMA fabrication also have influence
on its mechanical properties. Type B (from bovine skin)
GelMA has a slightly higher DS compared to type A (from
porcine skin) GelMA, especially in a lower feed ratio of
methacrylic anhydride to gelatin, which leads to better mech-
anical properties of type B GelMA (under the same synthesis
conditions) [17]. The UV exposure time and elastic modulus
are positively correlated, which is reported by Schuurman et
al. [22]. Colosi et al. [23]. have reported that increase the in-
tensity of UV light or prolong the exposure time would
strengthen the hydrogel’s mechanical properties.

2.2.2 Porosity

Appropriate porosity can provide enough space for cell
growth, ensure that cells can get sufficient nutrition and
remove metabolic waste in time [24] so that porosity
plays a crucial role in cell culture. It has been reported
that the degree of substitution of the amino group [21,
25], the concentration of GelMA [10, 24] and the and
the cooling rate [26] will affect the porosity of GelMA.
Overall, the above three factors are negatively correlated
with the porosity and the average size of the pore.

2.2.3 Swelling property

The swelling property of a hydrogel, which is influenced
by hydrogel pore size, is helpful for the diffusion of heal-
ing factors and highly affects the mechanical properties
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of scaffolds [27-29]. It can be evaluated by weighing
method. We and other researchers have reported that
the increasing GelMA concentrations from 5% to 20%
will lead to the decrease of swelling ratios from 1500%
to 500% [10, 20]. The swelling property can also be
modified by adding organic or inorganic ingredients.
Kong et al. found that the add grid fibers into GelMA
would result in the swelling ratio of GelMA hydrogel
decrease [28]. Jihwan and Bumsang [30] studied the
pH-responsive behavior of GelMA and concluded that
the swelling rate of GelMA under low pH(<5) envir-
onment was significantly lower than that under high
pH conditions(> 5).

2.2.4 Degradation

Uncontrolled rapid degradation is a major challenge for
GelMA in the field of biomedicine [31], for which many
researchers are committed to finding ways to control the
degradation of GelMA. Our previous study [20] have re-
ported the influence of GelMA concentration on degrad-
ation. The degradation rate increased with the decrease
of GelMA concentration. Complete degradation time of
20% GelMA was more than 8 weeks, while that of 5%
GelMA was less than 3 days. Srikumar [32] found that
the degree of methacryloyl substitution (DS) significantly
affects degradation. Michael addition reaction is another
method to control the degradation of hydrogels [33, 34],
which is based on nucleophilic addition between Mi-
chael acceptors and donors. Nicolas et al. produced a
film by generating disulfide bindings, which resulted in
high resistance against enzymatic degradation [35].

3 GelMA for drug delivery

How to improve the utilization rate of drugs in the body
has been an eternal topic in the field of biomedicine. Be-
sides structural transformation and optimization of the
drug itself, further optimizing the drug delivery system
to achieve the goal of controlled release of the drug is
also a feasible way. Due to its unique 3D structure and
electrostatic interactions, GelMA has been widely used
in the drug delivery field. Based on these properties,
many researchers have combined the GelMA with other
materials, such as nanomaterials, liposome, and made
great progress in the field of drug delivery and con-
trolled drug release.

Ning et al. [36] reported that GelMA can achieve sus-
tained release of abaloparatide for up to 10 days. Julia et
al. [37] reported the application of GelMA in BMP-2 de-
livery and promoted differentiation of human adipose-
derived stem cells. By comparing the loading of different
concentrations of BMP-2, they found that the dose of
growth factor in this system did not have much effect on
efficiency (BMP-2 loaded at concentrations of 25 pug/ml
result in 27.0% loaded growth factor maintained in the
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hydrogels for at least seven weeks). Margaux et al. [38]
developed a novel paclitaxel-based Abraxane delivery
system based on GelMA. This drug delivery system can
achieve high encapsulation efficiency (96%) without af-
fecting its mechanical properties and the rate of drug re-
lease can be adjusted by controlling the concentration of
GelMA (lower GeMA concentration will lead to longer
drug release time).

To meet different delivery conditions of different
drugs, researchers also combine GelMA with other ma-
terials. Cheng et al. [39] combined liposome with hydro-
gel and fabricated GelMA-lip scaffold, which improved
the mechanical properties and realized the drug con-
trolled release in stages (the early release of hydrophilic
drugs, the mid-term release of bio-active macromolecule
and long-term release of liposoluble medicine). In the
rat femoral defect model, this new scaffold can effect-
ively promote the formation of new bone and new blood
vessels. Nanomaterials have also been used to improve
the performance of GelMA in drug delivery. Samanipour
et al. [40] fabricated nanocage-laden GelMA hydrogels
to overcome the shortcoming of GelMA in uncontrol-
lable drug release. The drug release of nanocage-laden
GelMA hydrogels can be controlled by adjusting pH
value (this hydrogels shows drug storage potential at pH
7.4 and presented the ability of controlled-release at pH
2). Kang et al. [41] have also developed pH-sensitive
nanogels derived from fish gelatin, which realized con-
trollable drug release at lower pH. Khashayar et al. [42]
developed GelMA/chitosan nanoparticles composite
hydrogel and achieved the goal of promoting cell prolif-
eration and sustained release of bFGF. Various polymers
are also used to enhance the mechanical properties of
GelMA to better meet the needs of controlled drug de-
livery. Salise et al. [43] incorporate poly (3,4-ethylene-
dioxythiophene) / poly (styrenesulfonate) (PEDOT/PSS)
with GelMA and successfully fabricated electro-respon-
sive hydrogels, which can promote drug release by ap-
plying voltage. Li et al. [44] fabricated core-shell
microparticles by using GelMA aqueous solution and
PLGA oil solution, which can co-delivery both of DOX
and CPT for cancer treatment. This structure can en-
sure that the drug-loaded in the GelMA core can
not be released until the PLGA shell is degraded and
the size of the core and the thickness of the shell
can be adjusted according to actual needs through
microfluidic technology.

For some genetic diseases and cancers, modifying cells
to change their gene expression is a very effective treat-
ment. Paresh et al. [45] provided an efficient method for
in situ gene delivery via PEG diacrylate matrices. They
have combined PEGDA based cryogels with GelMA and
PLL to improve cell adhesion and retain viruses for lo-
calized gene delivery and found that this novel method
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showed higher transduction efficiency and improved re-
tention of green fluorescent protein (GFP) lentiviruses.
Some organic ingredients are also used to modify
GelMA. Lai et al. developed GelMA/CBMA (carboxybe-
taine methacrylate) which can effectively control the re-
lease of biological macromolecules(> 250 KDa) [46]. Sun
et al. [47] combined the beneficial properties of GelMA
and arginine through photocrosslinking technology and
increased protein loading level and achieved the sus-
tained release of BMP-2 protein (BMP-2 release from
GelMA/Arg was completed around 5-10 days compared
with pure GelMA 2-3 days).

Because magnetic nanoparticles (MNPs) can perform
directional motion in a magnetic field, many researchers
use it as an engine for the directional transport of drugs
and developed smart drug carriers. Jalili et al. [48] fabri-
cated poly NIPAM-co-AM/MNPs/GelMA for localized,
on-demand delivery of doxorubicin (DOX). People can
control the release of drugs by adjusting the temperature
and magnetic field. Mei et al. [49] fabricated microswim-
mer, based on GelMA, and integrate magnetoelectric
nanoparticles (MENPs) into the microswimmers serve as
the engine. In a specific magnetic field, it can achieve
targeted delivery of cells to neurons and the MENPs can
convert magnetic signals into electrical signals, which
can induce the differentiation of neuronal cells. Micro-
needles (MNs) is a kind of novel technology platform for
sustained drug release, Luo et al. [50] used GelMA as
raw materials to fabricate an innovative biodegradable
MNs. This MNs can effectively penetrate the stratum
corneum of the skin and the drug release rate can be

Table 1 The recent application of GelMA in neovascularization
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controlled by adjusting the time of photocrosslinking
(longer crosslinking time leads to decreased release
rates).

Besides all the above, GelMA also has interesting ap-
plications in other fields of biomedicine, such as testing
drug toxicity and filtrating drugs. Lu et al. [6] developed
the decellularized liver matrix (DLM)-GelMA based bio-
mimetic liver tumor-on-a chip model via microfluidic
technology. This novel model can better mimic the na-
tive tumor micro-environment and obtain better capabil-
ity to promote cell viability and proliferation compared
with pure GelMA, which provided new ideas for the
study of pathology and pharmacology.

4 GelMA for neovascularization
For cells and tissues with material exchange and meta-
bolic functions, the mature vascular network can ensure
adequate supply of nutrients and timely removal of
metabolic waste, thereby ensuring the normal operation
of tissues and organs and avoiding tissue ischemic ne-
crosis. The preparation of a fully functional 3D vascular
network is a major challenge in the field of tissue engin-
eering and a prerequisite for the further development of
many tissue engineering therapies. Because of its unique
3D structure and good bio-compatibility, GelMA is
widely used as a culture carrier for HUVECs and other
cells, in order to achieve further breakthroughs in neo-
vascularization and these applications are summarized in
the Table 1.

GelMA hydrogel has been proven to be a cell carrier
and promote long-term cell survival. Based on this, Choi

Polymer Cell Achievement Reference

scaffold

GelMA/ALG  HUVECs Subsequent transplantation of the micro-hydrogel into a hindlimb ischemia model [51]
effectively attenuated the ischemia condition.

GelMA SCAP HUVECs SCAP cells spread in close contact with endothelial networks and expressed alpha [52]
smooth muscle actin aSMA expression was also apparently higher

PCL/GelMA HUVECs Exhibit desirable scaffold characteristics as 3D cell microenvironments for [53]
supporting endothelial cell attachment and growth

GelMA/ALG HUVECs The endothelial cells encapsulated inside the bioprinted microfibers can form the [54]
lumen-like structures resembling the vasculature over the course of culture for 16 days

PEG-GelMA  HUVECs Exhibits enhanced cell attachment similar to that of native vascular endothelial cells [55]
and demonstrated rapid and directionally persistent migration.

GelMA HUVECs Encapsulated HUVECs cultured in fully supplemented medium attached and proliferated [56]
within the GelMA fiber and demonstrated spontaneous cord-formation

GelMA ECFCs MSCs Show a rapid formation of functional anastomoses between the bioengineered human [21]
vascular network and the mouse vasculature.

GelMA ECFCs MSCs The implanted human cells generated an extensive vascular network that formed functional [27]
anastomoses with the host vasculature and was uniformly distributed throughout the construct.

GelMA/C HUVECs HCASMCs Controllable mechanical strength, high cell/tissue adhesion, and excellent bio-functionalization. [57]

GelMA Murine 10T1/2 cells A rapid approach to engineer a user-defined multicellular vascular chip [58]

HUVECs
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et al. [51] prepared GelMA / ALG hydrogel via electro-
spraying method and seeded HUVECs cells on it which
can express hVEGF to promote angiogenesis. Their in
vitro cell analysis indicate that 3.5 w/v % GelMA hydro-
gel is optimal concentration resulted to enhance angio-
genic response of endothelial cells. This novel GelMA-
based platform can effectively improve the ischemic con-
dition of the mouse hindlimb ischemia model. Ensuring
that the endothelial cells are homogenously located on
the 3D structure and rapidly form a confluent endothe-
lial monolayer to quickly build functional endothelialized
blood vessels is a major challenge in treating dangerous
vascular diseases with vascular graft therapy. Zhao et al.
[53] combined a shape-memory polymer and electro-
spun nano-membrane to design a new type of scaffold
that can spontaneously curl from a 2D plane, where
HUVECs can be seeded, into a 3D structure at normal
body temperature (37 °C). This kind of scaffold realizes
the programmed deformation from 2D to 3D while en-
suring the homogenously distribution of endothelial
cells, and its related properties can be adjusted by chan-
ging the nanomembrane.

5 GelMA for nerve engineering

Nerve, as the main conduction pathway of electrical and
chemical signals in the body, is the main way for the
brain to coordinate the functions of various organs and
receive sensory signals. Severe trauma or endocrine dis-
ease can cause nerve fiber lesions. After the nerve is
damaged, the body will automatically mobilize the fiber
cells to repair itself, but this also causes the repaired
nerve to lose its original function and cause local or sys-
temic sensory or motor disorders [66]. At present, the
main way to deal with serious nerve injury (defect is
more than 5mm) clinically is to use autologous nerve
transplantation [67], but this method also has many
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defects, such as damage to the original nerve function
and the source of the graft can not satisfy the clinical
needs. In the following parts we will introduce the re-
cent application of GelMA in the nerve regeneration
field and they are summarized in Table 2.

In order to prepare nerve repair materials with better
performance, various technologies, such as 3D printing
technology and Electrospinning technology are used to
further optimize the GelMA hydrogels. Tao et al. [59]
used 3D printing technology to further improve the effi-
ciency of conduits in repairing peripheral nerve and fab-
ricate GelMA/MPEG-PCL loaded with XMU-MP-1,
which is a Hippo pathway inhibitor. They further ex-
plored the potential influence of XMU-MP-1 in nerve
regeneration. From their experimental results we can
conclude that XMU-MP-1 treatment promoted both the
migration of Schwann cells and the mRNA expression of
various neurotrophic factors with the XMU-MP-1 con-
centration increased. Cui et al. [62] used Electrospinning
technology to construct a novel GelMA hydrogel elec-
trospun fibers for spinal cord regeneration. This novel
material has a good swelling rate and lower Young’s
modulus and can minic the components and microstruc-
tures of spinal cord better. The result of quantitative
measurement of light density proved the ability of
GelMA hydrogel electrospun fibers in promoting the mi-
gration of neural stem cells and induces their differenti-
ation into neuronal cells. From the result of
immunofluorescence staining, we can easily found the
amount of Tuj-1-labeled neurons is significantly larger
in GelMA group when compared with gelatin group and
control group.

In view of the fact that the mechanical properties of
GelMA can be adjusted from several Pa to thousands Pa,
what is the optimal stiffness of GelMA that can simu-
lates the natural nerve regeneration environment better

Table 2 The recent application of GelMA in nerve regeneration engineering

Polymer scaffold  Cell Achievement Reference

GelMA/MPEG-PCL Schwann Cells (S16) and HUVECs Promote Schwann cells proliferation and migration by inhibiting [59]
Hippo signaling pathways to accelerate repair of nerve defects.

GelMA—DA NSCs Exhibits hierarchical structures for supporting stem cell growth and [60]
improves neural differentiation of NSCs.

GelMA iINSCs Significantly promote functional recovery and the inflammation was [61]
decreased by reducing activated macrophages/microglia.

GelMA BMSCs It has a swelling rate and compressive modulus which are more suitable [62]
for nerve growth. It also can effectively reduce the formation of scar tissue
at the injury site while promoting vascular regeneration and directional
differentiation of neural stem cells.

GelMA PC12 The 10% GelMA hydrogel is optimal for nerve regeneration of PC12 cell [63]

GelMA/EHS / Shows a consistent tendency of improvement with time [64]
and speed up the repair of nerve defects.

GelMA/MeTro Schwann Cells Compared with the control group, it has better cell adhesion ability, which [65]

can promote cell proliferation and differentiation while inhibiting the
occurrence of inflammatory response.
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and accelerates nerve outgrowth is a focus issue. In
order to find out the answer to this question, Wu et al.
[63] did an in-depth study. They selected the PC12 cells
as the representative neurone and adjusting the concen-
tration of GelMA to fabricate Hydrogel with the vari-
ation of stiffnesses. They found that the cell spreading
area and the neuritis length first increased and then de-
creased with the stiffness increased and the cell adhesion
rate is negatively correlated with stiffness. They came to
the final conclusion that the 10% GelMA hydrogel is op-
timal for nerve regeneration of PC12 cell.

6 GelMA for bone defect regeneration
In recent years, traffic accidents and serious trauma
events have occurred frequently, resulting in more and
more serious cases of bone tissue defects in the clinic.
Bone tissue defects repair is a long process, which is
mainly divided into three stages: Fristly, organization of
hematoma stage, the body will clear the hematoma and
produce a large number of fibroblasts. Secondly, the
period of callus formation, new bone forms around the
lesion area and forms callus and the fracture has reached
the stage of clinical healing. Thirdly, bone marrow cavity
recanalizes during callus shaping. This series of pro-
cesses requires the simultaneous coordination of blood
supply and neurotrophic regeneration. At present, the
treatment of such cases in the clinic is mainly to fill the
defect area through the implantation of autograft or allo-
graft to ensure its restoration of morphological integrity
and inject growth factors to promote the formation of
new bone and accelerate the healing of fractures. How-
ever, the current source of autograft or allograft can not
satisfy the huge clinical needs, and grafts tend to cause
inflammation response and lead to complications. Bene-
fiting from the adjustable mechanical properties of
GelMA (which can meet the mechanical requirements
of load-bearing tissues) and good bio-compatibility (re-
ducing the inflammatory response in the damaged area),
it has been paid significant attention in the field of bone
tissue repair and more and more researchers have also
begun to explore its application in bone tissue repair.
Various types of scaffolds, such as GelMA/PEGDA [68,
77], GelMA/MBG [69, 75, 76], GeLMA/liposome [70,
86] et al. have been developed for bone defect regener-
ation and the recent applications of GeIMA in the field
of bone tissue are summarized in Table 3.

3D printing technology has received much attention in
recent years. Liu et al. [71] have applied 3D printing
technology to the preparation of biological scaffolds and
have successfully developed a kind of multi-layered
GelMA/nHA scaffold for bone defect repair (Fig. 2). The
results of animal experiments can prove that this mater-
ial can restore the integrity of the damaged bone surface
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and can deposit extracellular matrix and abundant colla-
gen type IL

CT is often used to diagnose and reexamine skeletal
lesions, but the CT signal becomes weak if the main
composition of materials is water. In order to solve the
imaging problem of the hydrogel, Celikkin et al. [89] fab-
ricated 3D printed GelMA and GelMA-AuNPs scaffolds
with enhanced visibility for uCT imaging (Fig. 3).

The repair of large bone defects is not only to fill the de-
fect area with grafts but also to induce the regeneration of
peripheral vessels and nerves to ensure adequate nutrition
during the regeneration of bone tissue. Periosteum not
only plays an important role in maintaining the morpho-
logical integrity of bones, but also plays a very important
role in promoting mineralization and promoting the for-
mation of new bones and new blood vessels. In order to
promote blood vessel regeneration and strengthen osteo-
genesis in bone reconstruction, Cui et al. have developed a
novelty inorganic strengthened gelatin hydrogel mem-
brane GelMA-G-MBGN:S [75]. After testing, this new arti-
ficial periosteum significantly enhances the mechanical
properties and structural stability of the material. And in
animal experiments, this material also has an excellent
performance in promoting bone tissue and vascular regen-
eration (Fig. 4), which plays a vital role in promoting the
repair of large bone injuries.

Bone mineralization refers to the biochemical
process in which inorganic minerals are deposited in
the organic matrix of bone. In this process, calcium
and phosphorus form apatite which is chelated with
organic matter to form bone. Mineralization is an im-
portant part of bone tissue repair. Bioactive glass
(BG), as the third-generation biomaterial, has good
bio-compatibility, bone conductivity and the ability to
induce mineralization. BG can release Si, Ca, and P
ions in the environment of biological fluids to stimu-
late signaling pathways related to osteogenesis and
blood vessel production, and promote bone
mineralization and regeneration. Zheng et al. [72] re-
ported their research on fabricating GelMA/BG scaf-
fold via sequential gelation and UV approach. This
scaffold shows better apatite-forming ability (Fig. 5a)
and better ability of cell proliferation (Fig. 5b) with
the concentration of BG increased. Kwon et al. are
also devoted to the research of BG/GelMA [88], they
report that the mechanical properties and the ability
to induce bone differentiation of this material will in-
crease with increasing concentration of BG. In
addition, in vivo testing according to the mouse skull
defect model shows that the highest concentration
(2.5 w/w%) of bioglass nanoparticles incorporated into
the GelMA cryogel induced the most bone formation.

In recent years, stem cell transplantation technology
has been increasingly used for the treatment of various



Xiang and Cui Journal of Leather Science and Engineering

(2021) 3:3

Table 3 The recent applicati on of GelMA in bone tissue regeneration

Page 8 of 24

Polymer scaffold Cell Achievement Reference
GelMA/PEGDA MC3T3-E1 Improves mechanical properties and structural stability and promote the proliferation [68]
1929 and adhesion of osteoblast cell.
265CS/MBG/GelMA hBMSCs Enhances the GFs' bio-activity and decreases antagonism effects of the noggin. [69]
HUVECs

DFO/liposome/GelMA / Achieve the goal of controlling the release of DFO. [70]

GelMA/nHA BMSCs The regenerated tissue in the defect area can restore its morphological integrity [71]
and ensure the smoothness of the tissue surface.

BG/GelMA mBMSCs significantly improve the bio-activity and stability, promote cell attachment, [72]
proliferation and osteogenic differentiation.

GelMA/B-TCP hASCs Based on achieving stronger bone tissue repair ability, it also strengthens the [73]
mechanical strength and bio-compatibility.

nAg/HNTs/GelMA hPDLSCs While ensuring that it can promote the differentiation of hPDLSCs under [74]
inflammatory conditions, it also has excellent antibacterial capabilities.

GelMA-G-MBGN MC3T3-E1 Improve mechanical properties and structural stability and have a long-term ion [75]
release function, which makes it more suitable for cell adhesion and proliferation.

GelMA/MBGNs-rhBMP-2  BMSCs [t can maintain the level of rhBMP-2 in vivo for a long time, which can ensure [76]
BMSCs proliferation and differentiation .

GelMA/PEGDA PDLSCs Shows the good ability to promote cell reproduction and inducing cell differentiation.  [77]

HNTs/GelMA hDPSCs Under the premise of ensuring that cell behavior is not affected, the mechanical [78]
properties are further strengthened.

GelMA/OGP MC3T3-E1 Accelerate the healing of bone injury areas and the formation of new bone from [79]
the genetic level (improve the expression of related genes,such as BMP-2).

PACG/GelMA hBMSCs Show outstanding compressive strength, large Young's modulus, and high [80]
compression modulus and facilitate concurrent regeneration of cartilage.

GelMA/ALN hFOBCs It can effectively increase the expression of related genes and promote [81]
bone mineralization and hFOBCs differentiation.

DN/GelMA MSCs Enhance stiffness and toughness and preferentially guide MSCs toward [82]
directed differentiation in vitro.

GelMA/HANW BMSCs Improved the compressive strengths and mechanical stability of the [83]
composite cryogels and allow cell migration within the matrix

OCP/GelMA HUVECs Promote both osteoblastic and angiogenic differentiation. [84]

nHAp/GelMA Preosteoblast cells  Significantly increase the structural stability and mechanical properties [85]
and provide optimal conditions for cell adhesion and differentiation.

GEM-Lip/GelMA MG6E3 It can achieve controlled release of GEM, can be used in anti-tumor [86]
chemotherapy.

GelMA/PEGDA MC3T3-E1 Improve structural stability and mechanical strength while promoting [87]
cell proliferation and differentiation.

BG/GelMA hTMSCs It induced both osteogenic differentiation of hTMSCs and bio-active, with [88]
hydroxyapatite forming on its surface.

GelMA/AUNP MSCs Due to high porosity and interconnectivity, CT imaging and reconstruction [89]
are clearer and more convenient for clinical diagnosis.

GelMA/VEGF hMSCs Mimic the complex architecture of tissues and contain multiscale vasculature [90]
networks with high structural stability.

GelMA/NDs hASCs Significantly increase the stiffness and promote calcium deposition of the [91]
network encapsulated hASCs.

GelMA/BG-5/5 MC3T3 Promotes mineralization and new blood vessel formation while avoiding [92]
resorption of newly formed bone.

GelMA/DBM c2C12 It shows higher cell toxicity,low toxicity,greatest osteoinductive potential [93]
with a higher percentage of new bone and bone marrow formation.

GelMA microspheres BMSCs This kind of microspheres can maintain the vitality of stem cells, promote [94]

cell proliferation, enhance osteogenesis and mineralization.
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Fig. 2 Schematic diagram of preparation of multi-layered GelMA/nHA scaffold. Reproduced with permission [71]. Copyright (2019), Elsevier Ltd.
A\

diseases, such as fractures and bone cancer. However,
the clinical application of this technology mainly faces
two major problems, low retention and low engraftment
of directly injected cells. In order to overcome the above
problems, Zhao et al. [94] combined stem cell trans-
plantation and microfluidics technology and successfully
fabricated GelMA microspheres which offer controlled
release of growth factors and contain BMSCs. From the
result of histological analysis with H&E and V@G staining,
they found that the GelMA microspheres delivering both
BMSCs and BMP-2 together show the most extensive in
vivo bone formation compared with the GelMA/BMSC
sample, the GelMA sample, and the control sample.

Because the bones are the main weight-bearing organs
of the body which are stretched by skeletal muscles. In
the process of maintaining body posture and movement,
the graft needs to have sufficient mechanical strength
and toughness. How to make the hydrogel have stronger
mechanical properties and toughness has become a
major challenge in the application of bone defect repair.
Gao et al. construct a novel scaffold, PACG-GelMA,
with with a high tensile strength (up to 1.1 MPa), out-
standing compressive strength (up to 12.4 MPa), large
Young’s modulus (up to 320 kPa), and high compression
modulus (up to 837 kPa) [80], via 3D printing technol-
ogy. Beside its outstanding mechanical property,it also
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Fig. 3 CT tomogram of mouse bone injury area (a-f). Empty group(a-b), GelMA group(c-d), GelMA-AuNPs group(e-f). Comparison of the
radiopacity of the three experimental groups(g). Reproduced with permission [89]. Copyright (2019), MDPI




Xiang and Cui Journal of Leather Science and Engineering

(2021) 3:3

Page 10 of 24

B = 3 Control -
X 30 - \
S N
10 -

4w 8w

C Control

:_,N'"\'fl--.,

elIMA-G-MBGNs
’/ .“.,----:-‘--...NI

Micro-CT

Fig. 4 a Photograph of mouse bone defect model. b-c Healing status of the injured area in the fourth and eighth weeks of each experimental
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obtain tunable biodegradability by adjusting ACG/
GelMA ratios. The 12-week transplant experiment prove
the PACG-GelMA significantly facilitates concurrent re-
generation of cartilage and subchondral bone.

7 GelMA for cartilage engineering

The articular cartilage is a layer of shiny connective tis-
sue covering the articular surface. The articular cartilage
surface is elastic, has good lubrication, has a small fric-
tion coefficient, and absorbs shocks. The matrix in the
cartilage is in a gel state and has greater toughness. Car-
tilage is a connective tissue absorbing the pressure be-
tween bone and bone or maintaining the appearance of
the organ. The cartilage does not contain blood vessels
and nutrients penetrate into the intercellular substance
from the blood vessels in the periosteum to nourish
bone cells, which led to the limited self-repair capacity.

Based on these, the treatment of cartilage defects is one
of the major challenging clinical problems for clinical
doctors and recent application of GeIMA in the cartilage
regeneration field and they are summarized in Table 4.
How to fabricate cartilage repair materials with 3D
structure is a research hotspot in the field of tissue en-
gineering. In recent years, new materials prepared by 3D
printing technology have been widely used in the field of
cartilage repair. Mouser et al. [97] discussed the influ-
ence of HAMA on the printing performance of GelMA /
gellan and the cartilage forming ability of ACPCs and
MSCs. They reported that HAMA can greatly enhance
the stability of 3D printed structures without affecting
the formation of cartilage, and found that ACPCs have
higher cartilage formation potential than MSCs. Chung
et al. [101] used the method of mixed bioprinting to fab-
ricate a novel 3D scaffold where they used GelMA and



Xiang and Cui Journal of Leather Science and Engineering

(2021) 3:3

Page 11 of 24

(a)

Day 3

Day 7

(b)

Day 1

Day 3

Fig. 5 a The effect of adding different concentrations of BG (bioactive glass) on the apatite-forming ability. b Cell proliferation and adhesion in
each experimental group. Reproduced with permission [72]. Copyright (2018), Elsevier B. V

HAMA hydrogels as cell carriers, and added PCL to fur-
ther enhance the strength of the material to ensure that
the ear cartilage tissues can have sufficient mechanical
properties. They concluded that the combined use of
GelMA, HAMA, and PCL can promote and ensure the
differentiation and proliferation of cells while ensuring
that otic cartilage maintains morphological integrity. In
order to make the chondrocytes encapsulated with
hydrogel play the best performance in the repair of car-
tilage defects, Mouser et al. [96] designed a series of ex-
periments to study the effect of the spatial distribution
of chondrocytes on the process of cartilage repair. A 57-

day culture experiment proves that the repair of cartilage
tissue under conditions C and D (Fig. 6) is the best, re-
gardless of the initial cell density.

Pahoff et al. [100] studied the effect of the source of
gelatin and the type of photoinitiator on the ability of
human articular chondrocytes in redifferentiating in
GelMA / HAMA hydrogel. By comparing bovine (B) or
porcine-derived (P) GelMA, two different sources of
hydrogel, and lithium acylphosphinate (LAP) and visible
light (405 nm) or Irgacure 2959 (IC) and UV light (365
nm), two different types of photoinitiators, they found
that the hydrogel constructs prepared with bovine-
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Polymer scaffold Cell Achievement Reference
GelMA-MeCS Chondrocytes Can significantly stimulate cartilage tissue and promote the proliferation [95]
and differentiation of chondrocytes.
GelMA/gellan Chondrocytes The effect of cell distribution on tissue defect repair was explored, and [96]
it was concluded that tissue repair effect by encapsulating cells in
hydrogel and placing at the bottom of the wound was the best.
GelMA/gellan/ HAMA ACPCs Increased filament stability, highest chondrogenic potential was observed [97]
MSCs for MSCs, followed by ACPCs.
GelMA/PAM Chondrocytes Increase the structural stiffness of the material while having better biological functions. [98]
ODMA-GelMA BMSC Shows mechanical stability at body temperature and a sustained protein release with [99]
good bio-compatibility and affinity for cells and tissues.
GelMA Chondrocytes The effects of different sources of GelMA and different types of light inducers on the [100]
performance of hydrogels were compared, and it was concluded that using bovine-
derived GelMA and Irgacure can prepare hydrogels with the most similar characteristics
to articular cartilage.
PCL /GelMA-HAMA MSCs It can provide optimal porosity and mechanical properties for cells to survive. [101]
GelMA and CS-AEMA BM-MSCs Shows high cell density, high cell viability and high printing resolution. [102]
GelMA-AGA BMSCs Can promote the production of large amounts of type Il collagen and repair [103]
most of the defect areas(> 95%).
GelMA hBM-MPCs Provide a new platform for studying bone and muscle growth and development. [104]
PEGDA/GelMA MSCs Increases the resolution of printing while accelerating the proliferation and differentiation [105]

of the loaded cells.

derived GelMA and Irgacure 2959 and photocrosslinking
at 365nm showed the most similar characteristics to
natural articular cartilage.

8 GelMA for skeletal muscle engineering

Skeletal muscles, which are composed of many muscle
fibers bounded together by epimysium [112], play an im-
portant role in the body’s various sports and posture
maintenance. The human body has more than six hun-
dred skeletal muscles which are about 40% of the total
body weight. Once the muscle tissue is pulled or broken,
it will cause unbearable pain and dyskinesia of related
tissues. The purpose of muscle tissue engineering is to
culture muscle tissue in vitro and transplant the cultured
tissue into the patient to treat muscle defect. The recent
applications are summarized in Table 5.

Although several materials have been applied to
muscle tissue engineering, how to better imitate the
structure and function of natural muscle tissue is still a
huge challenge. Three-dimensional (3D) bioprinting is a

powerful weapon to deal with the problem that how to
mimic the hierarchical structure of native tissues. An-
drea et al. [107] made a full comparison of three photo-
crosslinkable composite materials (GelMA/AIgMA,
GelMA/CMCMA and GelMA-PEGDA), which are often
used as bio-inks for 3D bio-printing,in the aspect of stiff-
ness, cell behavior, cell differentiation et al. They con-
cluded that compared with GelMA-PEGDA, GelMA/
AlgMA and GeIMA/CMCMA shows higher cell prolifer-
ation, viability and can be used to print non-biodegrad-
able skeletal muscle structures. Because carbon
nanotubes (CNTs) can significantly improve the mech-
anical and electrical properties of GelMA, many re-
searchers have explored the application of CNT/ GelMA
in the field of tissue engineering. Since muscle fibers
grow vertically in their natural state, GeIMA hydrogels
containing randomly distributed CNTs can not provided
optimal environment for growth of muscle fibers and
most of the unique properties of CNTs are exerted in
the direction of the tube axis [113]. Ahadian et al. [109]
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Table 5 The recent application of GelMA in skeletal muscle engineering

Polymer scaffold Cell Achievement Reference
GelMA-PAMGSMW C2C12 Improve the mechanical properties and electrical conductivity of the [106]

NIH 3T3  material while accelerating C2C12 cells proliferation and muscle repair.
GelMA/CMCMA GelMA/AIgMA - C2C12 Show high cell viability, myogenesis, cell proliferation and structural stability. [107]
GelMA/Alg c2C12 Explored and reported the optimal concentration of GelMA that promotes muscle formation.  [108]
GelMA-CNT c2C12 Show superior conductivity and mechanical properties and increase the myogenic [109]

gene and protein expression.

GelMA c2C12 Improve differentiation Myotube alignment, length and coverage area with [110]

PC12 enhanced myotube formation.
GelMA c2C12 Accelerate the process of C2C12 cells forming myotubes and increase the [111]

expression of related genes and

proteins.

used dielectrophoresis (DEP) to vertically align carbon
nanotubes within GelMA hydrogels (Fig. 7), so that skel-
etal muscle cells seeded on these hydrogels could only
attach to and sense CNTs in their radial direction,which
can better promote the growth of muscle fibers com-
pared with randomly distributed CNTs and horizontally
aligned CNTs.

9 GelMA for heart engineering

In recent years, with the acceleration of life pace (result
in irregular work schedule and unhealthy diet) and the
aging of the population, more and more people are suf-
fering from heart disease, and the number of deaths due
to heart disease is also increasing year by year. Infection,
heart tissue defects, and insufficient blood and oxygen
supply to the heart are several major factors that cause
heart disease. Tissue engineering aims to use artificial
objects to repair damaged tissue or provide more suit-
able growth conditions for cells or tissue. At present,
many researchers have developed a variety of new mate-
rials for clinical use based on the excellent performance

of GelMA. The recent applications of GelMA in heart
engineering are summarized in Table 6.

For most cells, sufficient oxygen is the basic guarantee
for their survival, and cardiomyocytes are no exception.
In many cases of heart disease, such as myocardial in-
farction or cardiac embolism, long-term ischemia and
hypoxia can trigger a stress response of the heart tissue
and cause irreversible damage and necrosis of the heart
tissue. In order to solve the problem of cell hypoxia,
Alemdar et al. [116] combine calcium peroxide (CPO)
with GelMA (Fig. 8) to provide a new method for treat-
ing myocardial hypoxia-type diseases. The CPO/GelMA
was proved to have the ability to release a large amount
of oxygen and can effectively reduce the death of cells
under hypoxic conditions (Fig. 9).

How to maintain the integrity and continuity between
peripheral heart muscle cells is a major challenge in the
repair of heart tissue. CNT (carbon nanotube)/GelMA
has been proven to have more suitable mechanical and
electrophysiological properties, it can protect myocardial
cells and improve their beating rate while providing cells

-

A

Seeding C2C12 myoblasts on the
hybrid GelIMA-CNT hydrogels and
differentiation induction into myotubes

Electrical stimulation of the C2C12
myotubes at day 8 of culture for 2
continuous days

permission [109]. Copyright (2014), Springer Nature

Fig. 7 a Schematic representation of C2C12 myoblasts were randomly cultured on hybrid GelMA-vertically aligned CNT. Reproduced with

Top view Side view
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Polymer scaffold Cell Achievement Reference

CNT/GelMA NRVMs It can better imitate the electrophysiological properties of [114]
cardiomyocytes and provide the best living environment for
newborn cells while protecting the original cells.

GelMA hASCs By up-regulating the expression of various genes in hACSs, the [115]
blood supply and function of the infarct area can be effectively restored.

CPO-GelMA CSPs By releasing a large amount of oxygen can effectively reduce the [116]
death of cells under hypoxic conditions.

GelMA hiPSCs Shows very high hiPSCs viability and the new tissue can effectively [117]
simulate the spontaneous contraction of cardiomyocyte.

rGO/PEGDA/GelMA Rat Cardiomyocytes It was elastic and sensitive to cellular behavior, which could convert [118]
biological signals into a visual signal.

GelMA/ cECM hCPCs Show homogeneous distribution of cells and matrix and improve [119]
differentiation and angiogenic potential.

GelMA/Bio-IL Primary cardiomyocytes Have optimal mechanical, electrophysiological and spontaneous [120]

GelMA-Ppy/ ES-GelMA/PCL

and cardiac fibroblasts
CMs

contraction properties which are very similar to natural cardiomyocytes.

Enhance the function of cardiomyocytes (CMs) and yield their synchronous
contraction. Enhance cardiac function and revascularization.

[121]

with a suitable proliferation environment [122]. Hongyu
Sun et al. further improved the research on the struc-
tural integrity of engineering cardiac tissues (ECTs)(-
Fig. 10). They reported three important discoverys: (i)
the incorporation of CNTs enhances ID assembly and

formation in engineered cardiac tissues; (ii)

b1-integrin

mediated FAK signaling pathway plays a critical role in
the CNT-induced gap junction formation; (iii) bl-
integrn mediated Rho pathway is responsible for the
CNT-induced mechanical junction formation [114].
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Fig. 8 Preparation steps of CPO-based GelMA hydrogels. a CPO-GelMA is mixed with CSP and placed in a mold, then the mixture is cross-linked
into a hydrogel using UV light. b Schematic representation of the CPO-GelMA. ¢ its chemical structure. Reproduced with permission [116].
Copyright (2017), American Chemical Society
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After the myocardial tissue is necrotic, the body will
repair itself, eventually the necrotic area will be replaced
by fibrous scar tissue, which greatly affects the original
contractile function of the heart, resulting in a decrease
in the cardiac ejection fraction. Brian W. Walker et al.
have fabricated a novel scaffold (GelMA/Bio-IL), which
can form ionic bonds with the surrounding myocardial
tissue so that it can firmly adhere to the surrounding tis-
sue without stitching [120]. Judging from the results of
gap junction protein connexin 43 expression, this novel
scaffold not only can promote the growth of primary
cardiomyocytes but also obtain optimal mechanical and
conductive properties, which are similar to the native
myocardium.

10 GelMA for skin tissue engineering

As the body’s first non-specific immune barrier against
external pathogens, skin plays an extremely important
role in maintaining the stability of the body’s environ-
ment. Small skin damage, the body can heal itself
quickly with mild inflammation. However, large areas of
skin damage, if not treated clinically promptly, can lead
to a severe immune response and eventually death. At
present, a common problem with the use of skin substi-
tutes in clinical treatment is that the graft can not be ef-
fectively adhered to the surface of defect tissue, and the
slow angiogenesis rate easily leads to the local necrosis
of the graft. Moreover, GelMA could be seeded on the
surface of the wound, fill the wound (no matter what
shape it is) and crosslink in situ within minutes or even
seconds following UV light exposure. GelMA, which has
tunable mechanical properties, degradation rates, good
bio-compatibility and can effectively promote the growth
and differentiation and stratification of epithelial cells, is

(2021) 3:3
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considered to be a potential skin substitute. The recent
applications of GelMA in epidermal tissue engineering
are summarized in Table 7.

Vascular is responsible for the task of transporting nu-
trients and taking away excretion waste. Restoring blood
supply in damaged areas as soon as possible while
repairing skin tissue can greatly reduce the risk of necro-
sis of the graft. Especially when diabetes is combined
with vascular lesions, the wound is extremely difficult to
heal. The capillaries can be established as soon as pos-
sible plays a decisive role in the rapid healing of the
wound. In order to solve this problem, Chen et al. [127]
devised a desferrioxamine (DFO)-loaded GelMA hydro-
gel for accelerating the development of the vascular net-
work and skin reconstruction (Fig. 11). The hydrogel
was seeded on the wound surface and exposed to UV
light (6.9 mW cm™?) in the presence of Irgacure 2959.
Then the wound area was covered with a volume of 3 M
Tegaderm and a sterilized piece of gauze was placed
over the dorsum afterwards. The results showed that at
the fourth hour, the experimental group had significantly
more vascular tubule formation of HUVECs than the
control group, and the blood vessels formed at the
twelfth hour become thicker. Sun et al. [132] fabricated
a GelMA scaffold by electrospinning technology to deal
with the distal necrosis of random skin flap. Through
Live/Dead analysis and CCK-8 assay, this scaffold
showed good cell compatibility. In the 7-day flap vitality
experiment, the GeIMA group shows lower necrosis ra-
tio, inflammatory response and higher blood perfusion,
compared with control group and gelatin group.

Bakhsheshi-Rad et al. used GelMA/HAMA as a carrier
for loading ADSC, which also makes good progress in
promoting angiogenesis (Fig. 12) and wound healing.
They verified the effect of this material on promoting
angiogenesis and skin wound healing by chick chorio-
allantoic membrane (CAM) assay. We can clearly find
the total number and length of blood vessels growing on
the CAM tissue adjacent to the VEGF loaded and ADSC
loaded hydrogel was significantly higher compared to
unloaded ones [124].

Get rid of the mindset of using GelMA as a platform
for single cell culture, Zhang et al. [126] utilized the
GelMA as a platform for co-culture of uc-MSCs and
HUVECs and studied the effect of regulating the differ-
ent ratios of the two cells on epidermal regeneration.
The result reveals that an uc-MSC:HUVEC ratio of 50:
50 demon resulted in the highest cell proliferation and
expression of angiogenic markers.

11 GelMA for cornea stroma and other tissue
engineering

According to the WHO report [138], more than 10 mil-
lion people lose their eyesight due to corneal diseases
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every year, which is a huge blow to the lives of patients.
At present, there are the following methods for clinical
treatment of such diseases:penetrating keratoplasty, arti-
ficial keratoprostheses and decellularized corneal tissue.
However the above methods all have more or less disad-
vantages,such as poor mechanical and optical properties,
the shortage of donor corneal tissue. In recent years, the

application of GelMA in the field of corneal repair has
also received widespread attention because GelMA can
obtain appropriate mechanical properties and optical
properties through photocrosslinking, and its RGD
amino acid sequence has been shown to maintain 98%
survival rate of keratocyte during 21 days of culture
[139]. GelMA is not only widely researched in the above
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Polymer scaffold Cell Achievement Reference
PCL/GelMA-CEX / Have a broad-spectrum antibacterial effect of minimizing the chance [123]
of infection during wound healing.
GelMA/HAMA ADSC It can further promote the formation of blood vessels in the injured area, [124]
and the transparent material is more convenient for clinical observation.
TA-GelMA Dermal fibroblast cells It has good bio-compatibility and has greatly improved various [125]
mechanical properties.
GelMA uc-MSCs Promote cell proliferation and differentiation by increasing related gene [126]
HUVECs expression.
DFO-Gelma / Accelerate blood supply re-establishment and wound healing. [127]
MeTro/GelMA-Tet213 / Better mechanical properties, in vitro and in vivo degradation, swellability, [128]
and porosity
GelMA Fibroblasts Accelerate wound healing by providing a suitable environment for cell [129]
proliferation and adhesion.
GelMA/anti-IL-6 / It can effectively reduce the inflammatory response and accelerate [130]
wound healing.
GelMA/Col-Ty HEM Promote wound healing by promoting the proliferation and [131]
HaCat differentiation of HEM without affecting HaCat.
HDF
GelMA electrospun fibers HDF GelMA electrospun fibers can accelerate the formation of vascular [132]
HUVECs network, and can promote cell adhesion and proliferation. Compared

with nanofibrous, this scaffold not only can promote skin flap
regeneration but also reduce the level of inflammation.

fields, but also has outstanding performance in other tis-
sue engineering and these applications are summarized
in the Table 8.

The decellularization cornea applied in cornea
stroma engineering can not mimic the environment
of extracellular matrix well because it changes the
original ECM micro-environment during the decellu-
larization process. In order to solve this problem Uya-
niklar et al. [133] fabricate a novel scaffold which is a
combination of GelMA and decellularized matrix.
They reported that this material has better compres-
sive modulus (5040 and 870kPa) and light transmit-
tance value (53.6%), due to the special structure of
GelMA makes up for the inherent shortcomings of
the decellularization matrix. Bektas et al. [134] used
3D printing technology to prepare a three-dimen-
sional scaffold (Fig. 13) with higher stability in PBS,
better ability of ensuring cell viability and 2-fold
mechanical properties compared with native cornea.

To further prove the real role in corneal repair of the
GelMA hydrogels in vivo, Bektas et al. [139] carried out
a in vivo study using eyes of two white New Zealand
rabbits. Observation after transplantation for up to 8
weeks,the result showed that no inflammation and im-
mune rejection were observed and the hydrogels heal
well with the host tissue. Kong et al. [28] utilized fiber
(PECL) to reinforce GelMA hydrogel and made a com-
paration among 3D fiber hydrogel, 3D GelMA hydrogel,
and 2 D culture dish and finally proved fiber reinforced

PECL/ GelMA can provide an optimal micro-environ-
ment for promoting keratocyte guided differentiation
and the regeneration of damaged corneal stroma.

Cui et al. [136] reported the application of GelMA in
liver tissue engineering. They used GelMA hydrogel as a
matrix to construct 3D lobule-like tissues for co-culture
of hepatocytes and fibroblasts. Firstly, they fabricate he-
patocytes encapsulated micromodules through micro-
fluidic ~ technology. = Then,  assemble  cellular
micromodules through non-contact pick-up strategy. At
last the assembled micromodules were coated with fibro-
blast-laden GelMA. They reported the 3D lobule-like
microtissues can maintain 90% cell viability and improve
hepatic cell albumin secretion.

Diseases of the oral mucosa, such as oral ulcers, can
cause severe pain in the damaged area, and long-term
wound non-healing can increase the chance of cancer in
the damaged area. Zhang et al. [137] fabricated an ideal
soft tissue substitute for the repair of oral mucosal de-
fects, by combining decellularized human amniotic parti-
cles (dHAP) and GelMA. They reported that GelMA-
dHAP not only can serve as a soft tissue replacement for
oral mucosa repair, but also can stimulate rapid angio-
genesis in the defect area.

12 Conclusion and outlook

In this article we mainly reviewed the recent develop-
ment and applications of GelMA in the field of biomedi-
cine. Based on its unique 3D structure (can mimic
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Fig. 11 Schematic diagram of DFO-GelMA hydrogels promoting wound healing by regulating HIF-1a signaling pathways. Reproduced with

ECM), RGD peptide sequence (can promote cell adhe-
sion and proliferation), MMP degradable motifs and
good biocompatibility (can be combined with other ma-
terial to adjust related properties), GelMA has shown
great potential in the fields of biomedicine and tissue en-
gineering and has been widely used in these fields.

There are many advanced technologies that have been
used to modify the relevant properties of GelMA so that
it can have excellent performance in different biological
fields. Many researchers have strengthened the mechan-
ical properties of GelMA to make it suitable for 3D
printing. Using GelMA as a bio-ink, via 3D printing
technology, can prepare personalized scaffolds that can
meet the needs of various tissue engineering. Through
research, we found that applying electrospinning tech-
nology to the preparation of biomaterials based on
GelMA can give the material excellent performance,such
as high surface-to-volume ratio, tunable pore size (from
from several to tens of micrometers) and high porosity
(>90%). Combining electrospinning technology with

GelMA can further improve GelMA’s performance in
tissue engineering, especially in promoting bone tissue
regeneration and angiogenesis. Researchers have also
used microfluidic technology to fabricate GelMA hydro-
gel microspheres. Through this technique, microspheres
containing relevant tissue factors or cells can be directly
obtained, and can be directly injected into the injury
area to promote tissue repair.

However, the current research on GelMA is still insuf-
ficient and we believe that GelMA is worthy of further
study in the following areas.

(1) Expanding material sources of GelMA and studying
the effects of different animal skin sources on
GelMA performance to further explore its greater
potential in the biomedical field.

(2) Whether the modified GelMA, via physical or
chemical method, will cause an immune response
in the early stage of implantation or by its
degradation products, and whether the degradation
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Table 8 The recent application of GelMA in cornea stroma and other tissue engineering

Tissue Polymer scaffold Cell Achievement Reference

cornea stroma  GelMA/ decellularized cornea Keratocyte 10 fold light transmittance value and 6 fold compressive [133]
modulus compared to decellularized cornea

GelMA HKs With good biocompatibility and suitable mechanical properties, [134]
it can be well integrated with the host tissue without causing
serious immune rejection

PECL/ GelMA LSSCs It has the light transmission and mechanical strength most [28]
similar to the natural cornea, which can provide the best
repair and regeneration environment for the damaged stroma.

GelMA Keratocyte Allow better vision than nontransparent substrates. [135]

Liver GelMA HepG2 Maintained over 90% cell viability. The liver function of aloumin  [136]
NIH-3T3 secretion was enhanced

Oral mucosa  GelMA/dHAP Human fibroblast HFF  Improve mechanical properties and can promote repair of oral ~ [137]

mucosal defects within two weeks.




Xiang and Cui Journal of Leather Science and Engineering (2021) 3:3

Page 20 of 24

Irgacure

b

PDMS wells
GelMA
Humad | B
Keratocytes | 3
(HK) A [
Cells Suspended t Incubate
in GelMA | for 15 min at 40C

J

3 mL Luer lock syringe
containing bioink

Fig. 13 Schematic diagram of preparation of HK loaded GelMA hydrogel slabs and 3D bioprinted hydrogels. Reproduced with permission [134].

Copyright (2019), The Royal Society of Chemistry

Suspended HKs poured into

3

uvf

- g o
Crosslink
w/UVfor5s HK loaded

GelMA hydrogel slabs

uv el
LR ET R
- LR R F
Crosslink R P

w/ UV for 55 & To;v?éw Side view

Punch
(6 mm) HK loaded, 3D
bioprinted hydrogels

D Bioprinting

of GelMA will cause changes in hemodynamics and
increase the risk of thrombosis are worthy of
further study.

(3) How to ensure the preparation of large-scale GelMA
hydrogels that meet clinical needs while ensuring the
stability of their related traits is still a big challenge.

(4) In the field of promoting bone regeneration, the
molecular mechanism and the signal path of
modified GelMA to promote mineralization and
new bone formation and mechanism of
coordinated repair of blood supply, nerve and
defect tissue need to be further clarified. GelMA
was also widely used to repair some special
tissues such as the heart, cornea and nerves, the
mechanism of inducing the directional
differentiation of cells to reduce the formation of
scar tissues and restore the original functions of
tissues and organs needs further investigation.

(5) Develop some new biomaterials with various
composite functions based on GelMA, for example,
temperature response, ion response, shape memory,
magnetic response and develop the smart drug
carrier based on GelMA via combining with other
nanomaterials or micro-robots, which can realize
the release of drugs at specific sites while
prolonging the release time of drugs in vivo.

(6) From the perspective of bionics and the natural
phenomena, develop some special functional
structures based on GelMA, such as the vessel
structure inspired by curled apple peel [140], for
further expanding the application of GelMA in the
field of biomedicine.
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