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A B S T R A C T   

Gelatin methacrylate (GelMA) hydrogels have gained significant traction in diverse tissue engineering applica
tions through the utilization of 3D printing technology. As an artificial hydrogel possessing remarkable pro
cessability, GelMA has emerged as a pioneering material in the advancement of tissue engineering due to its 
exceptional biocompatibility and degradability. The integration of 3D printing technology facilitates the precise 
arrangement of cells and hydrogel materials, thereby enabling the creation of in vitro models that simulate 
artificial tissues suitable for transplantation. Consequently, the potential applications of GelMA in tissue engi
neering are further expanded. In tissue engineering applications, the mechanical properties of GelMA are often 
modified to overcome the hydrogel material’s inherent mechanical strength limitations. This review provides a 
comprehensive overview of recent advancements in enhancing the mechanical properties of GelMA at the 
monomer, micron, and nano scales. Additionally, the diverse applications of GelMA in soft tissue engineering via 
3D printing are emphasized. Furthermore, the potential opportunities and obstacles that GelMA may encounter 
in the field of tissue engineering are discussed. It is our contention that through ongoing technological progress, 
GelMA hydrogels with enhanced mechanical strength can be successfully fabricated, leading to the production of 
superior biological scaffolds with increased efficacy for tissue engineering purposes.   

1. Introduction 

Hydrogels, which are hydrophilic polymers characterized by their 
exceptional biocompatibility and biodegradability [1–3], possess a 
three-dimensional cross-linked network structure. Their porous 
composition, abundant in water content, facilitates their role as cell 
adhesion sites akin to the extracellular matrix (ECM), thereby influ
encing diverse biological processes such as cellular proliferation and 
differentiation [4–6]. Hydrogels can be fabricated using either natural 
polymers, such as cellulose, polysaccharides, and proteins, or synthetic 
polymers, such as ethylene glycol (PEG) and polyvinyl alcohol (PVA), 
through physical (hydrogen bonding, hydrophobic interaction, etc.) or 
chemical (free radical polymerization, click chemistry, etc.) 
cross-linking [7–9]. The manipulation of the physicochemical charac
teristics of these hydrogels, including mechanical strength, porosity, 
swelling, and water-absorbing properties, can be achieved by modifying 
the polymer’s composition, preparation method, and degree of 

cross-linking [10,11]. In contrast to natural hydrogel, Synthetic hydro
gels possess a notable advantage in terms of enhanced flexibility in 
design and adaptability, enabling the creation of hydrogel biomaterials 
with customized properties [12]. 

In the year 2000, Gelatin methacryloyl (GelMA) hydrogels were 
initially synthesized by Bulcke’s group [13]. These hydrogels represent 
innovative substances achieved through the incorporation of 
methacrylate-based groups into the gelatine side chains via substitution 
reactions involving amino (-NH2) and hydroxyl (-OH) groups (Fig. 1A) 
[14]. Gelatin, a naturally occurring hydrophilic polymer, comprises 
ECM-like constituents and is derived from the partial hydrolysis of 
native collagen. This biomaterial encompasses RGD sequences (Arg-
Gly-Asp peptides), promoting cell adhesion, spreading, and differentia
tion, alongside matrix metalloproteinase sequences (MMP) that 
facilitate enzymatic degradation. These attributes ensure remarkable 
cytocompatibility while facilitating biodegradation [15]. GelMA, a 
gelatin derivative that has been modified with methacryloyl anhydride 
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(MAAnh), has been found to exhibit a preference for amino acid residues 
with molar ratios below 5 % [16]. This selective modification allows for 
the preservation of functional amino acid sequences, such as RGD and 
MMP, which are important for cell adhesion and biodegradability of 
GelMA [17–19]. The methacryloyl substituents confer photocrosslinking 
properties to GelMA, which further enhance the advantages of GelMA 
photopolymerized hydrogels. These advantages include rapid handling, 
plasticity, ease of customization, and improved mechanical properties 
[20]. GelMA hydrogels can undergo photocrosslinking using UV or 
visible light through the addition of a photoinitiator, such as lithium 2,4, 
6-trimethylbenzoylphosphonate (LAP) or 2-hydroxy-40-(2-hydroxye
thoxy)-2-methylpropiophenone (IC-2959), to the GelMA prepolymer 
[21–25]. Due to the favorable conditions for photocrosslinking, the 
majority of RGD and MMP sequences remain unaltered, thereby 
expanding the potential applications of GelMA hydrogels in the field of 
bioengineering [26]. 

GelMA has undergone significant research and application across 
diverse domains, with a particular emphasis on its utilization in tissue 
engineering within the field of biomedicine [27]. The utilization of 3D 
bioprinting, a nascent technology enabling precise spatial arrangement 
of biological materials and cells, assumes a significant role in the 
application of GelMA within the field of tissue engineering [28]. The 
utilization of 3D bioprinting technology enables precise cell and 
hydrogel distribution within pre-determined “bioink layers,” thereby 
facilitating the replication of desired tissue structures [29]. GelMA has 
become a prominent multifunctional hydrogel in the realm of tissue 
engineering. By utilizing various printing techniques, such as 
extrusion-based printing (EBP) [30], inkjet-based printing (IBP) [31], 
and stereolithography (SLA) [32], GelMA hydrogels can attain a diverse 
range of microstructures, including microfibers [33], microchannels 
[34], and microgroove and microridge [35] formations, as well as 
microwells and micropillars [36]. These microstructures play a vital role 
in the in vitro reconstruction of intricate tissue architectures. The 
adaptability exhibited by these hydrogels fabricated through 3D print
ing technology renders them a highly promising platform for the pro
gression of tissue therapies in the next generation. Recent investigations 
have substantiated the utility of GelMA in diverse realms of tissue en
gineering, encompassing vascular [37], myocardial [38], cutaneous 

[39], cartilaginous [40], and neural tissues [41]. Provided that cellular 
viability can be maintained and functional prerequisites can be fulfilled, 
bioprinted scaffolds hold the potential to replicate artificial tissues that 
are amenable for in vitro transplantation [42]. 

Despite the manifold benefits of GelMA as a bioprinting substrate, 
the faithful replication of specific local tissues poses difficulties owing to 
its intrinsic mechanical fragility and swift degradation [43]. Further
more, GelMA hydrogels exhibiting excessive viscosity tend to obstruct 
the nozzles during the 3D printing procedure, potentially impeding its 
utility in the field of tissue engineering [44]. Research studies have 
revealed that the mechanical characteristics of GelMA, a light-curing 
hydrogel, such as elasticity, hardness, and compressibility, are intri
cately connected to the kinetics of cross-linking during the process of 
photocross-linking [45–48]. To improve the characterization of GelMA 
bases’ mechanical strength, several methods can be utilized, including 
elevating the concentration of prepolymers [49,50], enhancing the de
gree of substitution and functionalization [51–53], and modifying the 
conditions of photocrosslinking [25,54–56]. The degree of substitution 
of the methacryloyl group is defined as the ratio of the functionalized 
amino group (-NH2) to the total available amino groups prior to 
cross-linking, which can be measured using H NMR spectroscopy [57]. 
Hoch prepared hydrogels with varying degrees of methacrylation (DM) 
in the degree of 770–194 % for swelling and 5–368 KPa for storage 
modulus by employing a molar excess of MAAnh relative to the free 
amino group of gelatin and utilizing Gel-MAAnh ratios of 1:1.5, 1:2, 
1:10, and 1:20. The degree of functionalization, as determined by H 
NMR spectroscopy, was found to be 68.5 % and 85.1 % for Gel-MAAnh 
ratios of 1:1.5 and 1:2, respectively, while the degree of free amino 
substitution tended towards 100 % for ratios of 1:10 and 1:20. Subse
quent in vitro experiments involving porcine chondrocyte culture pro
vided further evidence of the superior performance of GelMA as a 
material for tissue engineering applications [58]. The parameters typi
cally involved in photocrosslinking processes encompass light intensity, 
exposure time, and photoinitiator [54,59–61]. Within a stable light in
tensity setting, the duration of light exposure emerges as a significant 
determinant impacting the degree of swelling and mechanical strength 
of GelMA. Schuurman and his team investigated the effect of irradiation 
time and observed that the compressive modulus of 30 % GelMA 

Fig. 1. A) Schematic representation of the formation of GelMA from gelatin by substitution reaction. B) Modification Methods and Tissue Engineering Applications of 
GelMA Hydrogel. C) Schematic diagram of the formation of IPNs. 
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samples crosslinked for 10 min was more than twice that of samples 
crosslinked for 5 min [62]. The type and concentration of photoinitiators 
also affect the mechanical properties of GelMA hydrogels. Free radical 
photoinitiators need excellent biocompatibility and low biotoxicity, and 
the common ones are lithium 2,4,6-trimethylbenzoylphosphonate 
(LAP) [63], 2-hydroxy-40-(2-hydroxyethoxy)-2-methylpropiophenone 
(IC-2959) [64], Irgacure 2955 [65], azo dyes (e.g., VA-086) [66], 
Type II initiators (e.g., EY/Triethanolamine [67], Ru/SPS [68]). Alexa 
and colleagues compared the Young’s modulus of 3D-printed GelMA 
hydrogel scaffolds containing 1 % IC-2959 with those containing 0.5 % 
IC-2959. The former exhibited approximately a 45 % higher Young’s 
modulus compared to the latter (1 % IC-2959: E = 0.393 ± 0.01 GPa, 
0.5 % IC-2959: E = 0.22 ± 0.019 GPa) [69]. Additionally, several 
studies have demonstrated that the mechanical properties of hydrogels 
for 3D printing applications can be further enhanced through the 
incorporation of functional groups via chemical modification of GelMA 
[70]. In their 2013 study, Hoch et al. synthesized two types of GelMA 
hydrogels with varying degrees of methacrylation: GM10 (10-fold molar 
excess of MAAnh) and GM2 (2-fold molar excess). Compared to GM2, 
GM10 exhibited lower viscosity (10 wt%: 3.3.5 mPa s, 37 ◦C) and higher 
storage modulus (10 wt%: 15.2 6.4 kPa). Introducing acetyl functional 
groups into GM2 resulted in a significant reduction in viscosity (＜10 
mPa s) at room temperature for the obtained dual-functional crosslinked 
hydrogel (GM2A8). Subsequent experiments involving porcine chon
drocyte culture on 3D-printed scaffolds made of GM10 and GM2A8 
demonstrated effective cell viability [71]. This further exemplifies the 
substantial importance of chemical modification in the investigation of 
GelMA within the field of bioengineering. 

Prior studies have emphasized the necessity of expanding the 
application of GelMA hydrogels in 3D bioprinting for the production of 
functional three-dimensional biological tissues in vitro [72–75]. To 
address this, alongside chemical modifications of GelMA, innovative 
strategies have emerged to enhance the strength of GelMA bioprinting 
scaffolds at various microscopic levels. These approaches encompass the 
creation and/or modification of interpenetrating interconnecting net
works (IPNs), reinforcement of layer-layer interactions, and modifica
tion of ink formulations [65,76–78]. These advancements enhance the 
structural integrity of GelMA bioprinting scaffolds, thereby facilitating 
their successful integration into various bioprinting applications. This 
review aims to elucidate diverse methodologies for enhancing the me
chanical robustness of GelMA as a bioprinting substrate in tissue engi
neering, along with specific application scenarios (Fig. 1C/Table 1). 
Furthermore, we explore the potentialities and obstacles associated with 
the sustained utilization of GelMA as an exceptional biomaterial in the 
field of biomedicine. The objective is to offer rational design concepts 
and developmental pathways for the pragmatic and intricate imple
mentation of GelMA in bioprinting for tissue engineering purposes. 

2. Enhancing the mechanical strength of 3D printed photo- 
crosslinked GelMA hydrogels 

The biocompatibility and cellular microenvironment similarity 
exhibited by GelMA hydrogels have made them highly sought-after for 
the advancement of diverse biological alternatives [91–93]. GelMA 
hydrogels possess the RGD sequence, known to enhance cell adhesion, 
and the MMP target sequence, which is particularly suitable for cellular 
remodeling. These distinctive attributes, combined with their remark
able photocrosslinkability, distinguish GelMA hydrogels from conven
tional hydrogel materials [13,17,94]. Moreover, GelMA hydrogels 
exhibit exceptional versatility in their processability, enabling various 
forms of microfabrication and the ability to be combined with diverse 
materials to achieve a wide array of structures necessary for tissue en
gineering applications [28,95]. This remarkable flexibility underscores 
the immense potential of GelMA hydrogels in the field of tissue repair 
and regeneration. Consequently, there has been a growing need for 
enhanced GelMA performance in the field of tissue engineering [96–98]. 
However, despite the existence of multiple physical and chemical 
modifications, aimed at bolstering the mechanical strength of GelMA 
hydrogel materials, their mechanical and biological characteristics 
remain constrained when employed as 3D bioprinting materials. These 
limitations impede their broader utilization in the field of tissue engi
neering [98–100]. This limitation has prompted the search for innova
tive approaches to meet the diverse needs of GelMA as a 3D printing 
material for tissue engineering. 

2.1. Interpenetrating network reinforcement at the monomer level 

The synthesis of interpenetrating cross-linked polymerization net
works (IPNs) is a highly efficient technique that entails the incorpora
tion of a second monomer, cross-linker, and initiator into an already 
cross-linked polymer I through physical or chemical cross-linking 
mechanisms. This procedure results in the in situ polymerization of 
the second monomer and its subsequent cross-linking, resulting in the 
formation of polymer II, which becomes intermingled with the existing 
network of polymer I. The synthesis of interpenetrating cross-linked 
polymerization networks (IPNs) is a highly efficient technique that en
tails the incorporation of a second monomer, cross-linker, and initiator 
into an already cross-linked polymer I through physical or chemical 
cross-linking mechanisms. This procedure results in the in situ poly
merization of the second monomer and its subsequent cross-linking, 
resulting in the formation of polymer II, which becomes intermingled 
with the existing network of polymer I [101–103]. The formation of a 
self-crosslinking and interpenetrating polymer network in GelMA leads 
to the creation of a monolith that is reinforced at the 
monomer-to-monomer level (Fig. 1B). This reinforcement enables the 
material to overcome the inherent mechanical limitations of pure 
GelMA as a 3D printing material, resulting in a compatible and robust 
structure. The configuration of the IPN network is contingent upon the 
distinct phases of the polymer, which can have an influence on the 

Table 1 
Modified GelMA and its application scenarios.  

Improvements Ingredients Tissue Cells Mechanical strength Ref. 

IPNs GelMA/HA Cartilaginous C28/I2 4.2 ± 0.4 kPa (Young’s modulus) [79]  
sGAG/GelMA/Alginate Cartilaginous MSCs 32.48 ± 4.23 kPa [80]  
CuONPs/GelMA/PVA Vascular/Skin ASCs/HUVECs ~300 kPa [81]  
BNC/GelMA/Alginate Nerve RSC96 ~10.92 kPa [82] 

Hybrid bio-ink LDHs/GelMA Bone MC3T3-E1 ~1168 kPa [83]  
CNCs/GelMA/HAMA Cartilaginous ATDC5 55.8 ± 2.1 kPa [84]  
HAP/GelMA/Alaiante/Gelatin Cartilaginous/Vascular MC3T3/HUVECs 25~28.35 kPa [85]  
GelMA/MeHA/dhECM＆GelMA/dhECM Crdiac muscle hCFs/iCMs 18.4 ± 2.8 kPa/24.5 ± 2.9 kPa [86]  
ULMA/GelMA/Gelatin Skin HDFS ~4.2 kPa [87]  
GelMA/HAMA Cartilaginous Cartilaginous cell ~30 kPa [88] 

Layer-to-layer reinforcement Kca/GelMA Muscle C2C12 ~12.5 kPa (Shear stress: USS) [89]  
G1Phy/GelMA Muscle L929  [90]  
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overall mechanical robustness, rate of swelling, and effectiveness of 
degradation in the crosslinked material [104–106]. GelMA is frequently 
subjected to cross-linking with various materials, including alginate 
hydrogels, methacrylate-based hyaluronic acid gelatin (HAMA), silk 
protein (SF), and several other polymers [76,107–109]. Jonidi Shar
iatzadeh et al. developed highly porous and mechanically robust gels 
through the formation of interpenetrating networks (IPNs) combining 

GelMA and hyaluronic acid (HA) (Fig. 2A and B) [79]. The authors 
investigated the Young’s modulus of pure GelMA compared to IPN with 
5 % HA concentration and observed a significant decrease in the latter 
(2.25 ± 0.5 kPa) compared to pure GelMA (3 kPa) (p < 0.01). However, 
with increasing HA concentration, the mechanical properties improved, 
and at a 10 % HA concentration, the Young’s modulus (4.25 ± 0.4 kPa) 
surpassed that of GelMA (p < 0.001). Furthermore, the augmentation of 

Fig. 2. Reinforcement of hydrogel scaffolds by a network of IPNs. A) The SEM images of the porosity of hydrogel scaffolds with different HA concentration ratios. B) 
False-colour SEM image of adherent cells on the surface of the scaffold after seeding C28 cells onto the surface of the sample and incubating the scaffold for 24 h after 
fixation. Reproduced with permission [79]. Copyright 2021, Elsevier. C) Illustration of preparing alginate/alginate sulfateGelMA IPN bioink. D) Schematic of 
crosslinking processes. The constructs were either cultured in vitro for 6 weeks or subcutaneously implanted for 4 weeks. E) is the hydrogel pattern printed by 
different bio-inks. F) shows the representative images of live/dead staining of MSCs within constructs at various time points (day 1, 21, and 42) throughout the 
culture duration. G) Cell survival to 3D printed constructs. Reproduced with permission [80]. Copyright 2021, Elsevier. 
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the cross-linked network of GelMA hydrogel IPNs can be achieved 
through the utilization of polymeric substances like polycaprolactone 
(PCL) and sulphated glycosaminoglycans (sGAG) [110,111], thereby 
leading to enhanced mechanical characteristics of the initial IPNs. Wang 
and colleagues used a sulphated glycosaminoglycan (sGAG) analogue to 
functionalize an alginate-gelatin (GelMA) intra-penetrating network 
(IPN) bioink. The mechanical strength of their printed 
double-cross-linked S-IPN constructs was significantly improved 
compared to single-printed alginate or GelMA while retaining elasticity 
and toughness. Ramp compression experiments revealed that the double 
cross-linking S-IPN constructs (0.7 % alginate, 0.3 % alginate sulphate, 
10 % w/v GelMA) had a 3-fold higher compressive modulus (32.48 ±
4.23 kPa) than 10 % GelMA alone (11.07 ± 1.92 kPa) and 5-fold higher 
than 1 % alginate/aluminium sulphate hydrogel (6.85 ± 1.17 kPa). 
Moreover, in vitro experiments demonstrated that the ink facilitated the 
sustained release of transforming growth factor β3 (TGF-β3) while 
promoting cartilage formation in MSCs (Fig. 2C–G) [80]. Additionally, 
Wu et al. successfully enhanced the mechanical characteristics of the 
composite material through the incorporation of nanomaterials within a 
unique nanocomposite interpenetrating polymer network (IPN) con
sisting of GelMA, polyvinyl alcohol (PVA), and copper oxide nano
particles (CuONPs), as opposed to a solitary scaffold. Based on their 
findings, the authors inferred that these outcomes indicate the prom
ising capability of nanomaterials in reinforcing hydrogel IPN networks 
[81]. Bipolymer interpenetrating polymer networks (IPNs) frequently 
exhibit significantly enhanced mechanical properties compared to their 
individual monomer network components. The charged outer surface of 
IPN hydrogels has the ability to retain a boundary water layer even 
under high normal loads [112], effectively reducing the material’s co
efficient of friction. This property aligns well with the lubrication 
function of cartilage in joints [113]. 

2.2. Layer-to-layer reinforcement at the micron level 

Numerous approaches have been investigated to augment the me
chanical characteristics of GelMA, encompassing enhancements in 
concentration or functionalization, improvements in photocrosslinking 
density, and the development of innovative crosslinking networks, as 
previously discussed [114,115]. A fundamental requirement for bio
materials designed for tissue engineering purposes is to offer a micro
environment that is conducive to cellular growth. However, it should be 
noted that conventional techniques employed for enhancing the 
strength of GelMA may pose a potential hazard by producing cytotoxic 
degradation byproducts [116,117]. Considering the layer-by-layer na
ture of 3D printing and the inherent weakness in adhesion at layer in
terfaces [118–120], the utilization of ionic action to establish robust 
interfacial adhesion between printed layers has emerged as a promising 
strategy for the advancement of GelMA bioprinting materials that are 
conducive to cellular viability. Li et al. examined the enhancement of 
adhesion strength between printed layers of 3D printing hydrogels by 
employing three groups of oppositely charged hydrogels (anionic: algi
nate, xanthan gum, κ-Carrageenan (Kca)/cationic: chitosan, gelatin, 
GelMA). Printability and mechanical properties tests identified the 
Kca-GelMA combination (Kca 2 wt%/GelMA 10 wt%) as the optimal 
choice among the oppositely charged hydrogels. Additionally, cellular 
experiments demonstrated that Kca-GelMA constructs exhibited excel
lent cellular activity (>96 %) [89]. Later, Mora-Boza et al. employed 
G1Phy, a new ionic cross-linking agent, to reinforce multilayer 3D 
printed scaffolds with up to 28 layers. Performance tests demonstrated 
that the ion-treated cross-linked scaffolds exhibited improved shape fi
delity, controlled swelling rates, and long-term stability under physio
logical conditions for a minimum of four weeks (Fig. 3) [90]. These 
innovative approaches indicate promising prospects for leveraging ionic 

Fig. 3. A) Reinforcement of GelMA/chitosan 3D polymer scaffolds with ionic crosslinking agent (G1Phy). B) Visual examination and structural integrity changes that 
a photochemically 3D printed scaffold (four layers) immediately experienced after immersion in distilled water containing or not the G1Phy or TPP. Scale bar is 0.5 
cm. C) Live/dead assay on G1Phy (a) and TPP (b) scaffolds after 24 h of incubation. Pictures were taken of scaffold strands; confocal immunostaining assay performed 
on G1Phy (c) and TPP (d) scaffolds after 24 h of incubation. Reproduced with permission [90]. Copyright 2020, Royal society of chemistry. 
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interactions to augment layer-to-layer stability in GelMA hydrogel 3D 
printing. The utilization of ionic interactions as a means to augment the 
stability of layer-to-layer bonding in printed structures represents an 
unquestionably innovative approach. Its capacity to facilitate more 
precise print tip applications and enable the formation of intricate print 
structures suggests its significant potential for implementation in GelMA 
hydrogel 3D printing. 

2.3. Structural strengthening at the nano level 

Research has indicated that the integration of nanomaterials into 
GelMA platforms, in comparison to GelMA at equivalent concentration, 
yields enhanced mechanical robustness, facilitating substantial levels of 
deformation in compression, tension, and bending. Additionally, this 
integration leads to improvements in biocompatibility, degradability, 
porosity, shear thinning capacity, and viscosity modulation [18, 
121–123]. Due to the inherent drawbacks of traditional natural mate
rials like alginate, gelatin, and hyaluronic acid, which are susceptible to 
rapid degradation and exhibit limited functionality [124–127], the 
incorporation of nanoscale modifications into bioinks has emerged as a 
pivotal approach for bolstering the mechanical robustness of GelMA 
bioprinted scaffolds. Recent studies have conducted inquiries into the 
application of various inorganic nanomaterials, such as hydroxyapatite 
nanoparticles (nHAP) [128], calcium phosphate micro- and nano
particles (nCNP) [65], bioactive glass (BGn) [129,130], and 
nano-silicates (nSi) [131], among other substances, to modify bioinks. In 
a recent investigation, Alarcin et al. presented a novel printing approach 
for the fabrication of nanocomposite bioinks by incorporating layered 
double hydroxide nanoparticles (nLDHs) into GelMA. The study 
demonstrated a notable increase in the compressive strength of the 
composite hydrogel, from 652 kPa (G-LHD0) to 1168 kPa (G-LHD3), 
with an LDH concentration of 3 wt%. Furthermore, 3D printed scaffolds 
derived from this bioink formulation exhibited excellent support for the 
survival, proliferation, and spreading of osteoblasts, independent of 
osteoinductive factors. Remarkably, G-LHD3 displayed enhanced 
spreading efficiency and superior cell morphology compared to cells 
encapsulated in G-LHD0 [83]. The distinctive network architecture of 
GelMA, coupled with the effective entrapment of nanomaterials, exerts a 
substantial impact on the mechanical and biological characteristics of 
hydrogels via physical and covalent interactions with GelMA. It is 
noteworthy that the incorporation of specific nanomaterials, including 
metallic nanomaterials such as gold nanoparticles (GNPs) [132], silver 
nanoparticles (AgNPs) [133], and titanium [134], as well as carbon 
nanomaterials like graphene oxide (GO) [135], reduced graphene (rGO) 
[136,137], and carbon nanotubes (CNTs) [138,139]), imparts a diverse 
range of exceptional properties to hydrogel materials. These properties 
encompass electrical conductivity, antimicrobial activity, and other 
distinctive characteristics [140–145]. The utilization of these special 
nanomaterials holds great promise for the development of advanced 
hydrogel systems with multifunctional capabilities. Yu et al. successfully 
fabricated structurally stable, mechanically sound, and biocompatible 
bioscaffolds using a composition ratio of 8 % GelMA/1 % HAMA/3 % 
alginate/0.5 mg/mL graphene oxide (GO) (8/1/3/0.5) via dual-channel 
printing. In a rat cranial bone defect model, the dual-channel scaffolds 
encapsulating rat bone marrow-derived macrophages (BMM) and rat 
bone marrow mesenchymal stem cells (BMSCs) demonstrated superior 
efficacy compared to single-cell scaffolds and cell-free scaffolds [146]. 
Several studies have explored the utilization of nanomaterials beyond 
their direct application as 3D printing bioinks. Fan et al. reinforced 
GelMA/HAMA bioinks with cellulose nanocrystals (CNCs) using the 
photo-crosslinking chemistry shared by both inks. The research encap
sulated the murine chondrocyte cell line ATDC5 in structures containing 
CNCs and GelMA/HAMA to explore the material’s potential for cartilage 
tissue application. Notably, an increase in the CNC loading to 10 % 
(w/v) resulted in a significant increase in the compressive modulus of 
the GelMA/HAMA cross-linked hydrogel from 22.7 ± 2.8 kPa to 55.8 ±

2.1 kPa. The study demonstrated promising results, with the survival 
rate of the ATDC5 cell line being 82.4 ± 3.3 % after 1 day of in vitro 
culture, and cell viability reaching 99.1 ± 2.2 % after 7 days, demon
strating the potential of the material for cartilage repair [84]. The uti
lization of advanced nanomaterials in the reinforced multifunctional 
GelMA platform enables it to withstand significant levels of deforma
tion, including compression, bending, elongation, and tearing. This 
particular attribute proves advantageous in the field of skin tissue en
gineering, as it necessitates substantial tensile and flexural forces for 
effective wound healing. 

3. Advancements in soft tissue repair engineering 

3.1. Vascular engineering 

The preservation of the structural and functional integrity of the 
vasculature holds significant importance in the field of tissue repair 
engineering. This is primarily due to its role as a conduit for the delivery 
of oxygen, nutrients, and metabolites to tissues and organs [147,148]. 
Numerous studies have provided substantial evidence indicating that 
the vascular network plays a crucial role not only in transportation 
functions but also in shaping tissue structures [149–153]. It is highly 
improbable for tissue-engineered structures exceeding 1 mm in size to 
maintain viability without the presence of a well-developed vascular 
network [154]. Therefore, the reconstruction of the vascular network to 
ensure consistent blood perfusion is of utmost importance in achieving 
successful tissue repair of intricate structures [155,156]. Additionally, 
the incorporation of vascular structures or the transplantation of 
microvessels represents a significant utilization of vascular tissue engi
neering in the management of vascular injuries, including myocardial 
infarction and peripheral atherosclerosis [157,158]. Consequently, the 
expeditious attainment of endothelial cell proliferation and the estab
lishment of a vascular network via 3D printing are pivotal elements in 
the application of GelMA composite hydrogels for vascular network 
engineering. Shahabipour et al. utilized coaxial 3D printing to create a 
bone-like model of vascular growth by printing a mixture of gelatin, 
GelMA, HAPs, and alginate. Osteoblasts (MC3T3) and human umbilical 
cord vascular endothelial cells （HUVECs） were loaded in the shell and 
core regions, respectively. The hybrid hydrogel inks demonstrated a 
higher compressive modulus (25–28.35 kPa) compared to pure GelMA 
hydrogels (18–21 kPa). Notably, the high concentration scaffold (GelMA 
7 % + alginate 2 % + gelatin 1 % + HAp) exhibited a compressive 
modulus of 30 kPa, surpassing the 25 kPa of the low concentration 
scaffold (GelMA 5 % + alginate 0.5 % + gelatin 2 % + HAp) due to 
increased GelMA and alginate content. In vitro incubation of MC3T3 and 
HUVECs for 21 days in their respective regions demonstrated robust cell 
growth, as confirmed by confocal images [85]. 3D printing enables rapid 
fabrication of complex tissue structures in vascular engineering. 
Improved mechanical properties of GelMA composite hydrogels offer 
multifunctional bio-scaffolds with suitable strength and biocompati
bility for vascular tissues and organs [159]. This approach is a crucial 
strategy for vascular-based soft tissue repair engineering. 

3.2. Myocardial tissue engineering 

The composition of human myocardial tissue primarily comprises 
cardiomyocytes (approximately 30 %) and non-cardiomyocytes, which 
are closely interconnected [160,161]. In the event of myocardial tissue 
injury, such as infarction or myocardial ischemia, the surviving 
myocardial cells undergo fibrosis or hypertrophy [162,163], leading to 
the formation of scar tissue that exhibits significantly higher stiffness 
(150 kPa) compared to healthy myocardial tissue (10 kPa) [164]. The 
utilization of 3D printing in the creation of cardiac regeneration models 
is a highly effective method for reinstating the intricate distribution of 
cells [165,166]. Alongside the requirement to replicate the typical 
stiffness of healthy myocardial tissue, the restoration of intrinsic 
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automaticity and conduction properties of cardiomyocytes is a pivotal 
concern that necessitates attention in the development of bioprinted 
materials for myocardial regeneration [167]. These factors collectively 
pose novel obstacles for GelMA composite hydrogels. Basara et al. suc
cessfully developed GelMA-MeHA-dhECM (GME) and GelMA-dhECM 
(GE) hydrogels using UV light and microbial glutaminase (mTGase) 
dual cross-linking techniques. These hydrogels, composed of decellu
larized human cardiac ECM (dhECM) with GelMA or GelMA-MeHA, 
showed compatibility with human induced pluripotent stem 
cell-derived cardiomyocytes (iCMs) and human cardiac fibroblasts 
(hCFs). Double cross-linking reinforcement significantly enhanced the 
Young’s modulus of both GE and GME hydrogels (GM: 14.4 ± 1.8 kPa → 
24.5 ± 2.9 kPa/GME: 9.9 ± 2.6 kPa → 18.4 ± 2.8 kPa). GE-loaded iCMs 
in the printed structures mimicking healthy heart tissue exhibited 
spontaneous beating (0.65 Hz ± 0.26 Hz) and demonstrated expression 
of α-actinin and connexin 43 in the transverse myocardial layer, 
reflecting high cell viability (Fig. 4A–D) [86]. Developing bioinks with 
optimized mechanical properties for 3D biomodels is a novel approach 
in myocardial tissue engineering. Rational bioink ratios can address the 
stiffness limitations of cardiomyocyte-adapted biomaterials, allowing 
for the investigation of cardiomyocyte myogenic behavior and providing 
insights into the impact of biomaterials and mechanical stiffness on 
myogenesis in various muscle tissues, including skeletal muscle. 

3.3. Skin tissue engineering 

The skin functions as an inherent safeguard for delicate tissues, 
capillaries, and organs, serving as the principal defense mechanism of 
the body [168]. Burns are a frequently encountered type of skin trauma 
[169], and the presence of open wounds can facilitate the infiltration of 
bacteria and protracted inflammation, thereby intensifying fluid 
depletion and hindering the recuperative course. Consequently, the 
development of autologous epidermal graft substitutes, capable of 
permanently sealing wounds, is presently acknowledged as the bench
mark in burn management [170–173]. However, despite advancements 
in dermal substitutes, fulfilling the substantial needs of individuals with 
skin trauma continues to pose difficulties [174,175]. In this regard, 3D 
printing has emerged as a promising technique for producing bionic skin 
materials, with GelMA hydrogels garnering attention as a viable mate
rial for 3D printing of bioscaffolds [176]. Chen et al. isolated ulvan type 
polysaccharide UI84 from cultured Ulvacea macroalgae and modified it 
into methacrylate form (ULMA) for skin engineering materials in 
conjunction with GelMA hydrogels. Using 3D bioprinting, they fabri
cated four hydrogel scaffolds: U0 (ULMA 0 %+GelMA 6 %+Gelatin), U2 
(ULMA 2 %+GelMA 4 %+Gelatin), U4 (ULMA 4 %+GelMA 2 %+

Gelatin), and U6 (ULMA 6 %+GelMA 0 %+Gelatin). Mechanical testing 
showed that U2, U4, and U6 exhibited 3.9, 9.6, and 11.4 times higher 

Fig. 4. A) Scanning electron microscopic images of lyophilized GelMA, GelMA–dhECM, GelMA–MeHA and GelMA–MeHA–dhECM hydrogels with mTGase treat
ment. B) Brightfield images of 3D printed 2 layered-grid constructs using these four hydrogels. C) Cell viability analysis of the printed cell-laden hydrogels prepared 
using these four hydrogels. Reproduced with permission [86]. Copyright 2021, Multidisciplinary Digital Publishing Institute. D) Viability staining of 3D bioprinted 
GelMA:HAMA (1:1, 2:1 and 3:1) constructs over days 0, 1 and 7. E) Day 0 storage moduli of DoE generated GelMA:HAMA mixtures. (i): 3D surface plot of storage 
moduli vs crosslinking and material mixtures. (ii): Corresponding normal probability plot of the residuals. Reproduced with permission [88]. Copyright 
2022, Elsevier. 
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Young’s modulus compared to U0 (~1.1 kPa), respectively. The scaf
folds loaded with dermal fibroblasts (HDFS) demonstrated immuno
stained deposits of key extracellular matrix (ECM) proteins (e.g., 
collagen I, collagen III, elastin, fibronectin) after 14 days of in vitro 
culture. Notably, the U2 formulation showed the highest suitability for 
HDFS growth among all scaffolds [87]. The GelMA hydrogel bio-scaffold 
exhibits promise for application in various in vitro skin models, 
including skin substitutes and wound dressings, due to the numerous 
advantages offered by GelMA hydrogel bioinks in terms of shear dilu
tion, yield stress, mechanical strength, and bioregeneration. 

3.4. Cartilage tissue engineering 

The articular cartilage possesses exceptional mechanical character
istics due to its high concentration of type II collagen, water, and 
glycosaminoglycan (GAG) content. This composition grants the cartilage 
with tensile strength, stiffness, toughness, and the ability to withstand 
variations in compound loads. These attributes are crucial for mini
mizing joint loads and friction during physical activity [177–179]. 
Regrettably, the constrained cellular composition of cartilage tissue and 
the lack of vascular nerve distribution present formidable obstacles to 
the regeneration of damaged cartilage [180,181]. Consequently, the 
implementation of natural bone grafts or artificial scaffolds at the injury 
site has been suggested as a viable approach for the successful healing of 
cartilage injuries [182]. The Gelatin methacryloyl (GelMA) hydrogel is 
extensively employed in the fabrication of 3D printed cartilage struc
tures due to its remarkable biocompatibility and presence of cell binding 
sites. Furthermore, the hydrogel’s effective hardness to induce stem cell 
differentiation into osteoblasts is estimated to be approximately 100 kPa 
[183], thus highlighting the significance of overcoming the mechanical 

constraints associated with GelMA materials and exploring the devel
opment of GelMA hydrogel materials that facilitate chondrocyte growth. 
These endeavors hold promising potential for the advancement of 
cartilage tissue repair engineering. Martyniak et al. investigated the 
optimal GelMA/HAMA bioink concentration ratio for 3D printing 
chondrocyte carrier scaffolds. Three bioinks with GelMA (15 %)/HAMA 
(2 %) (vol/vol) were evaluated in ratios of (1:1), (2:1), and (3:1) using 
dynamic mechanics to measure the storage modulus. Chondrocyte 
viability was assessed up to 7 days post-bioprinting through live/dead 
staining. The findings revealed that the (2:1) ratio bioink demonstrated 
superior cartilage growth development, with a threshold modulus of 
~30 kPa determined by mechanical strength assays. Moreover, cell 
mobility experiments indicated that excessively rigid bioinks impeded 
cartilage cell flow and growth (Fig. 4E and F) [88]. In the context of 
cartilage tissue engineering, it is essential to utilize hydrogels that 
possess both high shape fidelity and mechanical strength, considering 
the inherent stiffness and elasticity of human cartilage tissue. Therefore, 
the development of enhanced GelMA hydrogel bioinks with superior 
mechanical characteristics and their precise fabrication into 3D-printed 
bio-scaffolds holds significant importance for cartilage tissue 
engineering. 

3.5. Neural tissue engineering 

Peripheral nerves play a crucial role in facilitating motor and sensory 
functions, and any alteration in their structure or function can give rise 
to various motor and sensory dysfunctions, encompassing pain and 
disability [184]. Prolonged impairment of nerve function can addi
tionally lead to the degeneration of muscle and bone tissues, exacer
bating the decline in the patient’s overall well-being [185,186]. 

Fig. 5. Interpenetrating networks (IPNs) of calcium alginate-GelMA fortified by (BNC). A) The schematic illustration of 3D-bioprinting bioink production. B) (i): 
Printing model of the 2.5 % GelMA group, (ii): Printing model of the 5 % GelMA group, (iii): Printing model of the 10 % GelMA group, (iv): Printing model of the 5 % 
GelMA +0.3 % BNC group (scale bar = 1 mm). C) (i): Electrical conductivity, (ii): Compressive modulus. D) Cytoskeletal staining of RSC96 cytoskeleton on different 
hydrogel scaffolds on days 4 and 7 (White line in Day 7 shows the outline of the scaffold, and the arrow marks the direction of the long axis of the scaffold). E) Live/ 
dead cell staining: The viability of RSC96 cells in the 3D-bioprinted scaffold within 7 days of culture. F) In vivo experiment: HE and S100β immunohistochemical 
staining of paraffin embedded sections at 2 and 4 weeks (Scale bar 50 μm). Reproduced with permission [82]. Copyright 2021, Elsevier. 
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Presently, autografting is widely regarded as the preferred method for 
addressing nerve injuries exceeding 5 mm; however, it is accompanied 
by a number of challenges, including morbidity in the donor nerve re
gion [187,188]. In order to facilitate the regeneration and restoration of 
peripheral nerve tissue, diverse biomanufacturing techniques, including 
electrostatic spinning and mold embossing, have been devised to 
establish the necessary microenvironment for nerve repair [168,189, 
190]. The investigation has revealed that the rigidity of hydrogels, 
which serve as exceptional bioinks for 3D printing, plays a pivotal role in 
directing the differentiation of stem cells. Hydrogels with a softness 
ranging from 100 to 500 Pa are conducive to the differentiation into 
neuronal cells, whereas hydrogels with a higher stiffness of 1 kPa–10 
kPa facilitate the proliferation of glial cells [191,192]. The precise 
regulation of the mechanical strength of 3D printed GelMA hydrogel 
scaffolds is crucial in modulating nerve cellular activity, including cell 
growth and differentiation, due to the high sensitivity of nerves to 
environmental stiffness. Wu et al. utilized bacterial nanocellulose (BNC) 
to reinforce calcium alginate-gelatin methacrylate (GelMA) IPNs and 
3D-printed hydrogel scaffolds. The scaffold (5 % sodium alginate + 5 % 
GelMA + 0.3 % BNC) effectively encapsulated rat Shewan cells (RSC96) 
and achieved a compressive modulus of 10.9193 kPa post light curing. 
BNC incorporation enhanced the material’s electrical conductivity, 
augmenting its potential for neural tissue repair. Live/dead staining 
within one week of printing confirmed high RSC96 cell viability. S-100β 
immunofluorescence staining and cytoskeleton staining demonstrated 
targeted RSC96 growth, accompanied by elevated mRNA expression of 
associated neurofactors (ASCL1, NEUROG1, ERBB2, POU3F3, NOTCH1, 
and DLL1). Remarkably, RSC96 cells exhibited sustained growth even 
after implantation of the hydrogel scaffold into mice (Fig. 5) [82]. The 
advancement of innovative composite hydrogels fabricated through 3D 
printing, possessing appropriate mechanical characteristics, presents a 
promising approach for the utilization of GelMA in the functionality of 
neural tissues. 

4. Summary and outlook 

GelMA has garnered significant interest in the field of tissue engi
neering due to its remarkable biocompatibility, degradability, photo- 
crosslinking capabilities, and adjustable mechanical properties. Addi
tionally, substantial endeavors have been undertaken to enhance GelMA 
materials in order to produce more bioprintable structures that can 
accommodate a wider array of tissue engineering printing applications. 
For example, in order to fulfill the fundamental compression modulus 
necessary for chondrocyte proliferation, GelMA can be combined with 
HAMA to create an innovative bio-sink capable of printing appropriate 
bio-scaffolds for chondrocytes. Due to its exceptional biological prop
erties and processability, modified GelMA has emerged as an indis
pensable constituent in the advancement of novel materials for tissue 
engineering. 

Despite the manifold applications of modified GelMA in the field of 
tissue engineering, it encounters several obstacles when applied in 
practical settings. Primarily, certain modified GelMA hydrogels exhibit 
incomplete biodegradability owing to their modified composition, 
thereby constraining their efficacy as carriers for tissue grafts. Secondly, 
in vitro tissue culture fails to accurately replicate the intricate cellular 
microenvironment found in normal tissues, which comprises various 
cellular constituents and intricate interactions between cells and the 
extracellular matrix that remain incompletely understood. Moreover, 
the current clinical validation of the effectiveness of 3D printed modified 
GelMA scaffolds for transplantation is restricted. In the future, the uti
lization of modified GelMA hydrogels in conjunction with the advanced 
precision and resolution capabilities of 3D printing could enable the 
production of finely microstructured hydrogels. These hydrogels have 
the potential to serve as superior cell carriers, surpassing the mechanical 
limitations of traditional biological scaffolds in the field of tissue engi
neering. For instance, Liang et al. utilized hydrogel microfabrication to 
investigate Gingival regeneration in tissue engineering. They employed 

Fig. 6. A) The schematic illustration of cell-laden GelMA-alginate core-shell microcapsules fabricated using coaxial electrostatic microdroplet system and their 
application in endodontic regeneration. B) Highermagnification optical images of the core-shell microcapsules and the GelMA microgels and the corresponding SEM 
images after lyophilization. The scale bars in i, ii, iv and v are 200 μm. The scale bars in iii, vi are 50 μm. C) H&E and immunohistochemical stained images of paraffin 
sections from each group under light microscope. (i): Acellular GelMA microgels group (group G), (ii): hDPSCs-laden GelMA microgels group (group DP), (iii): GelMA 
microgels laden with 3:1 hDPSCs: HUVECs group (group 3:1), and (iv): GelMA microgels laden with 1:1 hDPSCs: HUVECs group (group 1:1). Scale bars in the first, 
second, third and fourth columns were 10 00, 10 0, 50, and 20 μm, respctively. Reproduced with permission [193]. Copyright 2022, Elsevier. 
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Fig. 7. A) Scheme representation of the synthesize of Gel-NH2 and Gel-SH. B) 1H NMR spectra of gelatin, Gel-NH2, Gel-SH (one-step) and Gel-SH (two-steps) 
confirming the chemical grafting of thiol on the gelatin structure. C) FTIR spectra of gelatin, Gel-NH2 and Gel-SH confirming the thiolation process. D) The 
photographic images of gelatin based hydrogel, i before and ii after crosslinking with visible light. E) Compressive stress-strain curves. F) Compressive strength, G) 
elastic modulus, H) tensile strength, I) toughness and J) elongation changes as a function of PD-LAP, with the data shown as means ± SD (n = 3) (*: P < 0.05). 
Reproduced with permission [194]. Copyright 2020, Elsevier. 
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coaxial electrostatic microdrop technology to develop GelMA-alginate 
core-shell microcapsules, encapsulating hDPSCs and HUVECs. After 14 
days of in vitro culture, the core-shell microcapsules exhibited signifi
cantly higher proliferation rates of HUECs and hDPSCs compared to 
monoculture groups. In vivo experiments further demonstrated 
enhanced microvessel formation and myeloid tissue regeneration in the 
core-shell microcapsules (co-culture group) (Fig. 6) [193]. Hence, it is 
imperative to prioritize the microstructure design of 3D printed hydro
gels, particularly in relation to nanofabrication, for forthcoming 
research endeavors. Additionally, the integration of biomaterials with 
distinct properties into modified GelMA composite hydrogels can 
expand their applicability in tissue engineering, augmenting their 
physicochemical attributes such as electrical conductivity, antibacterial 
efficacy, and hemostatic capabilities. Rajabi et al. developed a 
GelMA/Gel-SH/PD-LAP hybrid haemostat by integrating 
polydopamine-coated saponite (PD-LAP) as a functional nanomaterial 
with thiol-functionalized gelatin (Gel-SH) and GelMA polymers via 
Michael reaction and covalent interaction. Assessment of tissue cyto
logical behavior revealed substantial enhancements in swelling 
behavior, adhesion, dynamic properties, and hemostatic potential 
(GelMA/Gel-SH/PD-LAP exhibited a significant reduction in blood 
clotting time) (Fig. 7) [194]. 

In the context of advancing tissue engineering, it is imperative to 
further investigate appropriate manufacturing processes or bio-ink for
mulations for GelMA hydrogel. This exploration aims to establish a 
cross-linked environment that is biologically compatible and a simu
lated bio-scaffold structure, all while ensuring the necessary mechanical 
strength for bioprinting and tissue engineering purposes. By achieving 
these objectives, modified GelMA hydrogel scaffolds would be capable 
of effectively restoring the conducive environment for cell growth, 
thereby enabling a more realistic simulation of cell growth and even the 
construction of complete tissues. 
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