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ABSTRACT: Gelatin−methacryloyl (GelMA) hydrogels are photosensitive with good biocompatibility and adjustable mechanical
properties. The GelMA hydrogel composite system is a prospective therapeutic material based on a tissue engineering platform for
treating intervertebral disc (IVD) degeneration (IVDD). The potential application value of the GelMA hydrogel composite system
in the treatment of IVDD mainly includes three aspects: first, optimization of the current clinical treatment methods, including
conservative treatment and surgical treatment; second, regeneration of IVD cells to reverse or repair IVDD; and finally, IVDD
instead of injury plays a biomechanical role. In this paper, we summarized and analyzed the preparation of GelMA hydrogels and
their excellent biological characteristics as carriers and comprehensively demonstrated the research status and prospects of GelMA
hydrogel composite systems in IVDD treatment. In addition, the challenges facing the application of GelMA hydrogel composite
systems and the progress of research on new hydrogels modified by GelMA hydrogels are presented. Hopefully, this study will
provide theoretical guidance for the future application of GelMA hydrogel composite systems in IVDD.

1. INTRODUCTION
Intervertebral disc (IVD) degeneration (IVDD) is the leading
cause of chronic low back pain (LBP) and disability in middle-
aged and elderly individuals.1 According to statistics,
approximately 540 million people worldwide suffer from
IVDD disease, which has become a serious global public
health problem.2,3 Studies have reported several factors that
can lead to pathological changes in IVDs,4,5 such as annulus
fibrosus (AF), nucleus pulposus (NP), or cartilaginous end
plate (CEP) changes in the structure and extracellular matrix
(ECM) reduction,2 resulting in back, lumbosacral, or hip pain
(Figure. 1). However, both conservative and surgical treat-
ments are symptom-based and have potential complications,
and neither restore normal biological function in degenerative
IVDs.6,7 Although stem cell and biological factor trans-
plantation showed potential application, the transplantation
scheme cannot fill the target degenerative IVD areas, and there
is a risk of cell and biological factor loss and injection leading
to infection.8

GelMA hydrogels are photosensitive materials with good
molecular adhesion, immunogenicity, histocompatibility, and
nontoxic and adjustable mechanical properties. They are an
excellent carrier for cell and biological factors.9 Simple GelMA
hydrogels cannot be used to treat IVDD diseases, but GelMA

hydrogels encapsulating stem cells or biological factors will
help optimize the traditional clinical treatment mode. The
effect of topical medication can be achieved by minimally
invasive transplantation, reducing the adverse side effects of
drug therapy and surgical treatment.10 Alternatively, forcing
the regeneration of IVD cells reverses or repairs degenerated
IVDs, such as NP cells (NPCs)11 and extracellular matrix
(ECM) regeneration.12 Biological IVDs can also be made
available by 3D printing modified GelMA hydrogel complexes
to replace degenerated IVDs.13 Thus, GelMA hydrogels mainly
act as biomaterial carriers and scaffolds and can promote the
differentiation and production of corresponding cells and
biological factors.14 A summary of the frontier advances of
GelMA hydrogels in IVDD facilitates the development of novel
adjuvant therapies.
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2. GELMA HYDROGEL
GelMA hydrogel is a cross-linking network mixture of gelatin
and methacrylic anhydride (MA) polymerized in phosphate
buffer at 50 °C and is a photosensitive injectable biohydrogel
material (Figure. 2).15 Gelatin is the hydrolysis product of
collagen, and it is also the ECM’s main component. It contains
many arginine glycine aspartate sequences that promote cell
adhesion and matrix metalloproteinase (MMP) target
sequences suitable for cell reconstruction.16,17 Moreover,
introducing MA substituents can make the GelMA hydrogel
photo-cross-linked with a photoinitiator and illumination.18

The polymerization of gelatin with MA can be carried out
under mild conditions (room temperature, neutral pH, water
environment, etc.). The reaction time and space can be
controlled to obtain GelMA hydrogels with different
mechanical properties.19

GelMA hydrogels exhibited stable thermal sensitivity,
mechanical adjustment, low immunogenicity, biodegradability,
and nontoxic properties on the experimental platform.20−22

GelMA hydrogels are very similar to natural ECM, which can

provide a suitable microenvironment and corresponding
biological matrix for cell life activities, thereby promoting cell
growth,23 proliferation,24 differentiation,25 and migration.26

Further research found that the cells cultivated in GelMA
hydrogel have tighter signal transmission, and the contact
between the cells and the ECM is more sufficient.27 Compared
with other hydrogels, GelMA hydrogels can induce mesen-
chymal stem cells (MSCs) to produce more ECM,
proteoglycans, collagen II, and amino glycans.28 This simulates
the physiological activity of cells in vivo, can clearly explain the
transportation of cell oxygen, nutrients, and metabolic waste,
accurately reproduces the spatial organization and micro-
environment of cells in vivo, and has strong repeatability.27 At
the same time, the research results of GelMA hydrogels on the
cell level laid the foundation for GelMA hydrogels to simulate
biological tissue structures and build biomimetic organs, such
as IVDs.15

GelMA hydrogel transplantation and regenerative therapy
are currently the focus of medical research. When GelMA
hydrogels wrap biological factors to treat diseases, targeted and
actionable biologic factors can be selected.29 Currently,

Figure 1. IVDD pathogenesis. IVDD has various etiologies, such as trauma, aging, infection, and genetics, which ultimately lead to the disease
through intrinsic mechanisms, such as apoptosis, inflammation, mechanical stress, and genetics.

Figure 2. Schematic diagram of the synthesis and assembly of GelMA hydrogels.
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cells,6,30−34 proteins,12,35−43 and drugs14,44−52 are available for
transplantation using GelMA hydrogels as carriers for treating
clinical diseases. This also includes stromal-cell derived factor-
1 (SDF-1α),33 octacalcium phosphate,53 cellulose nanofibrils,54
decellularized liver matrix (DLM),55 platelets,56 6-deoxy-amino
cellulose derivatives,57 and gelatin−hydroxyapatite (HA).58
These small molecules can be encapsulated by GelMA
hydrogels and transplanted into the lesion area (Table 1).
Compared with traditional gelatin, such as Laponite cross-
linked poly N-isopropylacrylamide-co-N,N′-dimethyl acryla-
mide hydrogel (NPgel),59 GelMA hydrogel preserves excellent
biocompatibility, low antigenicity, solubility, and bioactivity of
gelatin, such as adhesion and proliferation of cells.60 More
importantly, the introduction of MA substituents gives the

GelMA hydrogel fast polymerization in the presence of UV
light and photoinitiators and produces GelMA hydrogel with
stable physical properties through covalent cross-linking.61

This allows clinicians to fine-tune the biological properties of
GelMA hydrogels by changing the amount of MA added to the
reaction mixture, rate, pH, and light time.
In the study of GelMA hydrogel-encapsulated biological

factor transplantation for IVDD, the biological factors were
mainly MSCs, bone morphogenetic protein (BMP), growth
differentiation factor (GDF), and aspirin, which showed great
potential in cell regeneration and bone and cartilage repair
(Figure. 3A).62−64 GelMA hydrogels can act as filling agents
and scaffold materials for tissue defect repair.65 This solves the
problem of insufficient traditional materials to a certain extent.

Table 1. Summary of GelMA Hydrogel-Loaded Cytokines and Cells

biological factor target type organization function ref

ADMSCs and GDF-5 rats GelMA hydrogel IVD maintain NP tissue integrity and accelerate
ECM synthesis

12

hDPSCs and hUVECs cells GelMA hydrogel dental pulp
tissue

lead to ameloblast and odontoblast
differentiation

30

hBMSCs cells GelMA bioink incorporating
MSNCaPDex

bone tissue stem cell osteogenic differentiation 31

BMSCs cells polycaprolactone−GelMA−
USPIO

bile ducts construct biologically active artificial bile ducts 32

human amniotic mesenchymal stromal cells
and SDF-1α

rats imidazole group-modified
GelMA

brain tissue promote stem cell differentiation and repair
focal brain injury

33

human cardiac progenitor cells and ECM rats GelMA hydrogel myocardial
tissue

repair damaged myocardium 34

NPCs cells photocross-link GelMA hydrogel IVD promote NPC regeneration 6

Figure 3. GelMA hydrogels treat clinical diseases by loading various bioactive molecules or substances. (A) GelMA hydrogel-loaded biological
factors and cells, etc. (B) Clinical use of GelMA hydrogels.
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In short, it is expected to provide a new treatment plan to
eliminate inflammatory reactions, shorten the fusion time, and
promote bone fusion.

3. THERAPEUTIC MECHANISM BASED ON THE
GELMA HYDROGEL SYSTEM

3.1. Local Delivery of the GelMA Hydrogel Composite
System. The inflammatory response plays a vital role in the
occurrence and development of IVDD. Inflammation inhib-
ition helps maintain IVD microenvironment homeostasis.66 If
the inflammatory response cannot be controlled effectively, it
will lead to clinical symptoms such as pain and aggravate the
pathological process.67 In addition, the inflammatory reaction
is also considered to be the main factor affecting effective
interbody fusion after IVD fusion surgery, which may lead to
local severe tissue defects and tissue degeneration and even
affect the postoperative interbody fusion process, resulting in
operation failure.14 Therefore, it is necessary to inhibit the
inflammatory response occurrence and development. More-
over, because IVD tissues are nonvascular, oral or intravenous
anti-inflammatory drugs take longer to eliminate the
inflammatory response after IVD surgery.14 They may even
induce digestive or cardiovascular disease in severe cases.68

Previous studies have shown that local administration of
anti-inflammatory drugs can not only completely block the
inflammatory cycle but also significantly reduce the damage to
the digestive system caused by drugs, reduce the dosage, and
shorten the medication time cycle.69,70 Studies have confirmed
that after IVD resection, the inflammatory process lasts 14
days,71 and tumor necrosis factor (TNF)-α and interleukin
(IL)-1β or IL-6 play an essential role in releasing inflammatory
mediators in the acute stage of inflammation.72,73 Recently, Liu
et al.14 found through in vivo and in vitro experiments that the
inflammatory response after IVDD could be treated by aspirin
transplantation encapsulated by GelMA hydrogel. Inflamma-
tory cytokines (such as IL-1β, IL-6, and TNF-α) in diseased
IVD tissues were detected. MMP-3, disintegrin, and metal-
loprotease expression with thrombospondin (ADAMTS)-4
and ADAMTS-5 were inhibited. In addition, aspirin release
from GelMA hydrogels is controllable and can completely
block the inflammatory cycle after spinal fusion.74,75 Aspirin
composite GelMA hydrogel transplantation effectively alle-
viated local inflammation after spinal fusion. At the same time,
it also lays a foundation for other anti-inflammatory drugs,
such as celecoxib, to be used in local medication.76,77

Celecoxib is another widely used anti-inflammatory drug
among nonsteroidal anti-inflammatory drugs (NSAIDs).
Celecoxib-loaded polyesterimide microspheres can play an
anti-inflammatory role in canine IVDD by injection, relieve
pain, and delay the progression of IVDD to a certain extent.77

This microsphere system is another drug release form effective
in loading the GelMA hydrogel system. The GelMA hydrogel
system encapsulates an anti-inflammatory drug microsphere
system, which has obvious advantages in topical admin-
istration, such as accurately delivering anti-inflammatory drugs
to inflammatory foci, ensuring effective drug concentration,
shortening medication time, and reducing complications.74

GelMA hydrogels are allowing the application of an increasing
number of medications to the precise treatment of diseases.
GelMA hydrogel system transplantation to eliminate the IVD
tissue inflammatory response promises to become a new
method to treat IVDD diseases.29 Controllability and

operability are also very important for restoring the mechanical
stability of the spine.

3.2. The GelMA Hydrogel Composite System Pro-
motes MSC Osteogenic Differentiation. MSCs can
differentiate into various cells, such as osteoblasts, cartilage,
fat, nerves, and myoblasts, under certain conditions. These
cells have simple acquisition, good differentiation, low
immunogenicity, and specific immune regulation.78,79 They
may be a candidate for bone regeneration and fusion therapy.80

GelMA hydrogels are perfect scaffolds for tissue engineering
applications. MSCs loaded into GelMA hydrogel can be
induced to differentiate into osteoblasts, which theoretically
can help promote bone growth and can thus accelerate the
treatment of spinal intervertebral bone fusion. In recent years,
TGFs, BMPs, and insulin-like growth factors have been
increasingly used in the clinical treatment of orthopedic
diseases due to their significant bone-forming effects.81 TGF-β,
in particular, has been found to form subunit complexes by
activating the Smad pathway, acting as a transcription factor to
initiate the translation process and affecting cell growth,
differentiation, apoptosis, and immune regulation.82 It
promotes MSC differentiation into osteoblasts, regulates
osteoblast growth, and promotes bone tissue healing.83

Recent studies have found that GelMA hydrogels can
enhance the ability of MSCs to transform into osteoblasts and
effectively control TGF release.42,74 Aldanan et al.42 found that
GelMA/AlgH hydrogel loaded with 14-3-3ε protein enhanced
the ability to induce osteoblast differentiation of human MSCs.
Sun et al.35 also confirmed that BMP-4-loaded GelMA
hydrogels significantly increased the osteogenic differentiation
of MSCs compared with ordinary flat plate medium.
Therefore, GelMA hydrogel is a suitable carrier of transplanted
cells and has excellent adhesion to various protein factors,
laying the foundation for GelMA hydrogel-loaded growth
factors to induce MSC osteogenic differentiation and promote
bone growth.
However, Xu et al.84 found that low levels of TGF-β1 can

promote bone regeneration, while excessive TGF-β1 is not
conducive to bone healing. While TGF-β2 can directly
stimulate osteoprogenitor cell proliferation, it indirectly
promotes osteoprogenitor cell differentiation into osteoblasts.
Therefore, when TGF is used for treating diseases, it is
necessary to strictly control its dose and avoid side effects
caused by improper use. The above current research results are
theoretically applicable for transplantation to accelerate the
fusion between vertebral bodies after spinal fusion surgery,
which provides a new idea for IVDD surgical treatment.

3.3. Promoting IVD Cell Regeneration. Regardless of
whether the body is in motion or at rest, IVD will bear
mechanical pressure from the vertical and horizontal directions
and gradually cause some IVD cells to lose their normal
biological functions. When the number of normal IVD cells is
insufficient to meet the spine’s usual stress, IVDD will occur.85

When IVD tissue is exposed to abnormal mechanical stress, AF
degeneration will lead to disordered NP colloidal components.
Many NPCs lose their regular biological activity, the whole
IVD structure loses balance, and IVDD development is more
rapid.86−88 Scholars agree that supplementing normal MSCs
and NPCs in degenerative IVDs through minimally invasive
methods inhibits IVDD development.89−91 However, current
studies have found that abnormal external mechanical force
destroys IVD structure and scaffold function, and ECM
secretion is lower than that in normal IVD tissue. Many cells
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are lost during cell transplantation. The human body has the
apparent immune rejection of some biological materials
wrapping cells.92,93 It is difficult for successfully transplanted
cells to survive and reverse further IVDD deterioration.
Fortunately, GelMA hydrogel products can be used as cell
carriers to help improve IVDD treatment strategies.
GelMA hydrogels are the latest tissue engineering material.

Encapsulated stem cell transplantation is a therapeutic strategy
for IVD regeneration. The latest research showed that GelMA
hydrogels do not cause transplant immune rejection in NP
tissue. They can ensure that encapsulated MSCs, such as
human MSCs (hMSCs),59 adipose-derived mesenchymal stem
cells (ADMSCs),12 and BMSCs,94 complete the fundamental
growth, proliferation, differentiation, and migration process,
and maintain the biological activity of MSCs.95,96 Further
studies have shown that the high water content and fluid
pressure characteristics of GelMA hydrogels contribute to the
nutritional supply and oxygen exchange of target cells.13,97

They provide a suitable microenvironment for the growth of
MSCs and NPCs, thus ensuring the value of transplantation.
There are few studies on GelMA hydrogel transplantation

for IVDD. Nevertheless, its essence is similar to that of NPgel
and other hydrogel transplantations for IVDD, and its
biological performance is better. NPgel can simulate the
matrix deposition of natural NP tissue and induce hMSCs to
differentiate into NPCs, and injecting NPgel into IVD tissue
can play the role of a scaffold and restore the mechanical
function of the IVD.98,99 Further studies found that hMSCs
expressed the NP matrix components type II collagen and

proteoglycan even in the presence of cytokines and free Ca2+.
NPgel-encapsulated human MSCs could differentiate into
NPCs.59 Future studies on GelMA hydrogels may achieve
better transplantation results.
In addition, ADMSCs are widely used in composite GelMA

hydrogels for clinical experimental research because of their
wide range of sources, easy access, and multidirectional
differentiation.100 Studies have confirmed that the ADMSC−
GDF/5−GelMA hydrogel system was transplanted into the
degenerate rat IVD model by a minimally invasive method.
ADMSCs showed good NPC differentiation ability under the
directional induction of GDF-5, and much newly generated
ECM was detected in NP tissues.12 In addition, the GelMA
hydrogel maintained the integrity of the degenerative IVD to
some extent and delayed or even reversed the further
development of IVDD.
GelMA hydrogel-encapsulated NPCs transplanted into

degenerated IVD tissue may be a direct and effective way to
reverse IVDD. In the late stage of IVDD, NPCs are deficient in
nutrition and challenging to regenerate, limiting endogenous
NP repair.101 First, the high water content and porous
structure of GelMA hydrogels facilitate oxygen and nutrient
penetration and promote ECM production, which can provide
an excellent local microenvironment for NPC growth.6,102

Second, recent studies found that different concentrations of
GelMA hydrogel could directly affect NPC biological activity
after transplantation. Five percent GelMA hydrogels were most
suitable for NPC transplantation, which was higher or lower
than that which affected NPC survival after transplantation.103

Table 2. Summary of GelMA Hydrogels Loaded with Biological Factors

biological factor target type organization function ref

small extracellular vesicles rats GelMA/nanoclay hydrogel cartilage tissue stimulate chondrogenesis and heal cartilage
defects

37

hUVECs-exo rats GelMA hydrogel skin tissue accelerate wound healing 38
collagen cells GelMA hydrogel vascular tissue promote angiogenesis 36
aspirin rabbits aspirin−Lips−GelMA IVD regulation of inflammation after discectomy 14
exosomes and ECM rabbits GelMA hydrogel 3D stent bone and cartilage

tissue
promise osteochondral defects regeneration 39

octacalcium phosphate cells GelMA hydrogel 3D stent bone and vascular
tissue

promote osteogenesis and angiogenesis 53

riboflavin cells GelMA hydrogel bone tissue promote bone regeneration 40
iNSCs mice GelMA hydrogel spinal cord repair injured spinal cord 41
cellulose nanofibrils cells GelMA hydrogel soft tissue promote wound healing 54
decellularized liver matrix cells GelMA hydrogel liver tissue elevate liver functions 55
platelet cells GelMA hydrogel bone and cartilage

tissue
promote bone and cartilage regeneration 56

6-deoxy-aminocellulose
derivatives

cells and
rats

GelMA hydrogel skin and soft tissue accelerate wound healing 57

angiogenic growth factor cells GelMA−chitosan nanoparticles
composite hydrogel

vascular tissue deliver vascular growth factors and promote
angiogenesis

45

14-3-3ε protein cells GelMA hydrogel bone tissue promote osteoblast differentiation and
osteogenesis

42

TNP-470 cells GelMA hydrogel vascular tissue inhibit tumor angiogenesis 46
sinomenium mice GelMA hydrogels and chitosan

microspheres
bone and joint
tissue

delay surgery-induced osteoarthritis 47

ciprofloxacin cells injectable and photo-cross-linkable
GelMA

oral tissue ablation for oral infection 48,49

puerarin rabbits photo-cross-link GelMA hydrogel pelvic tissue anti-inflammatory and promoting tissue
regeneration

50

calcium peroxide cells GelMA hydrogel 4D cartilage tissue promote chondrocyte regeneration 51
hydroxyapatite rats HANW reinforced photo-cross-linkable

GelMA
bone tissue filling bone defect 58

metformin cells MSNs-laden GelMA bone tissue promote osteoblast proliferation 52
VEGF cells CBMA−GelMA vascular tissue promote angiogenesis 43
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More importantly, in late IVDD, 5% GelMA hydrogel can bear
the mechanical pressure of some spinal cords, which is
conducive to maintaining NPC morphology and typical
physiological structure after transplantation.104 Therefore,
GelMA hydrogel composite target cell transplantation is
expected to cure IVDD at the cellular and molecular levels.

3.4. 3D-Printed IVD Structure. The effect of current
surgical treatment on local stress and spine activity cannot be
ignored. With the continuous development of 3D printing
technology, based on the unique biological characteristics of
GelMA hydrogels, GelMA hydrogel bionic IVDs can replace
the IVD after surgical excision. The 3D-GelMA hydrogel IVD
is expected to be used as a spinal fusion material without
affecting spine stability and can better carry external
mechanical pressure. For IVD diseases with impaired NP
and AP, the significance of single simulated NP transplantation
is low, and simulating the overall cell and IVD matrix structure
remains a severe challenge (Table 2).

4. GELMA HYDROGEL CLINICAL VALUE
After more than 10 years of rapid development, GelMA
hydrogels have been widely used in single-cell culture, cell
signal transduction, and gene delivery. They stimulate the
microenvironment of cell growth and build an economical and
efficient 3D cell culture platform for cell culture in vitro.105,106

The clinical application of GelMA hydrogels in combination
with other hydrogel materials is becoming increasingly
widespread, and the mechanical properties of the hydrogel
are modified by adding various agents to meet clinical needs;
for example, GelMA/poly(methyl methacrylate)/polydop-
amine with mild photothermal therapy hydrogel can perform
excellent bone repair.107 At present, GelMA hydrogels have
been used in the exploration of various clinical diseases, such as
bone defect repair,108 skin defect regeneration,38,109 cosmetics
and regeneration,19 corneal transplantation,110,111 replacement
of the heart valve,34 pulp regeneration,112 and angiogenesis
regeneration.53 The application of GelMA hydrogels from cell
experiments and animal experiments to clinical trials and finally
to treating clinical diseases is shown in Figure. 3B.
However, GelMA hydrogel products alone cannot meet the

stress requirements of particular tissues and organs of
biological organisms, such as the spine, lower limb bones,
and blood vessels. Therefore, modified hydrocoagulants based
on GelMA hydrogels have emerged when needed, such as
three-dimensional-printed thermo/photo-cross-linked metha-
crylated chitosan-gelatin hydrogel,113 injectable stress relaxa-
tion gelatin-based hydrogels with a positive surface,114 GelMA-
silk fibroin,115 and polycaprolactone-GelMA-ultrasmall super-
paramagnetic iron oxide (USPIO).32 These modified GelMA
hydrogels show better mechanical performance and better
match the mechanical properties of particular parts of the
body.

5. LIMITATIONS AND PROSPECTS
Due to some shortcomings of GelMA hydrogels and the
immaturity of current clinical technology, their clinical
applications are limited to a certain extent. These limitations
mainly include the following: (1) The adhesion, proliferation,
and growth of cells are significantly affected by the
concentration and amount of GelMA hydrogel, which is not
conducive to cocultivation of multiple types of cells in the
same matrix. (2) The degradation rate of in vitro pure GelMA

hydrogel is relatively fast, which cannot meet the requirements
of cell growth and proliferation. (3) In the 3D printing process
of biomimetic organs, because the photosensitive GelMA
hydrogel is strictly affected by the light control time, the
strength of the single photo-cross-linked GelMA hydrogel
material is poor, which is not conducive to 3D organ printing.
(4) The characteristics of GelMA hydrogel for variable-
biomolecule transplantation may cause rejection in the body.
(5) The clinical application of GelMA hydrogel lacks uniform
standards. (6) The current research on GelMA hydrogel is
mainly limited to low-level organisms such as cells, rats, and
rabbits and lacks experiments on high-level animals.

6. CONCLUSIONS
In summary, GelMA hydrogels and their modified structures/
combinations will flourish in medicine. Especially for IVDD
patients, its application prospects are broad. GelMA hydrogels
can optimize the current clinical conservative and surgical
treatment plan and improve the therapeutic effect from the
current application value. Overall, GelMA hydrogels can
reverse or repair IVDs at the etiological level through
regeneration technology.
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