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Tissue defects can be accompanied by functional impairments that affect the
health and quality of life of patients. Hydrogels are three-dimensional (3D)
hydrophilic polymer networks that can be used as bionic functional tissues to
fill or repair damaged tissue as a promising therapeutic strategy in the field of tissue
engineering and regenerativemedicine. This paper summarises and discusses four
outstanding advantages of hydrogels and their applications and advances in the
repair and regeneration of tissue defects. First, hydrogels have physicochemical
properties similar to the extracellular matrix of natural tissues, providing a good
microenvironment for cell proliferation, migration and differentiation. Second,
hydrogels have excellent shape adaptation and tissue adhesion properties,
allowing them to be applied to a wide range of irregularly shaped tissue
defects and to adhere well to the defect for sustained and efficient repair
function. Third, the hydrogel is an intelligent delivery system capable of
releasing therapeutic agents on demand. Hydrogels are capable of delivering
therapeutic reagents and releasing therapeutic substances with temporal and
spatial precision depending on the site and state of the defect. Fourth, hydrogels
are self-healing and canmaintain their integrity when damaged. We then describe
the application and research progress of functional hydrogels in the repair and
regeneration of defects in bone, cartilage, skin, muscle and nerve tissues. Finally,
we discuss the challenges faced by hydrogels in the field of tissue regeneration
and provide an outlook on their future trends.
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1 Introduction

Tissue defects can be accompanied by functional impairment, affecting the patient’s
health and quality of life. Damage to tissues such as bone, cartilage and muscle, which are
essential for force production, body movement, postural support and maintenance of
internal organ function, can lead to impairment of body movement and organ function
(Gilbert-Honick and Grayson, 2020; Heng et al., 2023). The skin tissue is the barrier between
the body and the external environment, which plays an important role in protecting internal
organs, preventing the outflow of tissue fluid, sensing external stimuli, regulating body
temperature and resisting friction and infection. Damage to skin tissue may cause
disfigurement, pain, infection, dehydration, disability and death to the patient (Shu
et al., 2021). Meanwhile, neurological deficits such as stroke, Parkinson’s disease,
Alzheimer’s disease, Huntington’s disease, spinal cord injury and other neurological
deficits may cause speech difficulties, cognitive impairment, memory loss, dementia,
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depression, disability and death (Jagaran and Singh, 2021).
Therefore, it is essential to treat tissue defects and restore
function in a timely manner.

The most common method to facilitate the repair and
regeneration of severe tissue defects is to perform transplantation
(autograft, allograft and xenograft). However, transplantation is
greatly limited by the complexity of the procedure, immune
rejection, lack of donor tissue and potential for dysfunction in
the donor area (Carrier et al., 2022; Sykes and Sachs, 2022). The
use of 3D biodegradable scaffolds as bionic functional tissues to fill
or repair damaged tissues is a promising therapeutic strategy in the
field of tissue engineering and regenerative medicine (He et al., 2020;
Qi et al., 2021). The great advances in tissue engineering and
regenerative medicine recently have been due in large part to the
continued development and rapid growth of biomaterials such as
hydrogels.

Hydrogels are essentially three-dimensional (3D) hydrophilic
polymer networks that can remain structurally undamaged and
insoluble while containing more than 90% water, making them
particularly suitable for applications in cell culture and tissue
engineering (Rastogi and Kandasubramanian, 2019; Vera et al.,
2021). Moreover, hydrogels can be adapted to meet specific
requirements under different conditions by adjusting their
material composition, concentration, synthesis strategy,
manufacturing process and cross-linking method. (Guimarães
et al., 2021). As a kind of promising biocompatible material,
hydrogels have outstanding advantages in the repair and
regeneration of tissue defects. The physicochemical properties
of hydrogels, such as mechanical strength, degradability and pore
size, are similar to those of the extracellular matrix of natural
tissues and can provide a good microenvironment for cell
proliferation and differentiation during tissue regeneration. In
the early stages of tissue repair, the hydrogel provides suitable
mechanical support for the growth of new tissue. As the repair
progresses, the hydrogel gradually degrades, providing space for
the new tissue to repair (Yang and Chun, 2020; Lee et al., 2021).
The excellent rheological and viscoelastic properties of hydrogels
give them excellent shape adaptation and tissue adhesion. As a
result, hydrogels can be applied to a wide range of irregularly
shaped tissue defects and adhere well to the defect for efficient
and sustainable restorative function (Yuan et al., 2021; Wang S.
et al., 2022). The responsive hydrogel with its porous structure
can not only load various therapeutic substances but also release
them with temporal and spatial precision in response to internal
and external environmental stimuli such as light (especially near-
infrared light), pH, temperature, redox potential and magnetism
(Yang and Chun, 2020; Li D. et al., 2022). Many hydrogels are
polymer networks based on reversible noncovalent interactions
or chemical bonding, which can perform self-healing to maintain
their integrity when subjected to external tensions, mechanical
stresses and other damaging factors (Zheng B. S. et al., 2022; Cai
et al., 2022).

This paper reviews a variety of functional hydrogels that can
facilitate the repair and regeneration of tissue defects. First, we
summarise and discuss the four outstanding advantages of
hydrogels. Second, we describe the applications and advances of
functional hydrogels in the repair and regeneration of defects in
bone, cartilage, skin, muscle and nerve tissues. Finally, we discuss the

challenges faced by hydrogels in the field of tissue regeneration and
provide an outlook on their future trends (Figure 1).

2 The outstanding advantages of
hydrogels

2.1 Physicochemical properties similar to the
extracellular matrix of natural tissue

Tissue repair and regeneration cannot be achieved without cell
growth, reproduction and differentiation. Cells can sense changes in
the surrounding extracellular matrix and perform the corresponding
biological responses (Safina and Embree, 2022). The structure,
stiffness, degradability, pore size and other physicochemical
properties of hydrogels are similar to those of the extracellular
matrix of natural tissues, which can provide a good
microenvironment for cell proliferation and differentiation. (Xiao
et al., 2019; Sun et al., 2021). These physicochemical properties also
confer unparalleled biocompatibility to hydrogels. Good
biocompatibility is a necessary prerequisite for all biomaterials to
be used in biomedical research and clinical applications (Kass and
Nguyen, 2022). The structure of a hydrogel is determined by its
constituents, synthesis strategy, manufacturing process and gelation
method. The diameter of the hydrogel backbone fibres can range
from nanometers to microns. The backbone fibre orientation can be
adjusted from 0° to 180°. (Hogrebe et al., 2017). Therefore, the
structure of hydrogels can be rationally designed according to the
structural characteristics of the extracellular matrix in different parts
of the body to meet the needs of most tissue repair and regeneration
(Volpi et al., 2022). Prochondrocyte differentiation markers
appeared upregulated on electrospun chitosan matrices cultured
with nanometer diameter fibres, showing higher differentiation
potential (Noriega et al., 2012). On electrospun poly (L-lactic)
(PLLA) scaffolds with micrometer diameter fibres, RAW
264.7 macrophages were significantly more active and able to
secrete more proinflammatory cytokines and chemokines (Saino
et al., 2011). The stiffness of the extracellular matrix of different
tissues in vivo, such as bone, skin, muscle, and nerves, varies widely.
When hydrogels are used as tissue extracellular matrix substitutes,
cell morphology and cellular behaviors such as proliferation,
migration, and differentiation are affected by the stiffness of the
hydrogels (Basurto et al., 2022; Yan et al., 2022). It has been reported
that mesenchymal stem cells (MSCs) cultured on polyacrylamide
hydrogels tend to differentiate into osteoblasts when they are
designed to be rigid. In contrast, stem cells cultured on soft
polyacrylamide hydrogels have tended to differentiate more into
lipogenic cells (Park et al., 2011; Shih et al., 2011). Matrix
metalloproteinase-7 (MMP-7) expression was significantly
upregulated in human colorectal cancer cells cultured on rigid
polyacrylamide hydrogels, and cell proliferation was more active,
which is a sign of poor prognosis in colorectal cancer (Nukuda et al.,
2015). Moreover, if the stiffness of the hydrogel differs significantly
from the natural tissue at the tissue defect, it can lead to stress
concentration or even relative motion at the contact interface, which
can lead to tissue repair failure. Therefore, the stiffness of the
hydrogel should be reasonably designed according to the needs
of different sites. Currently, adjusting the specific gravity of
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nanoparticles in the hydrogel and chemical cross-linking of the
hydrogel is the most commonly used method to adjust the hydrogel
stiffness (Arno et al., 2020; Du et al., 2020; Lim et al., 2020).

Biodegradability is also an important property of hydrogel
materials that can be widely used for tissue repair and
regeneration. (Kass and Nguyen, 2022). The metabolism and
degradation of the extracellular matrix in vivo has been shown to
influence cellular behaviors such as cell proliferation, migration, and
spreading. When hydrogels have similar degradability to the
extracellular matrix, cells in tissue defects can undergo a
continuous dynamic remodelling process, which clearly facilitates
cell proliferation, differentiation, and collagen and vascular
neogenesis (Xu P. et al., 2022; Chang et al., 2022). When
hydrogels are loaded with drugs or cells, their controlled
degradability allows for a slow and sustained release of drugs and
cells (Khan et al., 2022). Liu et al. (2023) reported a biodegradable
conductive hydrogel scaffold composed of amino-modified gelatin
(NH2-Gelatin) and aniline tetramer grafted oxidised hyaluronic acid
(AT-OHA). This hydrogel scaffold has controlled biodegradability
and has been shown to promote recovery and regeneration of spinal
cord tissue, which has a promising future in the treatment of spinal
cord injury and other diseases (Figure 2).

Both hydrogels and extracellular matrices have porous network
structures, and their pore sizes are equally important
physicochemical properties that affect cell behavior. When

hydrogels are used for tissue regeneration, the porous channels
will serve as transport channels for cells, drugs, nutrients and
metabolites (Zheng et al., 2017; Huang F. et al., 2021). The pore
size of hydrogels is highly adjustable. A gelatin methacryloyl
hydrogel foam with adjustable pore size was designed by Dehli
et al. (2019) This hydrogel foam can be divided into dry foam and
liquid foam, while the pore size of dry foam is 15%–20% smaller than
that of liquid foam. In addition, the different pore sizes will produce
different spatial restrictions on the cells. The different spatial
restrictions will activate cells to produce different mechanical
transduction signals, thus affecting cellular behaviors such as
proliferation, spreading, migration and differentiation (Zeng
et al., 2014; Haung et al., 2021). For example, submicron and
nanoscale pores can severely restrict human endothelial cell
adhesion, proliferation, spreading, and migration, which in turn
inhibits angiogenesis at the tissue defect (Li Q. et al., 2021a). Lu et al.
(2022) designed methacrylated hyaluronic acid (HAMA) hydrogels
with different pore sizes and performed in vitro and in vivo
angiogenesis experiments. It was found that HAMA hydrogels
with large pore sizes could promote endothelial cell spreading,
proliferation and migration. In contrast, HAMA hydrogels with a
medium pore size of 200–250 μm had the best effect on endothelial
cell migration and tissue vascularization. In conclusion, the pore size
of hydrogels should be designed rationally, and it has a great impact
on tissue regeneration.

FIGURE 1
Graphical abstract. By Figdraw (www.figdraw.com).
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2.2 Excellent shape adaptation and tissue
adhesion

Hydrogels are viscoelastic materials with excellent rheological
properties (Wang Y. C. et al., 2022). As a result, they have excellent
shape adaptation and tissue adhesion properties, for which they can
be applied to a variety of irregularly shaped tissue defects and
adheres well to the defect to provide continuous and efficient
restorative function (Fourmann et al., 2021; Zhou et al., 2022).
Tissue defects, whether caused by inflammation, tumors or trauma,
are often irregular in shape. Conventional repair requires trimming
and reshaping of the defect, which can cause “secondary damage”
and further enlarge the defect. In addition, many critical-size defects
may be too thin and fragile to support tissue repair and regeneration
because the normal tissue becomes thin and fragile or even
disappears due to trimming and grinding. Therefore, it is
necessary to develop a restorative material that can be used for
irregular defects (Huang B. et al., 2022; Gao et al., 2022). Shaowei
Zheng et al. (2022) designed a composite hydrogel based on
polyvinyl alcohol (PVA), sodium tetraborate (Na2B4O7) and
tetraethyl orthosilicate (TEOS). This hydrogel not only has
excellent rheological properties and mechanical strength but also

accelerates bone reconstruction and healing, which has great
potential in the treatment of critical-size segmental bone defects.
Jin-A Kim et al. (2021) reported an injectable hydrogel system based
on fibrin (Fb) and polyethylene oxide (PEO) for the treatment of
meniscal segmental defects. The rheological properties of the
hydrogel are highly customizable and can be adjusted by varying
the polymer and cross-linker concentrations, polymer molecular
weight, polymer reactive group concentration, ambient temperature
and pH, preparationmethod, and gelationmethod (Piantanida et al.,
2019). Richa and Roy Choudhury (2020) then reported a pH-
responsive chitosan hydrogel whose stabilising behavior and
thixotropy varied with pH. Liang et al. (2019) reported an
injectable conductive hydrogel based on hyaluronic acid-graft-
dopamine and reduced graphene oxide (rGO). The hydrogel not
only has excellent antioxidant activity and self-healing properties
but also has tunable rheology for the repair of irregularly shaped skin
defects in full layers.

Excellent tissue adhesion is also a major advantage of hydrogels.
The hydrogel adheres well to the defective tissue and thus adheres
tightly to the wound site for a long period of time, which not only
provides physical isolation and a moist environment for the defect
but also provides continuous and efficient drug release to promote

FIGURE 2
A biodegradable hydrogel based on amino-modified gelatin (NH2-Gelatin) and aniline tetramer grafted oxidised hyaluronic acid (AT-OHA) for spinal
cord tissue repair and regeneration. Reproduced with permission (Liu et al., 2023). Copyright 2023, American Chemical Society.
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healing (Yang Y. et al., 2022; Wu et al., 2022). However, tissue
defects caused by inflammation, trauma and surgical resection are
often accompanied by exudation of body fluids, which requires
effective wet adhesion of biomaterials to the defective tissue when
used for treatment. Wet adhesion has been a challenge that has
limited the application of many biomaterials (Bovone et al., 2021;
Wang S. et al., 2022). Inspired by mussel material, Fang-Xue Zhang
et al. (2021) developed a highly adhesive hydrogel composed of
alginate-dopamine, chondroitin sulfate, and regenerated silk fibroin
(AD/CS/RSF). The hydrogel has a shear strength of up to 120 kPa
after adhesion to moist tissues, which is promising in the treatment
of cartilage defects. Xiaodong Wang et al. (2022) reported a
hydrogen-bonded hydrogel (PAAcVI) based on acrylic acid and
1-vinylimidazole. The hydrogel was able to produce tough wet
adhesion to tissues by hydrogen bonding. Hong et al. (2019)
designed methacrylated gelatin (GelMA) and N-(2-aminoethyl)-
4-(4-(hydroxymethyl)-2-methoxy-5-nitrosophenoxy) butanamide
linked to glycosaminoglycan hyaluronic acid (HA-NB) in a
bionic hydrogel system. The hydrogel has been reported to be
extremely wet-adhesive, capable of adhering and sealing arterial
and cardiac walls that are acutely bleeding, and has shown promise
in the treatment of acute traumatic tissue defects (Table 1).

2.3 An intelligent delivery system capable of
releasing therapeutic reagents on demand

Many domestic and international scholars are working on
developing an intelligent delivery system capable of releasing
therapeutic reagents on demand for the repair and regeneration
of tissue defects (Adepu and Ramakrishna, 2021; Wang X. et al.,
2021). Once the therapeutic reagent is released on demand, it can
prolong the treatment time, improve the efficiency of the treatment
and reduce the side effects caused by the high concentration of the
reagent (Li et al., 2023). Therapeutic reagents can be divided into
small molecule drugs, bioactive reagents such as growth factors and
cytokines, and various exogenous cells. In the repair and
regeneration of tissue defects, conventional delivery methods do
not produce good results, especially when hydrophobic drugs,
bioactive reagents and exogenous cells are delivered. Hydrogels,
with their fully interoperable porous structure, are naturally suitable
for loading various substances and releasing them on demand at
specific locations, offering outstanding advantages in the delivery of
therapeutic reagents (Ianchis et al., 2020; Mo et al., 2022).

First, for hydrophobic drugs, their poor solubility under
physiological conditions and inability to be used alone lead to
their low bioavailability and poor therapeutic efficacy. As a
highly absorbent hydrophobic material with a three-dimensional
mesh structure, hydrogels can greatly improve the loading rate of
hydrophobic drugs and the local concentration of tissue defects
(Kass and Nguyen, 2022). Yu et al. (2020) reported a novel hydrogel
system based on β-cyclodextrin-modified hyaluronic acid (HA-CD),
adamantane-modified 4-arm-PEG (4-arm-PEG-Ad) and
hydrophobic dexamethasone. The hydrogel has a hydrophobic
cavity and can be loaded with a high concentration of
hydrophobic dexamethasone. The hydrogel can modulate the
release of dexamethasone by modulating 4-arm-PEG-Ad. Zhang
et al. (2022) designed a glycosaminoglycan-based hydrogel delivery

system. The hydrogel cleverly encapsulates the hydrophobic drug
curcumin using a dynamic supramolecular cross-linked structure
and releases it on-demand at the defect, which has promising
potential in the repair of chronic skin defects. For the delivery of
bioactive reagents, the high susceptibility to deactivation during
delivery is an urgent problem to be solved; Rao et al. (2020) reported
a nanofibrous hydrogel using aligned chitosan fibre successfully
grafted with RGI peptide (Ac-RGIDKRHWNSQGG) and KLT
peptide (Ac-KLTWQELYQLKYKGIGG). It was found that the
hydrogels successfully prevented the inactivation of these two
bioactive peptides during delivery and released them slowly on
demand to facilitate the repair of sciatic nerve defects. Lin et al.
(2021) reported a methoxy poly (ethylene glycol)-poly (alanine)
(mPA) hydrogel capable of loading poly (lactic-co-glycolic acid)
(PLGA) microspheres. The growth factor TGF-β3 is encapsulated in
PLGA microspheres and can be released continuously and slowly at
the site of tissue defects. The delivery of desired exogenous cells to
the site of tissue defects for targeted therapy is promising and
therefore attracts many scholars. Exogenous cells mainly include
stem cells with multidirectional differentiation potential and
functional cells such as keratin-forming cells, fibroblasts, and
endothelial cells (Chen P. et al., 2021; Kim K. et al., 2021).
However, the low cell survival rate, the difficulty of cell
transplantation and the inactivation of cells during delivery are
serious problems for the development of this field in the traditional
delivery process (Benmelouka et al., 2021). Hydrogels have
physicochemical properties similar to those of natural
extracellular matrices, and their three-dimensional porous
meshwork allows for smooth loading of exogenous cells and
nutrients required by cells and provides the appropriate
biophysical and biochemical cues to maintain cell survival and
function. Zhang et al. (2020) designed hybrid RGD-alginate/
laponite hydrogel microspheres capable of encapsulating human
dental pulp stem cells (hDPSCs) and vascular endothelial growth
factor (VEGF) to promote the regeneration of dental pulp tissue.
Hongjie Xu et al. (2022) reported a gelatin methacrylate/chitosan-
catechol (GelMA/Chi-C) hydrogel capable of encapsulating human
umbilical cord mesenchymal stem cells (hUMSCs) to promote
diabetic wound repair.

The “intelligence” of the hydrogel is mainly demonstrated by its
ability to respond specifically to internal and external environmental
stimuli such as light (especially near-infrared light), temperature,
pH, redox potential, and magnetism so that its loaded therapeutic
substances can be remotely controlled and released on demand (Hao
et al., 2021; Mo et al., 2022). The release of this therapeutic substance
is time- and space-accurate according to the site and state of the
tissue defect, thus maximising the therapeutic efficiency and
minimising the side effects (Yang X. et al., 2022). Yang et al.
(2020) developed a novel near-infrared light-responsive hydrogel
system (HG1-CW) based on dodecyl-modified and Schiff base-
linked chitosan, ciprofloxacin, and photothermal agents for
promoting healing of infected wounds. Xu et al. (2019) designed
an injectable hydrogel system (CS/β-GP/gelatin) based on β-sodium
glycerophosphate, chitosan and gelatin. The hydrogel system can
specifically respond to changes in temperature stimulation and thus
release aspirin and erythropoietin on demand to promote the repair
and regeneration of periodontal tissues. Wan et al. (2022) reported a
polydopamine-modified hydroxybutyl chitosan hydrogel loaded
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with aspirin and bone morphogenetic protein-2 (BMP-2) for the
repair and regeneration of bone tissue defects. The hydrogel is
biresponsive to near-infrared light and temperature and is
capable of releasing both drugs on demand. In the early stages of
bone defects, the hydrogel provides rapid release of aspirin to
improve the early inflammatory response and facilitate the
transition to the regenerative phase of the bone defect. A pH/
glucose dual response hydrogel system was reported by Liang
et al. (2022) The hydrogel specifically releases drugs such as
metformin and graphene oxide in response to changes in pH and
glucose concentrations in diabetic chronic wounds, thereby greatly
accelerating wound healing; Gao et al. (2019) designed a redox-
responsive hydrogel based on hyaluronic acid (HA) and aminoethyl
disulfide (AED). The hydrogel was particularly sensitive to changes
in glutathione (GSH) concentration in the wound and promoted cell
growth and tissue regeneration at the wound site. Daya et al. (2022)
reported a magnetic hydrogel (HA/CMNPs) based on curcumin,
iron oxide magnetic nanoparticles and hyaluronic acid for
promoting angiogenesis and tissue regeneration. In conclusion,
the hydrogel is a versatile therapeutic biomaterial that provides
an effective alternative strategy for the regeneration and repair of
tissue defects.

2.4 Self-healing properties

Biomaterials are inevitably damaged by external tension,
mechanical stress, tissue activity, fatigability, etc., when filling
and repairing defects in tissues such as bone, skin and muscle
(Zhu et al., 2023). This damage can cause the biomaterial to
deform or even rupture and fracture. In addition to further
aggravating the defect by “secondary injury” to the tissue,
breakage of the biomaterial may also cause external bacterial
invasion and lead to wound infection. Therefore, it is necessary
to maintain the integrity of the biomaterial during the healing
process of the tissue defect (Rumon et al., 2022). Hydrogels are
generally polymer networks formed based on dynamic
noncovalent interactions or dynamic chemical bonding and
have the property of automatically repairing their own
structural and functional damage. This self-healing property
gives hydrogels an outstanding advantage in tissue repair and
regeneration, which has received much attention from scholars
both at home and abroad (Quan et al., 2022). Hydrogels with self-
healing properties based on dynamic noncovalent interactions
such as hydrophobic interactions, host-guest interactions, and
hydrogen bonding are considered physical self-healing hydrogels.
Meng et al. (2020) then developed a hydrophobic conjugated
hydrogel system based on the hydrophobic monomer stearyl
methacrylate and amphiphilic regenerated filamentous protein.
The hydrogel was formed by combining hydrophobic interactions
as sacrificial bonds and exhibited strong mechanical strength,
ductility, toughness and good self-healing properties. Soltani et al.
(2021) reported a nanohybrid hydrogel formed by host-guest
interactions between β-cyclodextrin-modified alginate (host
macromere, Alg-CD) and adamantine-modified graphene oxide
(guest macromere, Ad-GO), which exhibited excellent rheological
properties and self-healing. Zheng Wang et al. (2022) successfully
prepared a supramolecular hydrogel based on a monomeric

nucleoside molecular gelator (2-amino-2′-fluoro-2′-
deoxyadenosine) by constructing a multihydrogen bonding
system. The multihydrogen bonding system gives the hydrogel
excellent self-healing properties, mechanical strength and shear-
thinning injectability, which are promising for the healing of
extraction wounds. Hydrogels with self-healing properties
based on dynamic chemical bonds such as phenylboronic acid
ester bonds, Schiff base structures, and metal ligand coordination
are considered chemically self-healing hydrogels. Shi et al. (2020)
reported a dynamic self-healing hydrogel system based on
phenylboronic acid-modified hyaluronic acid (HA-PBA) and a
phenylborate ester bond between poly (vinyl alcohol) (PVA) that
exhibited good viscoelasticity, self-healing and injectability. The
Schiff base structure is one of the most common structures in self-
healing hydrogels (Mo et al., 2021). Runze Li et al. (2022) reported
a multifunctional self-healing hydrogel based on a reversible
Schiff base reaction between gelatin methacryloyl and oxidised
dextran. Xue et al. (2022) successfully prepared a polysaccharide-
based hydrogel with excellent self-healing properties by a
reversible Schiff base reaction between quaternized chitosan
and oxidised hyaluronic acid. Luo et al. (2022) reported a
multiligand-derived hydrogel based on sodium alginate, metal
ions (Gd3+) and diphosphate-functionalized poly (citrate). The
multiligand metal ligand pairing gives this hydrogel excellent self-
healing properties, injectability and a macroporous structure that
facilitates tissue repair (Figure 3).

3 Applications of hydrogels for repair
and regeneration of tissue defects

3.1 Bone and cartilage tissue defects

3.1.1 Articular cartilage defects
Articular cartilage diseases are often degenerative diseases, and

their lesions range from articular cartilage to the underlying
subchondral bone, which often occur in middle-aged and elderly
people. These lesions have gradually become a serious social issue
because of their high incidence, the large population involved and
serious impacts on quality of life (Wei and Dai, 2021; Qiao et al.,
2022). Some hydrogels, which have similar physical and chemical
properties to natural cartilage tissue and have properties such as
ultrafast gelation and strong adhesion, have shown extraordinary
potential in the therapy and repair of articular cartilage diseases.
Although the treatment of articular cartilage diseases is very difficult,
the continuous development of these hydrogel materials has brought
unlimited hope for the treatment of such diseases (Wei et al., 2020;
Wang et al., 2023). Physical and chemical properties (such as
composition and stiffness) are important factors considered when
selecting a stent. Inspired by this, Zhuoxin Chen et al. (2021)
developed a heterogeneous double-layer hydrogel scaffold
composed mainly of gelatin methacrylate (GelMA) and acryloyl
glucosamine (AGA) on the upper layer and vinylphosphonic acid
(VPA) on the lower layer. GelMA and AGA were mainly used to
simulate the ECM of healthy natural cartilage, and the lower layer of
vinylphosphonic acid (VPA) was mainly used to induce
chondrogenic differentiation of chondrocytes. Ca2+ and alginate

Frontiers in Bioengineering and Biotechnology frontiersin.org06

Li et al. 10.3389/fbioe.2023.1190171

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1190171


were added to the upper and lower layers, respectively, and the
upper and lower layers were in close contact with each other through
the anchoring of Ca2+ and alginate. The combined addition of
GelMA and AGA has a strong synergistic effect on the
production of type II collagen by chondrocytes, which is 6.7 and
10.8 times stronger than that of the GelMA and AGA groups alone.
It is highly promising that high performance hydrogel systems are
used for gene carrier delivery to treat articular cartilage defects.
Madry et al. (2020) reported a hydrogel system based on PEO-PPO-
PEO Poloxamers for the delivery of recombinant adeno-associated
virus (rAAV) vectors. This hydrogel system enables in situ on-
demand release of rAAV vectors and greatly improves the efficiency
of treatment of articular cartilage defects.

The use of hydrogels loaded with chondrogenesis-related living
cells for the treatment of cartilage tissue defects is a hot topic of
current research and has great potential to overcome this challenge
(Zhang and Khademhosseini, 2017; Mingxin Li et al., 2022). Hua
et al. (2021) developed a dual-network (DN) hydrogel scaffold that
can be loaded with autologous chondrocytes using hybrid
photocrosslinking (HPC) that combines photoinitiated radical
polymerisation and photoinduced imine cross-linking. The
addition of methacrylate-grafted hyaluronic acid (HA) greatly
increases the speed of gelation and keeps the gel time within one
second. According to the research, the combination of o-nitrobenzyl
(NB) and methacrylate-grafted hyaluronic acid (HA) formed a DN
structure, which greatly increased the mechanical strength of the
HPC hydrogel to 2 MPa, fully satisfying the requirements for the
treatment of articular cartilage disease. The photogenerated
aldehyde groups of the HANB adhesive can quickly chemically
anchor with the amino groups on the outer layer of the surrounding
cartilage tissue, generate strong adhesion, and greatly improve the

adhesion of the hydrogel to the cartilage tissue. Finally, the use of a
porcine subcutaneous implantation model strongly demonstrated
that ACI-loaded dual-network HPC hydrogels can successfully
repair articular cartilage defects in the weight-bearing area.
Synovial mesenchymal stem cells (SMSCs) are endogenous
articular stem cells that have received increasing attention from
scholars due to their strong chondrogenic differentiation ability and
have been used to treat articular cartilage diseases (To et al., 2019;
Matai et al., 2020; Li Q. et al., 2021b). Pinxue Li et al. (2021) reported
a cartilage damage repair system that uses a chitosan (CS) hydrogel/
3D-printed poly (ε-caprolactone) (PCL) mixture as a scaffold and
contains SMSCs and tetrahedral framework nucleic acid (TFNA).
The 3D-printed poly (ε-caprolactone) (PCL) mixture has good
mechanical strength and provides suitable mechanical support for
cartilage damage repair systems. Chitosan is positively charged and
can bind to TFNA by electrostatic interactions, so it mainly plays a
role in attracting free TFNA in the joint cavity of the body in the
system. TFNA is the main functional component of the cartilage
repair system. It can improve the microenvironment around SMSCs
and promote the proliferation and chondrogenesis of SMSCs,
thereby stimulating cartilage regeneration and repairing cartilage
defects. Finally, the knee joint experiment using New Zealand white
rabbits strongly confirmed that the cartilage repair hydrogel system
can effectively promote cartilage regeneration and repair cartilage
defects, which is a promising cartilage defect repair strategy
(Figure 4).

3.1.2 Bone tissue defects
Severe orthopedic diseases, trauma, and surgical resection of

tumors often cause bone defects that exceed the critical size. Their
treatment and repair often bring great challenges and pressure to

FIGURE 3
The outstanding advantages of hydrogels. By Figdraw (www.figdraw.com).
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doctors (Okuchi et al., 2021). Generally, grafts (autograft, allograft,
or xenograft) used to repair large bone defects are often ineffective
and have very limited indications (Hasani-Sadrabadi et al., 2020).
The use of a hydrogel system with strong osteogenic activity and
excellent mechanical properties as a bone tissue engineering scaffold
offers expansive possibilities in the treatment of an enormous array
of bone imperfections (Li J. et al., 2021; Song et al., 2022). Qiu et al.
(2020) designed an injectable hydrogel based on periosteal
extracellular matrix (PEM). This hydrogel can perform different
functions such as regulating inflammation, angiogenesis and
osteogenic differentiation at different stages of fracture healing,
thus helping to achieve dynamic healing of fracture defects. It is
a promising alternative material for bone tissue engineering.
Conventional bone tissue engineering scaffolds are mostly solid,
so it is difficult to transport nutrients and oxygen to the central area,
which obviously results in the inability or delayed growth of bone
tissue and blood vessels in the central area. The dynamic channel
hydrogel scaffold with reversible contraction and expansion
behavior can provide space and channels for the entry of
osteoblasts and the generation of blood vessels (Tan J. et al.,
2022). Xiaocheng Wang et al. (2022) successfully constructed a
dynamic hydrogel system responding to near-infrared light by
polymerising a prespinning fluid containing BP, alginate, and
N-isopropylacrylamide (NIPAM) from multi-injection glass
capillary microfluidic chips through a microfluidic 3D printing
strategy. The advantages of this hydrogel system are its sensitive
near-infrared light (NIR) response and high thermal conversion
efficiency. Reversible shrinkage and expansion will occur when
exposed to near-infrared light (NIR). This provides space and
channels for the formation of blood vessels and the entry of cells.
Additionally, this hydrogel system has strong osteogenic properties

because BP nanoparticles can promote osteoblast proliferation and
osteogenic differentiation by trapping surrounding calcium ions and
accelerating in situ biomineralisation (Figure 5).

For large bone defects of critical size, bone tissue engineering
scaffold materials used to repair the defect often require extremely
strong mechanical properties and osteoconductivity. The

FIGURE 4
A cartilage damage repair system that uses a chitosan hydrogel/3D-printed poly (ε-caprolactone). (PCL). mixture as a scaffold and contains SMSCs
and tetrahedral framework nucleic acid (TFNA). Reproduced with permission (Li P. et al., 2021). Copyright 2021, Elsevier Ltd.

FIGURE 5
(A) Schematic diagram of the reversible contraction and swelling
reaction of the dynamic hydrogel system triggered by NIR irradiation,
which can promote the penetration of cells into the scaffold channel.
(B) BP nanomaterial captures free calcium ions to accelerate in
situ biomineralisation in rat skull defects. Reproduced with permission
(Wang X. C. et al., 2022). Copyright 2022, John Wiley & Sons.
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mechanical strength and osteoconductivity of many hydrogel
materials that have been developed to date still need to be
further enhanced because they are often characterised by
isotropic network structures (Sano et al., 2018; Fang et al., 2019).
After discovering that natural bones and wood have a unique
multiscale layered anisotropic structure, Xiaofei Wang et al.
(2021) decided to combine delignified natural pine wood with a
sodium alginate (SA) hydrogel with good biocompatibility to
construct a biomimetic hydrogel composite with a high degree of
anisotropy. Due to the advantage of well-arranged cellulose fibrils in
delignified natural pine wood, the composite has excellent
mechanical properties (tensile strength = 67.8 MPa, elastic
modulus = 670 MPa), which is nearly 3 orders of magnitude
higher than that of pure sodium alginate (SA) hydrogel and
surpasses almost all conventional hydrogel materials. Severe bone
hemorrhage is a common complication of large bone defects caused
by trauma and tumor resection. A large amount of bone bleeding
often hinders the operation and seriously affects the repair of bone
defects, which brings great challenges to medical treatment.
Traditional hemostatic materials often rely on compression to
stop bleeding, which is not conducive to the formation of new
bone in bone defects. They also do not have excellent osteogenic
activity and adhesion, so they are obviously not suitable for repairing
bone defects as bone tissue engineering scaffolds (Huang T. et al.,
2022; Bian et al., 2022; Tan X. et al., 2022). To solve this problem,
Weijuan Huang et al. (2021) successfully developed a composite
hydrogel material that has good adhesiveness and can effectively
stop bleeding and promote bone regeneration by a dynamic Schiff
base reaction between the aldehyde groups of aldehyde-modified
cellulose nanocrystals (DACNC) and the amine groups of catechol-
coupled chitosan (CHI-C). The composite hydrogel material can be
injected into the bone defect area with heavy bleeding and can react
quickly within 2 min. It can strongly adhere to the bleeding site and
completely fill the irregularly shaped bone defect, successfully
stopping bleeding and repairing the defect.

Osteoporosis is a serious type of bone disease that is difficult to
completely heal and exhibits a high incidence and many
complications. It is often due to the imbalance between bone
resorption and bone formation in the process of bone metabolism.
Osteoporosis patients, especially elderly patients, often suffer from
fractures and bone defects due to poor bone regeneration and bone
loss, which seriously affect their quality of life (Arceo-Mendoza and
Camacho, 2021; Reid and Billington, 2022). The emergence of
injectable hydrogel systems with good biocompatibility, suitable
mechanical strength, excellent osteogenic activity, and easy use has
opened a new direction for the treatment of bone defects in patients
with osteoporosis, whose bone defects are more difficult to heal than
normal bone defects. Kuang et al. (2021) reported an injectable
multifunctional hydrogel scaffold whose injection matrix is
composed of in situ generated calcium phosphate nanoparticle
(ICPN)-coordinated poly (dimethylaminoethyl methacrylate-co-2-
hydroxyethyl methacrylate) (DHCP) hydrogel glue. This hydrogel
was loaded with near-infrared (NIR) light-modulated
thermosensitive polymer microspheres (PIP MSs), which can
promote the release of parathyroid hormone (PTH) and stimulate
the formation of in situ pores on demand to achieve bone
regeneration in an ovariectomy (OVX) model (osteoporosis
model). Studies have shown that zinc ions and magnesium ions

can promote the healing of cancellous bone defects by stimulating the
proliferation of osteoblasts and increasing the osteogenic activity of
osteoblasts. Xin Chen et al. (2021) constructed a protein cross-linking
hydrogel system with a T4 lysozyme mutant (T4M) as the framework
and an integrin receptor-binding Arg-Gly-Asp (RGD) sequence
connected to the C-terminus of T4M. The protein cross-linked
hydrogel system has abundant free amine groups on the outer
layer of T4M, which can load a large amount of Mg2+ and Zn2+

and release Mg2+ and Zn2+ continuously in order. Zhenyu Zhao et al.
(2021) developed a bisphosphonate-functionalized injectable
hydrogel microsphere with methacrylonitrile acylation gelatin as
the injection matrix and chelated Mg2+ (GelMA-BP-Mg). The
grafting of bisphosphonate (BP) and chelating Mg2+ on the
GelMA scaffold were performed through a Schiff base reaction
and the coordination reaction of metal ion ligands, respectively.
Through related characterisation tests, it was found that GelMA-
BP-Mg microspheres with minimally invasive injection and bone
targeting capabilities have a strong ability to capture Mg2+ (the
capture ratio is 0.6%) and enable sustained and effective release of
Mg2+ in the environment (the effective release time is 18 days).

3.2 Skin wounds

Multiple types of wounds often leave many experienced
physicians at a loss. However, the emergence of various
composite hydrogels brings hope to treatment. These composite
hydrogel platforms have many advantages when applied to wound
dressings compared to traditional methods. Next, this paper mainly
introduces the use of hydrogels to promote the healing of infected
wounds, burn wounds and wounds in diabetic patients.

3.2.1 Infected wounds
In the recovery process of wounds, bacterial infection is prone to

occur and is often accompanied by long-lasting inflammation. It
often causes the wound to become chronic and nonhealing and may
even further cause serious complications (such as sepsis), which
seriously affect the health of the patient (Huang et al., 2020). In this
respect, it is extremely important to set up an injury dressing that
can be effectively antibacterial and eliminate inflammation. This has
important value for accelerating wound healing and avoiding many
serious complications (Xiang et al., 2019). With the emergence of
multidrug-resistant bacteria, although antibiotics are currently the
most common method of treating infected wounds, other effective
strategies still must be sought (Xu L. et al., 2022). Multifunctional
hydrogel wound dressings can not only exert antibacterial, adhesion,
hemostasis, anti-inflammatory, antioxidant and other functions but
also achieve physical isolation and create a moist environment,
bringing great hope for the treatment of infected wounds (Xiang
et al., 2019). Hui Zhang et al., 2021) novatively developed a
multifunctional composite hydrogel material (Gel-DA/GG@Ag
NPs) by adding guar gum (GG) and boric acid to a mixture
formed by the reaction of Ag nanoparticles (Ag NPs) and
dopamine-modified gelatin (Gel-DA). The composite hydrogel
can effectively release silver ions and has an efficient near-
infrared light (NIR) photothermal effect. When exposed to
808 nm near-infrared (NIR) lasers, silver ions and photothermal
effects work synergistically to quickly kill bacteria and promote
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wound healing. In conclusion, Gel-DA/GG@Ag NPs will become a
hotspot in the development of multifunctional wound dressings to
repair chronic nonhealing infected wounds and other wounds
overexpressing reactive oxygen species. Yingnan Liu et al. (2020)
successfully developed a composite hydrogel platform (AM NS-CS)
that can effectively sterilise through high-efficiency photothermal
effects by combining antimony nanosheets (AM NSs) with chitosan
(CS). It is worth mentioning that this is the principal article
describing AM NSs as a photothermal antibacterial agent applied
to the treatment of bacterially infected wounds, which is extremely
innovative. The AM NS-CS platform has extremely powerful
antibacterial ability and can effectively kill Gram-positive bacteria
(Staphylococcus aureus, 100%) and Gram-negative bacteria (E. coli,
97.1%) (Figure 6).

Wounds infected by methicillin-resistant S. aureus (MRSA)
often cannot be cured with many commonly used antibiotics.
MRSA often causes wounds to dehisce and discharge pus, leading
to long-term nonhealing and making patients miserable (Lee et al.,
2018; Turner et al., 2019). To solve this problem, Wenshuai Liu et al.
(2020) used dihydroxy- and oxadiazole-group-decorated quaternary
ammonium salts (QAS) and poly (ε-caprolactone)-poly (ethylene
glycol)-poly (ε-caprolactone) (PCEC) copolymer as raw materials to
synthesise a nanocomposite hydrogel material that can effectively
heal wounds infected by MRSA. The composite hydrogel quickly
and effectively kills bacteria such as MRSA, E. coli and vancomycin-
resistant staphylococci and rapidly heals infected full-thickness skin
wounds within 12 days Zhao et al. (2020) successfully constructed a
dual-network (DN) hydrogel material that can efficiently act as a
photothermal antibacterial agent and accelerate wound healing. It
comprises catechol--Fe3+ coordination cross-linked poly (glycerol
sebacate)-co-poly (ethylene glycol)-g-catechol and quadruple
hydrogen bonding cross-linked ureido-pyrimidinone modified
gelatin. The composite hydrogel material can quickly and
effectively kill multidrug-resistant bacteria, such as methicillin-
resistant S. aureus (MRSA), under near-infrared light (NIR)
irradiation and has excellent bactericidal ability and NIR

responsiveness. More importantly, the double-network hydrogel
can effectively reduce wound oxidation, control inflammation,
accelerate the formation of granulation tissue and blood vessels,
and significantly promote the closure and healing of infected
wounds.

3.2.2 Burn wounds
The World Health Organisation has reported that

approximately 11 million people suffer burns every year
(Forjuoh, 2006). Burns are inevitably accompanied by infection,
pain and dehydration, which can cause disfigurement, disability and
even death. Burn wounds are accompanied by inflammation, loss of
body fluids, tissue damage and loss of tissue barrier function, making
them very difficult to heal (Church et al., 2006). In addition, a large
amount of exudate will appear in a burn wound, so the dressing
needs to be changed many times, which not only consumes
considerable manpower and material resources but also inevitably
damages the tissue and delays healing (Loo et al., 2014). Cook et al.
(2021) developed a new type of soluble composite hydrogel dressing
produced by the in situ reaction of polyethyleneimine (PEI) and
NHS-activated polyethylene glycol (PEG) containing internal
thioester bonds. This dissolvable hydrogel with good adhesion
properties is an ideal burn wound dressing material. The
hydrogel can not only physically isolate the wound from the
external environment but also efficiently absorb wound exudate
and exhibits mechanical properties and elasticity of the same order
of magnitude as that of epithelial tissue. Tang et al. (2021) used
catechol-modified chitosan (CHI-C), oxidised dextran (ODex) and
MgO as raw materials to construct a composite hydrogel doped with
metal oxides (CCOD-MgO). Due to the doping of metal oxides,
CCOD-MgO not only produces excellent antibacterial activity but
also greatly shortens the gel time and improves the mechanical
strength. In addition, the incorporation of MgO can also reduce the
swelling rate of the hydrogel, thereby reducing the pressure on the
burn tissue. The in vivo full-thickness skin defect and deep skin burn
model proved that CCOD-MgO can effectively promote skin wound

FIGURE 6
Schematic diagram of Gel-DA/GG@Ag NPs used as wound dressings for wound healing. Reproduced with permission (Zhang H. et al., 2021).
Copyright 2021, John Wiley & Sons.
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healing and tissue regeneration and has an excellent therapeutic
effect on severe burn wound infection.

For the unavoidable moving parts of the human body (such as
the groin, joints, etc.), the wound dressing will repeatedly rub and
collide with the burn wound to damage the wound and cause the
wound to last for a longer time (Huang et al., 2018). Thus, the shape
adaptability, adhesiveness, abrasion resistance and healing
properties of wound dressings face higher requirements.
Therefore, Yuan et al. (2021) developed a new type of double
cross-linked AG-OD-Fe(III) hydrogel for such burn wounds.
AG-OD-Fe(III) hydrogels were prepared by Schiff base cross-
linking between catechol-modified oxidised hyaluronic acid (OD)
and aminated gelatin (AG) under different–CHO/-NH2 ratios and
coordination cross-linking between OD and Fe3+. AG-OD-Fe(III)
hydrogels have excellent shape adaptability (97.1% ± 1.3% recovery
rate) and adhesion performance of up to 19.3 kPa. In addition, the
hydrogel can quickly undergo a gel reaction in approximately
50 s–54 s and has close to 100% antibacterial activity and
excellent hemostatic properties. It is worth noting that AG-OD-
Fe(III) hydrogels have excellent wear resistance, which is extremely
important for dynamic burn wound healing. The mechanical
property tests revealed that AG-OD-Fe(III) hydrogels can
withstand compressive stresses up to 611.7 kPa and have
excellent mechanical stability, recovery and fatigue resistance,
fully meeting the requirements of dynamic burn wound dressings
for abrasion resistance. In vivo experiments showed that after using
the hydrogel dressing for only 13 days, the secondary burn wounds
healed, and the skin and blood vessels were reconstructed, which
proves that it is an ideal burn dressing. In short, the continuous
development of various composite hydrogel dressings with high
adhesion, high mechanical strength, low swelling rate, high self-
healing properties and excellent shape adaptability brings hope to
the healing of many severe burn wounds.

3.2.3 Diabetic wounds
With the continuous improvement of living conditions, the

prevalence of diabetes continues to rise. According to statistics,
in 2014, there were approximately 400 million diabetic patients, and
the quantity of patients is projected to reach 600 million by 2035
(Guariguata et al., 2014). Diabetes patients endure systemic effects
such as hyperglycemia, long-term inflammation, impaired
angiogenesis, tissue hypoxia and excessive production of reactive
oxygen species, which inhibit the proliferation of fibroblasts,
keratinocytes and endothelial cells. Therefore, once a diabetic
patient is injured, angiogenesis is impaired, and the patient is
also prone to uncontrolled infection and inflammation, leading to
unhealed or even worsened wounds (Gurtner et al., 2008; Mao et al.,
2017). The control and healing of diabetic wounds is still an urgent
clinical challenge.

Polarising macrophages from the M1 phenotype to the
M2 phenotype through immunomodulation, thereby improving
the inflammatory state and promoting angiogenesis, is an
effective method to promote the healing of diabetic wounds (den
Dekker et al., 2019). Thus, Tu et al. (2021) developed a hydrogel
scaffold (GDFE) formed by the dynamic cross-linking reaction of
peptides, polydopamine and graphene oxide to efficiently regulate
the polarisation of macrophages to the M2 phenotype. GDFE not
only shows strong antibacterial, antioxidant and anti-inflammatory

abilities but also significantly accelerates the regeneration of blood
vessels and promotes the healing of diabetic wounds. It is an ideal
diabetic wound dressing. Similarly, to promote angiogenesis and
phenotypic transformation of macrophages, Kai Wang et al. (2022)
successfully constructed a chitosan-graft-aniline tetramer composite
hydrogel loaded with exosomes (CS-AT-Exo). It was found through
experiments that exosomes and hydrogel can have a synergistic
effect, the efficiency of CS-AT-Exo hydrogel macrophage
polarisation to the M2 phenotype was further improved, and the
healing efficiency of diabetic wounds was also further improved.

Lu et al. (2021) innovatively developed a heparin-poloxamer
hydrogel material that can be loaded with live lactococci (LHP). In
addition to promoting the abovementioned phenotypic transition of
macrophages, the LHP hydrogel can also promote an increase in
vascular endothelial growth factor (VEGF) secretion and directly
promote the formation of blood vessels. More importantly, through
these two mechanisms, the LHP hydrogel can promote angiogenesis
and precise spatiotemporal control of inflammation to drive the
woundmicroenvironment to heal quickly. Therefore, this material is
also another potential scaffold for diabetic wounds. Obviously, a
reasonable design of the composite hydrogel dressing can efficiently
realise the phenotypic transition of macrophages from M1 to
M2 and promote the healing of diabetic wounds. This will
become an important perspective for treating diabetic wounds
that are difficult to heal.

As mentioned earlier, chronic hypoxia and excessive production
of reactive oxygen species in tissues represent another major reason
why diabetic wounds are not easy to heal. Chronic hypoxia can also
severely inhibit angiogenesis, and it can be aggravated by the
accumulation of inflammatory cells with high oxygen
consumption (Tandara and Mustoe, 2004; Schreml et al., 2010).
Therefore, continuous oxygenation is obviously another effective
way to promote diabetic wound healing. However, conventional
wound dressings and hyperbaric oxygen therapy obviously cannot
achieve continuous oxygenation, and composite hydrogel materials
can solve this problem. Guan et al. (2021) successfully developed an
injectable hydrogel capable of loading oxygen-releasing
microspheres (OMs) as a continuous oxygenation delivery
system. Most conventional oxygen release systems usually release
toxic H2O2. In contrast, ORM can directly release a large amount of
oxygen and continue to release oxygen for at least 2 weeks. In
addition, the hydrogel can absorb elevated ROS in tissues,
reducing its damage to tissues and cells. The hydrogel, which can
continuously release oxygen, provides a new idea for the healing of
diabetic wounds and offers important clinical value.

3.3 Muscle tissue defects

Muscle tissue, which accounts for more than 50% of body
weight, is the only contractile tissue in the body and is critical in
force production, body movement, postural support, and
maintenance of visceral function. Muscle tissue is a soft tissue
that functions and is therefore very susceptible to injury,
resulting in impairment of body movement and organ function.
Although muscle tissue is self-repairing from minor injuries, self-
repair will fail once there is a serious injury with a loss of mass
greater than 20% (Nuge et al., 2021; Jeong et al., 2022). Therefore,
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there is an urgent need for an excellent biomaterial that can serve as
a scaffold in muscle tissue engineering to promote its regeneration
and repair. Many biomaterials used to fill and repair muscle tissue
defects break and fracture due to external tension, mechanical stress,
tissue activity, fatigability, and other factors. Hydrogels with high
mechanical strength, excellent tissue adhesion and self-repair
properties have outstanding advantages in the repair of muscle
tissue defects (Zhao J. et al., 2021; Peper et al., 2021).

Skeletal muscle consists primarily of uniaxially ordered
myotubes and widely distributed capillaries, which account for
approximately 40% of body weight and are the largest tissue type
in the human body. Skeletal muscle plays a crucial role in skeletal
support, stability, metabolism and movement (Quigley et al., 2021;
Jo et al., 2022). The function of skeletal muscle is closely related to its
uniaxial orientation and dense arrangement of muscle fibres.
Therefore, once the skeletal muscle is damaged to a large extent
and the muscle fibres become disorganised or broken, the function
of the skeletal muscle will be severely impaired (Sonaye et al., 2022;
Pinton et al., 2023). The development of hydrogel materials as bionic
functional skeletal muscle structures for filling or replacing damaged
tissues is a promising therapeutic strategy in skeletal muscle diseases
(Philips et al., 2022). Hydrogels have physicochemical properties
similar to the extracellular matrix of natural muscle tissue, for which
they are able to accommodate myoblasts or MSCs and provide
appropriate biochemical cues to ensure proper differentiation and
alignment of the cells. Shan et al. (2021) reported a novel ROS-
scavenging hydrogel loaded with mesenchymal stem cells (MSCs).
The hydrogel not only improved the viability of MSCs and
promoted their differentiation into myoblasts but also promoted
the polarisation of M2 macrophages to suppress the local
inflammatory response, which significantly promoted the
reduction of further skeletal muscle damage and accelerated
skeletal muscle regeneration. Alheib et al. (2022) designed a
laminin-biofunctionalized gellan gum hydrogel capable of loading
myogenic cells for the treatment of moderate muscle injuries that
exceed the ability of muscle tissue to heal itself. Hydrogels have
unique bionic properties in that their three-dimensional skeletal
fibres can mimic the uniaxially oriented muscle fibres of natural
skeletal muscle by adjusting the synthesis strategy and
manufacturing process; Lee et al. (2022) successfully fabricated
artificial functional skeletal muscle using photocrosslinked
hydrogels with the help of Microvalve-Assisted Coaxial 3D
Bioprinting for tissue reconstruction after muscle defects.
Hydrogels with tissue adhesion and self-healing properties can
withstand external tension, mechanical stress and fatigue during
the repair of skeletal muscle; Carleton et al. (2021) reported a
multifunctional hydrogel (MAA-collagen) based on methacrylic
acid and collagen for the treatment of volumetric muscle loss.
Quint et al. (2022) designed a multifunctional gelatin
methacrylate-based hydrogel for the treatment of extreme
muscle injuries. In addition, the development of an
anisotropic hydrogel scaffold with precisely topographic cues
for the treatment of skeletal muscle defects is very prospective.
Ling Wang et al. (2022) designed a remote magnetic nanofiber/
hydrogel multiscale scaffold for the treatment of volumetric
muscle loss. The scaffold can facilitate functional recovery of
damaged skeletal muscle by providing cues to cell alignment
through remote magnetic fields.

Myocardial infarction and heart failure are currently the leading
causes of high mortality in cardiovascular disease. In myocardial
infarction, significant apoptosis and loss of myocardial cells occur,
and the damaged myocardium undergoes pathological remodelling
of tissue fibrosis due to insufficient self-repair capacity (Jenča et al.,
2021; Zou et al., 2021). Heart transplantation is currently the
preferred treatment strategy for severe myocardial infarction and
heart failure but can be limited by the complexity of the procedure,
immune rejection, and lack of a donor organ (Kawaguchi et al.,
2021). Currently, the use of biomimetic functional materials for
myocardial repair and regeneration after injury is a promising
therapeutic strategy. However, most materials do not adequately
mimic the composition and structure of the natural myocardial
tissue extracellular matrix, nor do they provide effective
microenvironmental cues for stem cell growth and
differentiation (Saludas et al., 2017). Hydrogels are three-
dimensional (3D) hydrophilic polymer networks with
physicochemical properties similar to those of the natural
extracellular matrix (ECM) of myocardial tissue. Moreover, the
mechanical properties of hydrogels are similar to those of cardiac
tissue, providing suitable mechanical support in filling myocardial
tissue defects and transmitting suitable mechanical signals to
attenuate unfavorable pathological remodelling of myocardial
tissue (Peña et al., 2018; Liao et al., 2020). Li et al. (2020) then
designed a double cross-linked injectable hydrogel based on
hyaluronic acid. The hydrogel was delivered to the myocardium
by percutaneous injection and mechanically bound the infarcted
myocardial tissue to limit its pathological remodelling and
expansion. Haiting Chen et al. (2022) reported a gelatin
methacrylate microneedle (MN) patch loaded with galunisertib
for the treatment of myocardial infarction and promotion of
cardiac repair. The hydrogel not only provided mechanical
support to the fragile ventricular wall but also sustained the
release of galunisertib, a transforming growth factor-β (TGF-β)-
specific inhibitor, which effectively inhibited uncontrolled and
excessive fibrosis of the damaged myocardium. The hydrogel
acts as an intelligent delivery vehicle for the injection of
therapeutic components (drugs and cells) directly into the
myocardium and continuous on-demand release (Zhu et al.,
2021). Jiang et al. (2022) developed a pH- and temperature-
responsive injectable hydrogel (poly (chitosan-co-citric acid-co-
N-isopropyl acrylamide), P(CS-CA-NIPAM)) loaded with
oncostatin M. The hydrogel reacted with the acidic
microenvironment of myocardial tissue during myocardial
infarction to release oncostatin M on demand, which accelerated
myocardial cell proliferation and inhibited fibrosis. The hydrogel
reacts with the acidic microenvironment of myocardial tissue
during myocardial infarction to release oncostatin M on
demand, which accelerates cardiomyocyte proliferation and
inhibits myocardial fibrosis. Burgess et al. (2021) reported a
functionalized peptide hydrogel scaffold capable of delivering
cardiac progenitor cells for repair after myocardial injury; Lyu
et al. (2020) prepared an injectable hyaluronic acid-based
hydrogel loaded with human mesenchymal stem cell aggregates.
Injection of this hydrogel into infarcted myocardial tissue
effectively improved the microenvironment of myocardial tissue,
reduced the expression of inflammatory cytokines and increased
the secretion of angiogenic factors (Figure 7).
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3.4 Nerve tissue defects

Currently, the incidence of neurological deficits such as stroke,
Parkinson’s disease, Alzheimer’s disease, Huntington’s disease, and
spinal cord injury is increasing dramatically (Bordoni et al., 2020).
These diseases may cause speech difficulties, cognitive impairment,
memory loss, dementia, depression, disability and even death,
causing great suffering to patients and their families. Moreover,
neurological disorders are very difficult to treat and have a very poor
prognosis, making them one of the most challenging clinical
problems in the world (Detante et al., 2014; Tian et al., 2021).
Autologous nerve grafting is currently the accepted gold standard
for the treatment of nerve injury. However, surgical difficulties,
limited availability of autologous nerves and the potential for
neurological dysfunction in the donor region have limited the
application of autologous nerve grafts (Sun et al., 2022). The
development of bioactive materials that induce neural tissue
repair and regeneration for the treatment of neurological
deficiency diseases is very promising and holds a good chance for
overcoming this challenge.

As an intelligent delivery system capable of releasing
therapeutic substances such as neuroprotective agents,
nutrients, stem cells and growth factors on demand, hydrogels
have outstanding advantages in the repair and treatment of
neurological tissue defects (Lv et al., 2022). Currently, many
drug carriers have difficulty in allowing therapeutic substances to
cross the blood‒brain barrier and reach the central nervous
tissue. Although some drug carriers allow the therapeutic
substance to cross the blood‒brain barrier and be released at
high initial concentrations, these newly released therapeutic
substances are rapidly absorbed by the cerebrospinal fluid,

resulting in a dramatic decrease in local concentration. In
contrast, hydrogels loaded with therapeutic substances can be
injected in liquid form into the neurological defects of the brain
and then gelated in situ, which greatly reduces the difficulty of
crossing the blood‒brain barrier (Pakulska et al., 2012; Flégeau
et al., 2017). Moreover, the hydrogel serves as a stimulus-
responsive biocompatible carrier system that can continuously
release therapeutic substances on demand and maintain their
long-term function at the brain site (Li D. et al., 2022; Grimaudo
et al., 2022). Luyu Wang et al. (2021) reported an injectable
hyaluronic acid in situ hydrogel loaded with bone mesenchymal
stem cells and nerve growth factor for the repair treatment of
traumatic brain injury. Pradhan et al. (2019) developed an
injectable hydrogel based on acetylcholine-functionalized
graphene oxide and polyacrylic acid. The hydrogel was
injected into the brain to rapidly fill tissue defects, promote
neuronal growth and stabilise microtubule networks, which is
very promising in the regeneration of neural tissue. Qian et al.
(2021) designed an injectable hydrogel (Cur-TM/PC) based on
curcumin, poly (propylene sulfide) 120 and matrix
metalloproteinase-responsive triglycerol monostearate for
repair after brain injury. The hydrogel responds to the tissue
microenvironment after brain injury and releases curcumin
consistently and efficiently to remove uncontrolled reactive
oxygen species from brain tissue and promote neuronal
regeneration and recovery.

Hydrogels have adjustable mechanical strength and good
biodegradability. Therefore, during the initial phase of nerve
tissue repair, the hydrogel can perfectly fill the nerve tissue defect
and provide mechanical support for the growth of new tissue. As the
repair proceeds, the hydrogel gradually degrades to provide space for

FIGURE 7
Functional hydrogels can be used for repair of bone, skin, muscle and nerve tissue defects. (A) polydopamine-modified hydroxybutyl chitosan
hydrogel loaded with aspirin and bone morphogenetic protein-2 (BMP-2) for the repair and regeneration of bone tissue defects. Reproduced with
permission (Wan et al., 2022). Copyright 2022, Elsevier Ltd. (B) Schematic diagram of the mechanism of action of the LHP hydrogel in promoting diabetic
wound healing. Reproduced with permission (Lu et al., 2021). Copyright 2021, John Wiley & Sons. (C) Methacrylic acid-based hydrogels enhance
skeletal muscle regeneration after volumetricmuscle loss inmice. Reproducedwith permission (Carleton et al., 2021). Copyright 2021, Elsevier Ltd. (D) An
injectable hydrogel based on curcumin, poly (propylene sulfide). 120 and matrix metalloproteinase-responsive triglycerol monostearate for repair after
brain injury. Reproduced with permission (Qian et al., 2021). Copyright 2021, Elsevier Ltd.
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the new nerve tissue (Niemczyk et al., 2018). Ghuman et al. (2018)
reported a biodegradable extracellular matrix hydrogel based on
porcine-derived bladder matrix for the repair of endogenous brain
tissue after stroke. They also found that only softer hydrogels that
matched the mechanical properties of brain tissue could be used to
promote neural tissue repair in the lesioned cavity. In addition, the
shape adaptability of the hydrogel is another reason for its ability to
efficiently promote nerve tissue repair. Different types of
neurological tissue defects require hydrogels in different shapes
for treatment. For example, stroke causes irregularly shaped
neural cavities in brain tissue, which requires hydrogels to fill
and repair in a matching shape. For spinal cord and peripheral
nerve injuries, hydrogels in the form of tubes are more conducive to
bridging and repair. Wang et al. (2020) reported an injectable silk-
gel scaffold doped with carbon nanotubes for stroke treatment. The
experiments showed that the scaffold could precisely match any
irregularly shaped neural cavity after injection into the brain tissue,
thus accelerating the growth of new neuronal networks into the
cavity. Hamid et al. (2021) successfully developed a bionic tubular
scaffold composed of polycaprolactone, alginate or gelatin
methacrylate and loaded with embryoids to promote spinal cord
tissue repair by 3D printing technology. Gao et al. (2023) reported a
hybrid gelatin and hyaluronic acid hydrogel capable of modulating
the immune microenvironment for helping damaged spinal cord
tissue achieve complete repair. He et al. (2019) developed a

hyaluronic acid-methylcellulose hydrogel modified with anti-
inflammatory peptides and brain-derived neurotrophic factors.
The hydrogel could promote functional recovery of the damaged
spinal cord by modulating inflammatory cytokine levels and
improving axonal regeneration. Liu et al. (2022) reported a
dopamine-modified chitosan hydrogel. The hydrogel has
excellent biocompatibility and antioxidant properties, which
can improve the adverse microenvironment of the damaged
spinal cord thus promoting the repair and regeneration of
spinal cord tissue. Lingling Chen et al. (2022) designed a
conductive hydrogel (MoS2/GO/PVA) based on graphene
oxide, molybdenum sulfide, and polyvinyl alcohol. This kind
of hydrogel has excellent electrical conductivity and anti-
inflammatory activity, and can promote endogenous
regeneration of spinal cord tissue and inhibit activation of
glial cells at the site of injury, for which the hydrogel can
restore the function of spinal cord tissue (Table 2).

4 Discussion and prospects

This paper summarises and discusses four prominent
advantages of hydrogels and their application and progress in
the repair and regeneration of tissue defects. We believe that with
continued development and practice, functional hydrogels will

TABLE 1 The outstanding advantages of hydrogels.

Advantages Characteristics Representative hydrogels

Physicochemical properties structure; stiffness; degradability; pore size electrospun PLLA (Saino et al., 2011); polyacrylamide (Shih et al.,
2011); NH2-Gelatin/AT-OHA (Liu et al., 2023); HAMA (Lu et al.,
2022)

Shape adaptation rheology PVA/Na2B4O7/TEOS (Zheng S. et al., 2022); Fb/PEO (Kim J. A.
et al., 2021); rGO (Liang et al., 2019)

Tissue adhesion wet adhesion AD/CS/RSF (Zhang F. X. et al., 2021); PAAcVI (Wang X. et al.,
2022); GelMA/HA-NB (Hong et al., 2019)

Delivery systems hydrophobic drugs; bioactive reagents; exogenous cells curcumin/glycosaminoglycan (Zhang et al., 2022); TGF-β3/
PLGA/mPA (Lin et al., 2021); hUMSCs/GelMA/Chi-C (Xu et al.,
2019)

Controlled release light; temperature; pH; redox potential; magnetism HG1-CW (Yang et al., 2020); CS/β-GP/gelatin (Xu et al., 2019);
HA/AED (Gao et al., 2019); HA/CMNPs (Daya et al., 2022)

Self-healing properties physical self-healing; chemically self-healing Alg-CD/Ad-GO (Soltani et al., 2021); HA-PBA/PVA.

TABLE 2 Applications of hydrogels for repair and regeneration of tissue defects.

Applications Classification Representative hydrogels

Cartilage tissue
defects

articular cartilage defects GelMA-AGA/VPA (Chen Z. et al., 2021); CS/PCL/SMSCs/TFNA (Li P. et al., 2021)

Bone tissue defects bone defects; osteoporosis BP/alginate/NIPAM (Wang X. E. et al., 2022); DACNC/CHI-C (Huang W. J. et al., 2021); ICPN/DHCP
(Kuang et al., 2021)

Skin Wounds infected wounds; burn wounds; diabetic
wounds

Gel-DA/GG@Ag NPs (Zhang H. et al., 2021); CCOD-MgO (Tang et al., 2021); CS-AT-Exo (Wang K.
et al., 2022)

Muscle tissue defects skeletal muscle defects; myocardial defect MAA-collagen (Carleton et al., 2021); P(CS-CA-NIPAM) (Jiang et al., 2022)

Nerve tissue defects brain injury; spinal cord injury Cur-TM/PC (Qian et al., 2021); MoS2/GO/PVA (Chen L. et al., 2022)
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change the paradigm of tissue defect treatment and become the
most competitive material in tissue engineering for use in the
clinical setting. Transplantation, with limitations such as surgical
complexity, immune rejection and lack of donor tissue, will be
replaced by hydrogel therapy, which is safe, stable, consistently
efficient, easy to control, easy to use and highly spatiotemporally
selective with a low invasive load. At the same time, hydrogels, as
intelligent delivery systems capable of releasing therapeutic
reagents on demand, will allow individualised treatment based
on patient specificity and tissue defect specificity, thus greatly
improving treatment efficiency and saving economic costs.
Despite the obvious advantages of hydrogels in the field of
tissue regeneration, many challenges still need to be overcome
before hydrogels can be used in clinical applications. First, the
function of hydrogels is currently being studied mainly through
in vitro cellular and in vivo animal experiments. While these
studies are easy to monitor, convenient and reproducible, they
still do not provide a true and accurate picture of the long-term
effects of hydrogels in the regeneration of human tissue defects.
Second, the specific mechanisms and signalling pathways by
which many hydrogels interact with cells have not been fully
investigated, which is one of the key reasons why hydrogels
are still difficult to use in the clinic. Finally, the properties
of hydrogels can vary depending on their material
composition, concentration, synthesis strategy, manufacturing
process and cross-linking method, for which before hydrogels
can be used on a large scale in the clinical setting, it is essential
that they are screened and optimised to construct a library
of materials to standardise these factors influencing hydrogel
performance. In conclusion, hydrogels have outstanding
advantages in the repair and regeneration of tissue defects and
are likely to change the treatment paradigm of tissue defects,
but there is still a long way to go, and we need to continue our
research and exploration.

Author contributions

XL, conceptualization, writing—original draft, writing—reviewing
and editing, figure preparation; MX, writing—original draft,
writing—reviewing and editing; ZG, writing—original draft; YL,
conceptualization, writing–reviewing and editing. All authors
contributed to manuscript revision, read, and approved the submitted
version. All authors listed havemade a substantial, direct, and intellectual
contribution to the work and approved it for publication. All authors
contributed to the article and approved the submitted version.

Funding

The National Natural Science Foundation of China (NO.
81701008), Key research and development program of Shandong
Province, China (NO. 2019GSF108187) and Special funds for
Taishan Scholars Project of Shandong Province.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Adepu, S., and Ramakrishna, S. (2021). Controlled drug delivery systems: Current
status and future directions. Molecules 26 (19), 5905. doi:10.3390/molecules26195905

Alheib, O., da Silva, L. P., da Silva Morais, A., Mesquita, K. A., Pirraco, R. P., Reis, R.
L., et al. (2022). Injectable laminin-biofunctionalized gellan gum hydrogels loaded with
myoblasts for skeletal muscle regeneration. Acta Biomater. 143, 282–294. Epub
2022 Mar 9. doi:10.1016/j.actbio.2022.03.008

Arceo-Mendoza, R. M., and Camacho, P. M. (2021). Postmenopausal osteoporosis:
Latest guidelines. Endocrinol. Metab. Clin. North Am. 50 (2), 167–178. doi:10.1016/j.ecl.
2021.03.009

Arno, M. C., Inam, M., Weems, A. C., Li, Z., Binch, A. L. A., Platt, C. I., et al. (2020).
Exploiting the role of nanoparticle shape in enhancing hydrogel adhesive and
mechanical properties. Nat. Commun. 11 (1), 1420. doi:10.1038/s41467-020-15206-y

Basurto, I. M., Passipieri, J. A., Gardner, G. M., Smith, K. K., Amacher, A. R.,
Hansrisuk, A. I., et al. (2022). Photoreactive hydrogel stiffness influences volumetric
muscle loss repair. Tissue Eng. Part A 28 (7-8), 312–329. doi:10.1089/ten.TEA.2021.
0137

Benmelouka, A. Y., Munir, M., Sayed, A., Attia, M. S., Ali, M. M., Negida, A., et al.
(2021). Neural stem cell-based therapies and glioblastoma management: Current
evidence and clinical challenges. Int. J. Mol. Sci. 22 (5), 2258. doi:10.3390/ijms22052258

Bian, J., Bao, L., Gao, X., Wen, X., Zhang, Q., Huang, J., et al. (2022). Bacteria-
engineered porous sponge for hemostasis and vascularization. J. Nanobiotechnology 20
(1), 47. doi:10.1186/s12951-022-01254-7

Bordoni, M., Scarian, E., Rey, F., Gagliardi, S., Carelli, S., Pansarasa, O., et al. (2020).
Biomaterials in neurodegenerative disorders: A promising therapeutic approach. Int.
J. Mol. Sci. 21 (9), 3243. doi:10.3390/ijms21093243

Bovone, G., Dudaryeva, O. Y., Marco-Dufort, B., and Tibbitt, M. W. (2021).
Engineering hydrogel adhesion for biomedical applications via chemical design of
the junction. ACS Biomater. Sci. Eng. 7 (9), 4048–4076. Epub 2021 Apr 1. doi:10.1021/
acsbiomaterials.0c01677

Burgess, K. A., Frati, C., Meade, K., Gao, J., Castillo Diaz, L., Madeddu, D., et al.
(2021). Functionalised peptide hydrogel for the delivery of cardiac progenitor
cells. Mater Sci. Eng. C Mater Biol. Appl. 119, 111539. doi:10.1016/j.msec.2020.
111539

Cai, C., Zhang, X., Li, Y., Liu, X., Wang, S., Lu, M., et al. (2022). Self-healing hydrogel
embodied with macrophage-regulation and responsive-gene-silencing properties for
synergistic prevention of peritendinous adhesion. Adv. Mater 34 (5), e2106564. Epub
2021 Dec 16. doi:10.1002/adma.202106564

Carleton, M. M., Locke, M., and Sefton, M. V. (2021). Methacrylic acid-based
hydrogels enhance skeletal muscle regeneration after volumetric muscle loss in
mice. Biomaterials 275, 120909. Epub 2021 May 24. doi:10.1016/j.biomaterials.2021.
120909

Carrier, A. N., Verma, A., Mohiuddin, M., Pascual, M., Muller, Y. D., Longchamp, A.,
et al. (2022). Xenotransplantation: A new era. Front. Immunol. 13, 900594. doi:10.3389/
fimmu.2022.900594

Chang, H., Cai, F., Zhang, Y., Jiang, M., Yang, X., Qi, J., et al. (2022). Silencing gene-
engineered injectable hydrogel microsphere for regulation of extracellular matrix
metabolism balance. Small Methods 6 (4), e2101201. Epub 2022 Jan 6. doi:10.1002/
smtd.202101201

Chen, H., Fan, L., Peng, N., Yin, Y., Mu, D.,Wang, J., et al. (2022). Galunisertib-loaded
gelatin methacryloyl hydrogel microneedle patch for cardiac repair after myocardial

Frontiers in Bioengineering and Biotechnology frontiersin.org15

Li et al. 10.3389/fbioe.2023.1190171

https://doi.org/10.3390/molecules26195905
https://doi.org/10.1016/j.actbio.2022.03.008
https://doi.org/10.1016/j.ecl.2021.03.009
https://doi.org/10.1016/j.ecl.2021.03.009
https://doi.org/10.1038/s41467-020-15206-y
https://doi.org/10.1089/ten.TEA.2021.0137
https://doi.org/10.1089/ten.TEA.2021.0137
https://doi.org/10.3390/ijms22052258
https://doi.org/10.1186/s12951-022-01254-7
https://doi.org/10.3390/ijms21093243
https://doi.org/10.1021/acsbiomaterials.0c01677
https://doi.org/10.1021/acsbiomaterials.0c01677
https://doi.org/10.1016/j.msec.2020.111539
https://doi.org/10.1016/j.msec.2020.111539
https://doi.org/10.1002/adma.202106564
https://doi.org/10.1016/j.biomaterials.2021.120909
https://doi.org/10.1016/j.biomaterials.2021.120909
https://doi.org/10.3389/fimmu.2022.900594
https://doi.org/10.3389/fimmu.2022.900594
https://doi.org/10.1002/smtd.202101201
https://doi.org/10.1002/smtd.202101201
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1190171


infarction. ACS Appl. Mater Interfaces 14 (36), 40491–40500. Epub 2022 Aug 29. doi:10.
1021/acsami.2c05352

Chen, L., Wang, W., Lin, Z., Lu, Y., Chen, H., Li, B., et al. (2022). Conducting
molybdenum sulfide/graphene oxide/polyvinyl alcohol nanocomposite hydrogel for
repairing spinal cord injury. J. Nanobiotechnology 20 (1), 210. doi:10.1186/s12951-022-
01396-8

Chen, P., Lu, M., Wang, T., Dian, D., Zhong, Y., and Aleahmad, M. (2021). Human
amniotic membrane as a delivery vehicle for stem cell-based therapies. Life Sci. 272,
119157. Epub 2021 Jan 29. doi:10.1016/j.lfs.2021.119157

Chen, X., Tan, B., Wang, S., Tang, R., Bao, Z., Chen, G., et al. (2021). Rationally
designed protein cross-linked hydrogel for bone regeneration via synergistic release of
magnesium and zinc ions. Biomaterials 274, 120895. doi:10.1016/j.biomaterials.2021.
120895

Chen, Z., Xiao, H., Zhang, H., Xin, Q., Zhang, H., Liu, H., et al. (2021). Heterogenous
hydrogel mimicking the osteochondral ECM applied to tissue regeneration. J. Mater
Chem. B 9 (41), 8646–8658. doi:10.1039/d1tb00518a

Church, D., Elsayed, S., Reid, O., Winston, B., and Lindsay, R. (2006). Burn wound
infections. Clin. Microbiol. Rev. 19 (2), 403–434. doi:10.1128/cmr.19.2.403-434.2006

Cook, K. A., Naguib, N., Kirsch, J., Hohl, K., Colby, A. H., Sheridan, R., et al. (2021). In
situ gelling and dissolvable hydrogels for use as on-demand wound dressings for burns.
Biomater. Sci. 9 (20), 6842–6850. doi:10.1039/d1bm00711d

Daya, R., Xu, C., Nguyen, N. T., and Liu, H. H. (2022). Angiogenic hyaluronic acid
hydrogels with curcumin-coated magnetic nanoparticles for tissue repair. ACS Appl.
Mater Interfaces 14 (9), 11051–11067. doi:10.1021/acsami.1c19889

Dehli, F., Rebers, L., Stubenrauch, C., and Southan, A. (2019). Highly ordered gelatin
methacryloyl hydrogel foams with tunable pore size. Biomacromolecules 20 (7),
2666–2674. doi:10.1021/acs.biomac.9b00433

den Dekker, A., Davis, F. M., Kunkel, S. L., and Gallagher, K. A. (2019). Targeting
epigenetic mechanisms in diabetic wound healing. Transl. Res. 204, 39–50. Epub
2018 Oct 10. doi:10.1016/j.trsl.2018.10.001

Detante, O., Jaillard, A., Moisan, A., Barbieux, M., Favre, I. M., Garambois, K., et al.
(2014). Biotherapies in stroke. Rev. Neurol. Paris. 170 (12), 779–798. Epub 2014 Nov 6.
doi:10.1016/j.neurol.2014.10.005

Du, F., Qiao, B., Nguyen, T. D., Vincent, M. P., Bobbala, S., Yi, S., et al. (2020).
Homopolymer self-assembly of poly(propylene sulfone) hydrogels via dynamic
noncovalent sulfone-sulfone bonding. Nat. Commun. 11 (1), 4896. doi:10.1038/
s41467-020-18657-5

Fang, J., Li, P., Lu, X., Fang, L., Lu, X., and Ren, F. (2019). A strong, tough, and
osteoconductive hydroxyapatite mineralized polyacrylamide/dextran hydrogel for bone
tissue regeneration. Acta Biomater. 88, 503–513. doi:10.1016/j.actbio.2019.02.019

Flégeau, K., Pace, R., Gautier, H., Rethore, G., Guicheux, J., Le Visage, C., et al. (2017).
Toward the development of biomimetic injectable and macroporous biohydrogels for
regenerative medicine. Adv. Colloid Interface Sci. 247, 589–609. doi:10.1016/j.cis.2017.
07.012

Forjuoh, S. N. (2006). Burns in low- and middle-income countries: A review of
available literature on descriptive epidemiology, risk factors, treatment, and prevention.
Burns 32 (5), 529–537. doi:10.1016/j.burns.2006.04.002

Fourmann, O., Hausmann, M. K., Neels, A., Schubert, M., Nyström, G.,
Zimmermann, T., et al. (2021). 3D printing of shape-morphing and antibacterial
anisotropic nanocellulose hydrogels. Carbohydr. Polym. 259, 117716. Epub 2021 Feb
1. doi:10.1016/j.carbpol.2021.117716

Gao, X., You, Z., Li, Y., Kang, X., Yang, W., Wang, H., et al. (2023). Multifunctional
hydrogel modulates the immune microenvironment to improve allogeneic spinal cord
tissue survival for complete spinal cord injury repair. Acta Biomater. 155, 235–246.
doi:10.1016/j.actbio.2022.11.015

Gao, Y., Yuan, Z., Yuan, X., Wan, Z., Yu, Y., Zhan, Q., et al. (2022). Bioinspired porous
microspheres for sustained hypoxic exosomes release and vascularized bone
regeneration. Bioact. Mater 14, 377–388. doi:10.1016/j.bioactmat.2022.01.041

Gao, Z., Golland, B., Tronci, G., and Thornton, P. D. (2019). A redox-responsive
hyaluronic acid-based hydrogel for chronic wound management. J. Mater Chem. B 7
(47), 7494–7501. doi:10.1039/c9tb01683j

Ghuman, H., Mauney, C., Donnelly, J., Massensini, A. R., Badylak, S. F., and Modo,
M. (2018). Biodegradation of ECM hydrogel promotes endogenous brain tissue
restoration in a rat model of stroke. Acta Biomater. 80, 66–84. Epub 2018 Sep 16.
doi:10.1016/j.actbio.2018.09.020

Gilbert-Honick, J., and Grayson, W. (2020). Vascularized and innervated skeletal
muscle tissue engineering. Adv. Healthc. Mater 9 (1), e1900626. Epub 2019 Oct 17.
doi:10.1002/adhm.201900626

Grimaudo, M. A., Krishnakumar, G. S., Giusto, E., Furlani, F., Bassi, G., Rossi, A., et al.
(2022). Bioactive injectable hydrogels for on demand molecule/cell delivery and for
tissue regeneration in the central nervous system. Acta Biomater. 140, 88–101. Epub
2021 Nov 28. doi:10.1016/j.actbio.2021.11.038

Guan, Y., Niu, H., Liu, Z., Dang, Y., Shen, J., Zayed, M., et al. (2021). Sustained
oxygenation accelerates diabetic wound healing by promoting epithelialization and

angiogenesis and decreasing inflammation. Sci. Adv. 7 (35), eabj0153. doi:10.1126/
sciadv.abj0153

Guariguata, L., Whiting, D. R., Hambleton, I., Beagley, J., Linnenkamp, U., and Shaw,
J. E. (2014). Global estimates of diabetes prevalence for 2013 and projections for 2035.
Diabetes Res. Clin. Pract. 103 (2), 137–149. doi:10.1016/j.diabres.2013.11.002

Guimarães, C. F., Ahmed, R., Marques, A. P., Reis, R. L., and Demirci, U. (2021).
Engineering hydrogel-based biomedical photonics: Design, fabrication, and
applications. Adv. Mater 33 (23), e2006582. Epub 2021 Apr 30. doi:10.1002/adma.
202006582

Gurtner, G. C., Werner, S., Barrandon, Y., and Longaker, M. T. (2008). Wound repair
and regeneration. Nature 453 (7193), 314–321. doi:10.1038/nature07039

Hamid, O. A., Eltaher, H. M., Sottile, V., and Yang, J. (2021). 3D bioprinting of a stem
cell-laden, multi-material tubular composite: An approach for spinal cord repair.Mater
Sci. Eng. C Mater Biol. Appl. 120, 111707. Epub 2020 Nov 6. doi:10.1016/j.msec.2020.
111707

Hao, F., Wang, L., Chen, B., Qiu, L., Nie, J., and Ma, G. (2021). Bifunctional smart
hydrogel dressing with strain sensitivity and NIR-responsive performance. ACS Appl.
Mater Interfaces 13 (39), 46938–46950. doi:10.1021/acsami.1c15312

Hasani-Sadrabadi, M. M., Sarrion, P., Pouraghaei, S., Chau, Y., Ansari, S., Li, S., et al.
(2020). An engineered cell-laden adhesive hydrogel promotes craniofacial bone tissue
regeneration in rats. Sci. Transl. Med. 12 (534), eaay6853. doi:10.1126/scitranslmed.
aay6853

Haung, S. M., Lin, Y. T., Liu, S. M., Chen, J. C., and Chen, W. C. (2021). In vitro
evaluation of a composite gelatin–hyaluronic acid–alginate porous scaffold with
different pore distributions for cartilage regeneration. Gels 7 (4), 165. doi:10.3390/
gels7040165

He, J., Zhang, X., Xia, X., Han, M., Li, F., Li, C., et al. (2020). Organoid technology for
tissue engineering. J. Mol. Cell. Biol. 12 (8), 569–579. doi:10.1093/jmcb/mjaa012

He, Z., Zang, H., Zhu, L., Huang, K., Yi, T., Zhang, S., et al. (2019). An anti-
inflammatory peptide and brain-derived neurotrophic factor-modified hyaluronan-
methylcellulose hydrogel promotes nerve regeneration in rats with spinal cord injury.
Int. J. Nanomedicine 14, 721–732. doi:10.2147/IJN.S187854

Heng, B. C., Bai, Y., Li, X., Lim, L. W., Li, W., Ge, Z., et al. (2023). Electroactive
biomaterials for facilitating bone defect repair under pathological conditions. Adv. Sci.
(Weinh). 10 (2), e2204502. Epub 2022 Dec 1. doi:10.1002/advs.202204502

Hogrebe, N. J., Reinhardt, J. W., and Gooch, K. J. (2017). Biomaterial
microarchitecture: A potent regulator of individual cell behavior and multicellular
organization. J. Biomed. Mater Res. A 105 (2), 640–661. Epub 2016 Nov 3. PMID:
27682265. doi:10.1002/jbm.a.35914

Hong, Y., Zhou, F., Hua, Y., Zhang, X., Ni, C., Pan, D., et al. (2019). A strongly
adhesive hemostatic hydrogel for the repair of arterial and heart bleeds. Nat. Commun.
10 (1), 2060. doi:10.1038/s41467-019-10004-7

Hua, Y., Xia, H., Jia, L., Zhao, J., Zhao, D., Yan, X., et al. (2021). Ultrafast, tough, and
adhesive hydrogel based on hybrid photocrosslinking for articular cartilage repair in
water-filled arthroscopy. Sci. Adv. 7 (35), eabg0628. doi:10.1126/sciadv.abg0628

Huang, B., Li, P., Chen, M., Peng, L., Luo, X., Tian, G., et al. (2022). Hydrogel
composite scaffolds achieve recruitment and chondrogenesis in cartilage tissue
engineering applications. J. Nanobiotechnology 20 (1), 25. doi:10.1186/s12951-021-
01230-7

Huang, F., Chen, T., Chang, J., Zhang, C., Liao, F., Wu, L., et al. (2021). A conductive
dual-network hydrogel composed of oxidized dextran and hyaluronic-hydrazide as
BDNF delivery systems for potential spinal cord injury repair. Int. J. Biol. Macromol.
167, 434–445. Epub 2020 Dec 2. doi:10.1016/j.ijbiomac.2020.11.206

Huang, T., Zhou, Z., Li, Q., Tang, X., Chen, X., Ge, Y., et al. (2022). Light-triggered
adhesive silk-based film for effective photodynamic antibacterial therapy and rapid
hemostasis. Front. Bioeng. Biotechnol. 9, 820434. doi:10.3389/fbioe.2021.820434

Huang, W. C., Ying, R., Wang, W., Guo, Y. N., He, Y. J., Mo, X. Y., et al. (2020). A
macroporous hydrogel dressing with enhanced antibacterial and anti-inflammatory
capabilities for accelerated wound healing. Adv. Funct. Mater 30 (21), 2000644. doi:10.
1002/adfm.202000644

Huang, W. J., Cheng, S., Wang, X. L., Zhang, Y., Chen, L. Y., and Zhang, L. N. (2021).
Noncompressible hemostasis and bone regeneration induced by an absorbable
bioadhesive self-healing hydrogel. Adv. Funct. Mater 31 (22), 2009189. doi:10.1002/
adfm.202009189

Huang, W., Wang, Y., Huang, Z., Wang, X., Chen, L., Zhang, Y., et al. (2018). On-
demand dissolvable self-healing hydrogel based on carboxymethyl chitosan and
cellulose nanocrystal for deep partial thickness burn wound healing. ACS Appl.
Mater Interfaces 10 (48), 41076–41088. doi:10.1021/acsami.8b14526

Ianchis, R., Ninciuleanu, C. M., Gifu, I. C., Alexandrescu, E., Nistor, C. L., Nitu, S.,
et al. (2020). Hydrogel-clay nanocomposites as carriers for controlled release. Curr.
Med. Chem. 27 (6), 919–954. doi:10.2174/0929867325666180831151055

Jagaran, K., and Singh, M. (2021). Nanomedicine for neurodegenerative disorders:
Focus on Alzheimer’s and Parkinson’s diseases. Int. J. Mol. Sci. 22 (16), 9082. doi:10.
3390/ijms22169082

Frontiers in Bioengineering and Biotechnology frontiersin.org16

Li et al. 10.3389/fbioe.2023.1190171

https://doi.org/10.1021/acsami.2c05352
https://doi.org/10.1021/acsami.2c05352
https://doi.org/10.1186/s12951-022-01396-8
https://doi.org/10.1186/s12951-022-01396-8
https://doi.org/10.1016/j.lfs.2021.119157
https://doi.org/10.1016/j.biomaterials.2021.120895
https://doi.org/10.1016/j.biomaterials.2021.120895
https://doi.org/10.1039/d1tb00518a
https://doi.org/10.1128/cmr.19.2.403-434.2006
https://doi.org/10.1039/d1bm00711d
https://doi.org/10.1021/acsami.1c19889
https://doi.org/10.1021/acs.biomac.9b00433
https://doi.org/10.1016/j.trsl.2018.10.001
https://doi.org/10.1016/j.neurol.2014.10.005
https://doi.org/10.1038/s41467-020-18657-5
https://doi.org/10.1038/s41467-020-18657-5
https://doi.org/10.1016/j.actbio.2019.02.019
https://doi.org/10.1016/j.cis.2017.07.012
https://doi.org/10.1016/j.cis.2017.07.012
https://doi.org/10.1016/j.burns.2006.04.002
https://doi.org/10.1016/j.carbpol.2021.117716
https://doi.org/10.1016/j.actbio.2022.11.015
https://doi.org/10.1016/j.bioactmat.2022.01.041
https://doi.org/10.1039/c9tb01683j
https://doi.org/10.1016/j.actbio.2018.09.020
https://doi.org/10.1002/adhm.201900626
https://doi.org/10.1016/j.actbio.2021.11.038
https://doi.org/10.1126/sciadv.abj0153
https://doi.org/10.1126/sciadv.abj0153
https://doi.org/10.1016/j.diabres.2013.11.002
https://doi.org/10.1002/adma.202006582
https://doi.org/10.1002/adma.202006582
https://doi.org/10.1038/nature07039
https://doi.org/10.1016/j.msec.2020.111707
https://doi.org/10.1016/j.msec.2020.111707
https://doi.org/10.1021/acsami.1c15312
https://doi.org/10.1126/scitranslmed.aay6853
https://doi.org/10.1126/scitranslmed.aay6853
https://doi.org/10.3390/gels7040165
https://doi.org/10.3390/gels7040165
https://doi.org/10.1093/jmcb/mjaa012
https://doi.org/10.2147/IJN.S187854
https://doi.org/10.1002/advs.202204502
https://doi.org/10.1002/jbm.a.35914
https://doi.org/10.1038/s41467-019-10004-7
https://doi.org/10.1126/sciadv.abg0628
https://doi.org/10.1186/s12951-021-01230-7
https://doi.org/10.1186/s12951-021-01230-7
https://doi.org/10.1016/j.ijbiomac.2020.11.206
https://doi.org/10.3389/fbioe.2021.820434
https://doi.org/10.1002/adfm.202000644
https://doi.org/10.1002/adfm.202000644
https://doi.org/10.1002/adfm.202009189
https://doi.org/10.1002/adfm.202009189
https://doi.org/10.1021/acsami.8b14526
https://doi.org/10.2174/0929867325666180831151055
https://doi.org/10.3390/ijms22169082
https://doi.org/10.3390/ijms22169082
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1190171


Jenča, D., Melenovský, V., Stehlik, J., Staněk, V., Kettner, J., Kautzner, J., et al. (2021).
Heart failure after myocardial infarction: Incidence and predictors. Esc. Heart Fail 8 (1),
222–237. doi:10.1002/ehf2.13144

Jeong, G. J., Castels, H., Kang, I., Aliya, B., and Jang, Y. C. (2022). Nanomaterial for
skeletal muscle regeneration. Tissue Eng. Regen. Med. 19 (2), 253–261. doi:10.1007/
s13770-022-00446-4

Jiang, Y. L., Niu, S., Lin, Z., Li, L., Yang, P., Rao, P., et al. (2022). Injectable hydrogel
with dual-sensitive behavior for targeted delivery of oncostatin M to improve cardiac
restoration after myocardial infarction. J. Mater Chem. B 10 (34), 6514–6531. doi:10.
1039/d2tb00623e

Jo, B., Morimoto, Y., and Takeuchi, S. (2022). Skeletal muscle-adipose cocultured
tissue fabricated using cell-laden microfibers and a hydrogel sheet. Biotechnol. Bioeng.
119 (2), 636–643. Epub 2021 Nov 23. doi:10.1002/bit.27989

Kass, L. E., and Nguyen, J. (2022). Nanocarrier-hydrogel composite delivery systems
for precision drug release. Wiley Interdiscip. Rev. Nanomed Nanobiotechnol 14 (2),
e1756. doi:10.1002/wnan.1756

Kawaguchi, S., Soma, Y., Nakajima, K., Kanazawa, H., Tohyama, S., Tabei, R., et al.
(2021). Intramyocardial transplantation of human iPS cell-derived cardiac spheroids
improves cardiac function in heart failure animals. JACC Basic Transl. Sci. 6 (3),
239–254. doi:10.1016/j.jacbts.2020.11.017

Khan, F., Atif, M., Haseen, M., Kamal, S., Khan, M. S., Shahid, S., et al. (2022).
Synthesis, classification and properties of hydrogels: Their applications in drug delivery
and agriculture. J. Mater Chem. B 10 (2), 170–203. doi:10.1039/d1tb01345a

Kim, J. A., An, Y. H., Yim, H. G., Han, W. J., Park, Y. B., Park, H. J., et al. (2021).
Injectable fibrin/polyethylene oxide semi-IPN hydrogel for a segmental meniscal
defect regeneration. Am. J. Sports Med. 49 (6), 1538–1550. doi:10.1177/
0363546521998021

Kim, K., Bou-Ghannam, S., Kameishi, S., Oka, M., Grainger, D. W., and Okano, T.
(2021). Allogeneic mesenchymal stem cell sheet therapy: A new frontier in drug delivery
systems. J. Control Release 330, 696–704. Epub 2020 Dec 19. doi:10.1016/j.jconrel.2020.
12.028

Kuang, L. J., Huang, J. H., Liu, Y. T., Li, X. L., Yuan, Y., and Liu, C. S. (2021). Injectable
hydrogel with NIR light-responsive, dual-mode PTH release for osteoregeneration in
osteoporosis. Adv. Funct. Mater 31 (47), 2105383. doi:10.1002/adfm.202105383

Lee, A. S., de Lencastre, H., Garau, J., Kluytmans, J., Malhotra-Kumar, S., Peschel, A.,
et al. (2018). Methicillin-resistant Staphylococcus aureus. Nat. Rev. Dis. Prim. 4, 18033.
doi:10.1038/nrdp.2018.33

Lee, H., Kim, S. H., Lee, J. S., Lee, Y. J., Lee, O. J., Ajiteru, O., et al. (2022). Functional
skeletal muscle regeneration using muscle mimetic tissue fabricated by microvalve-
assisted coaxial 3D bioprinting. Adv. Healthc. Mater 12, e2202664. doi:10.1002/adhm.
202202664

Lee, S., Choi, J., Youn, J., Lee, Y., Kim, W., Choe, S., et al. (2021). Development and
evaluation of gellan gum/silk fibroin/chondroitin sulfate ternary injectable hydrogel for
cartilage tissue engineering. Biomolecules 11 (8), 1184. doi:10.3390/biom11081184

Li, D., Chen, K., Tang, H., Hu, S., Xin, L., Jing, X., et al. (2022). A logic-based
diagnostic and therapeutic hydrogel with multistimuli responsiveness to orchestrate
diabetic bone regeneration. Adv. Mater 34 (11), e2108430. Epub 2022 Feb 3. doi:10.
1002/adma.202108430

Li, D. S., Avazmohammadi, R., Rodell, C. B., Hsu, E. W., Burdick, J. A., Gorman, J. H.,
3rd, et al. (2020). How hydrogel inclusions modulate the local mechanical response in
early and fully formed post-infarcted myocardium. Acta Biomater. 114, 296–306. Epub
2020 Jul 30. doi:10.1016/j.actbio.2020.07.046

Li, J., Wang, W., Li, M., Song, P., Lei, H., Gui, X., et al. (2021). Biomimetic
methacrylated gelatin hydrogel loaded with bone marrow mesenchymal stem cells
for bone tissue regeneration. Front. Bioeng. Biotechnol. 9, 770049. doi:10.3389/fbioe.
2021.770049

Li, M., Song, P., Wang, W., Xu, Y., Li, J., Wu, L., et al. (2022). Preparation and
characterization of biomimetic gradient multi-layer cell-laden scaffolds for
osteochondral integrated repair. J. Mater Chem. B 10 (22), 4172–4188. doi:10.1039/
d2tb00576j

Li, P., Fu, L., Liao, Z., Peng, Y., Ning, C., Gao, C., et al. (2021). Chitosan hydrogel/
3D-printed poly(ε-caprolactone) hybrid scaffold containing synovial
mesenchymal stem cells for cartilage regeneration based on tetrahedral
framework nucleic acid recruitment. Biomaterials 278, 121131. doi:10.1016/j.
biomaterials.2021.121131

Li, Q., Xu, S., Feng, Q., Dai, Q., Yao, L., Zhang, Y., et al. (2021a). 3D printed silk-
gelatin hydrogel scaffold with different porous structure and cell seeding strategy for
cartilage regeneration. Bioact. Mater 6 (10), 3396–3410. doi:10.1016/j.bioactmat.2021.
03.013

Li Q., Q., Yu, H., Sun, M., Yang, P., Hu, X., Ao, Y., et al. (2021b). The tissue origin
effect of extracellular vesicles on cartilage and bone regeneration. Acta Biomater. 125,
253–266. doi:10.1016/j.actbio.2021.02.039

Li, R., Zhou, C., Chen, J., Luo, H., Li, R., Chen, D., et al. (2022). Synergistic osteogenic
and angiogenic effects of KP and QK peptides incorporated with an injectable and self-
healing hydrogel for efficient bone regeneration. Bioact. Mater 18, 267–283. doi:10.
1016/j.bioactmat.2022.02.011

Li, X., Duan, L., Kong, M., Wen, X., Guan, F., and Ma, S. (2022). Applications and
mechanisms of stimuli-responsive hydrogels in traumatic brain injury. Gels 8 (8), 482.
doi:10.3390/gels8080482

Li, X., Xu, X., Xu, M., Geng, Z., Ji, P., and Liu, Y. (2023). Hydrogel systems for targeted
cancer therapy. Front. Bioeng. Biotechnol. 11, 1140436. doi:10.3389/fbioe.2023.1140436

Liang, Y., Li, M., Yang, Y., Qiao, L., Xu, H., and Guo, B. (2022). pH/glucose dual
responsive metformin release hydrogel dressings with adhesion and self-healing via
dual-dynamic bonding for athletic diabetic foot wound healing. ACS Nano 16 (2),
3194–3207. doi:10.1021/acsnano.1c11040

Liang, Y., Zhao, X., Hu, T., Chen, B., Yin, Z., Ma, P. X., et al. (2019). Adhesive
hemostatic conducting injectable composite hydrogels with sustained drug release and
photothermal antibacterial activity to promote full-thickness skin regeneration during
wound healing. Small 15 (12), e1900046. Epub 2019 Feb 20. doi:10.1002/smll.201900046

Liao, X., Yang, X., Deng, H., Hao, Y., Mao, L., Zhang, R., et al. (2020). Injectable
hydrogel-based nanocomposites for cardiovascular diseases. Front. Bioeng. Biotechnol.
8, 251. doi:10.3389/fbioe.2020.00251

Lim, D. G., Kang, E., and Jeong, S. H. (2020). pH-dependent nanodiamonds enhance
the mechanical properties of 3D-printed hyaluronic acid nanocomposite hydrogels.
J. Nanobiotechnology 18 (1), 88. doi:10.1186/s12951-020-00647-w

Lin, S. J., Chan, Y. C., Su, Z. C., Yeh, W. L., Lai, P. L., and Chu, I. M. (2021). Growth
factor-loaded microspheres in mPEG-polypeptide hydrogel system for articular
cartilage repair. J. Biomed. Mater Res. A 109 (12), 2516–2526. Epub 2021 Jun 30.
doi:10.1002/jbm.a.37246

Liu, H., Feng, Y., Che, S., Guan, L., Yang, X., Zhao, Y., et al. (2023). An
electroconductive hydrogel scaffold with injectability and biodegradability to
manipulate neural stem cells for enhancing spinal cord injury repair.
Biomacromolecules 24 (1), 86–97. doi:10.1021/acs.biomac.2c00920

Liu, K., Dong, X., Wang, Y., Wu, X., and Dai, H. (2022). Dopamine-modified chitosan
hydrogel for spinal cord injury. Carbohydr. Polym. 298, 120047. doi:10.1016/j.carbpol.
2022.120047

Liu,W., Ou-Yang,W., Zhang, C., Wang, Q., Pan, X., Huang, P., et al. (2020). Synthetic
polymeric antibacterial hydrogel for methicillin-resistant Staphylococcus aureus-
infected wound healing: Nanoantimicrobial self-assembly, drug- and cytokine-free
strategy. ACS Nano 14 (10), 12905–12917. doi:10.1021/acsnano.0c03855

Liu, Y. N., Xiao, Y. Q., Cao, Y. Y., Guo, Z. R., Li, F., andWang, L. (2020). Construction
of chitosan-based hydrogel incorporated with antimonene nanosheets for rapid capture
and elimination of bacteria. Adv. Funct. Mater 30 (35), 2003196. doi:10.1002/adfm.
202003196

Loo, Y., Wong, Y. C., Cai, E. Z., Ang, C. H., Raju, A., Lakshmanan, A., et al. (2014).
Ultrashort peptide nanofibrous hydrogels for the acceleration of healing of burn
wounds. Biomaterials 35 (17), 4805–4814. doi:10.1016/j.biomaterials.2014.02.047

Lu, D., Zeng, Z., Geng, Z., Guo, C., Pei, D., Zhang, J., et al. (2022). Macroporous
methacrylated hyaluronic acid hydrogel with different pore sizes forin vitroandin
vivoevaluation of vascularization. Biomed. Mater 17 (2), 025006. doi:10.1088/1748-
605X/ac494b

Lu, Y. F., Li, H. S., Wang, J., Yao, M. Y., Peng, Y., Liu, T. F., et al. 2021, Engineering
bacteria-activated multifunctionalized hydrogel for promoting diabetic wound healing.
Adv. Funct. Mater 2021, 2105749, 31 doi:10.1002/adfm.20210574948).

Luo, M.,Wang, Y., Xie, C., and Lei, B. (2022). Multiple coordination-derived bioactive
hydrogel with proangiogenic hemostatic capacity for wound repair. Adv. Healthc. Mater
11 (18), e2200722. doi:10.1002/adhm.202200722

Lv, Z., Dong, C., Zhang, T., and Zhang, S. (2022). Hydrogels in spinal cord injury
repair: A review. Front. Bioeng. Biotechnol. 10, 931800. doi:10.3389/fbioe.2022.931800

Lyu, Y., Xie, J., Liu, Y., Xiao, M., Li, Y., Yang, J., et al. (2020). Injectable hyaluronic acid
hydrogel loaded with functionalized human mesenchymal stem cell aggregates for
repairing infarcted myocardium. ACS Biomater. Sci. Eng. 6 (12), 6926–6937. Epub
2020 Nov 5. doi:10.1021/acsbiomaterials.0c01344

Madry, H., Gao, L., Rey-Rico, A., Venkatesan, J. K., Müller-Brandt, K., Cai, X.,
et al. (2020). Thermosensitive hydrogel based on PEO-PPO-PEO poloxamers for a
controlled in situ release of recombinant adeno-associated viral vectors for
effective gene therapy of cartilage defects. Adv. Mater 32 (2), e1906508. doi:10.
1002/adma.201906508

Mao, C., Xiang, Y., Liu, X., Cui, Z., Yang, X., Yeung, K. W. K., et al. (2017). Photo-
inspired antibacterial activity and wound healing acceleration by hydrogel embedded
with Ag/Ag@AgCl/ZnO nanostructures. ACS Nano 11 (9), 9010–9021. doi:10.1021/
acsnano.7b03513

Matai, I., Kaur, G., Seyedsalehi, A., McClinton, A., and Laurencin, C. T. (2020).
Progress in 3D bioprinting technology for tissue/organ regenerative engineering.
Biomaterials 226, 119536. doi:10.1016/j.biomaterials.2019.119536

Meng, L., Shao, C., Cui, C., Xu, F., Lei, J., and Yang, J. (2020). Autonomous self-
healing silk fibroin injectable hydrogels formed via surfactant-free hydrophobic
association. ACS Appl. Mater Interfaces 12 (1), 1628–1639. Epub 2019 Dec 19.
doi:10.1021/acsami.9b19415

Mo, C., Luo, R., and Chen, Y. (2022). Advances in the stimuli-responsive injectable
hydrogel for controlled release of drugs.Macromol. Rapid Commun. 43 (10), e2200007.
Epub 2022 Apr 10. doi:10.1002/marc.202200007

Frontiers in Bioengineering and Biotechnology frontiersin.org17

Li et al. 10.3389/fbioe.2023.1190171

https://doi.org/10.1002/ehf2.13144
https://doi.org/10.1007/s13770-022-00446-4
https://doi.org/10.1007/s13770-022-00446-4
https://doi.org/10.1039/d2tb00623e
https://doi.org/10.1039/d2tb00623e
https://doi.org/10.1002/bit.27989
https://doi.org/10.1002/wnan.1756
https://doi.org/10.1016/j.jacbts.2020.11.017
https://doi.org/10.1039/d1tb01345a
https://doi.org/10.1177/0363546521998021
https://doi.org/10.1177/0363546521998021
https://doi.org/10.1016/j.jconrel.2020.12.028
https://doi.org/10.1016/j.jconrel.2020.12.028
https://doi.org/10.1002/adfm.202105383
https://doi.org/10.1038/nrdp.2018.33
https://doi.org/10.1002/adhm.202202664
https://doi.org/10.1002/adhm.202202664
https://doi.org/10.3390/biom11081184
https://doi.org/10.1002/adma.202108430
https://doi.org/10.1002/adma.202108430
https://doi.org/10.1016/j.actbio.2020.07.046
https://doi.org/10.3389/fbioe.2021.770049
https://doi.org/10.3389/fbioe.2021.770049
https://doi.org/10.1039/d2tb00576j
https://doi.org/10.1039/d2tb00576j
https://doi.org/10.1016/j.biomaterials.2021.121131
https://doi.org/10.1016/j.biomaterials.2021.121131
https://doi.org/10.1016/j.bioactmat.2021.03.013
https://doi.org/10.1016/j.bioactmat.2021.03.013
https://doi.org/10.1016/j.actbio.2021.02.039
https://doi.org/10.1016/j.bioactmat.2022.02.011
https://doi.org/10.1016/j.bioactmat.2022.02.011
https://doi.org/10.3390/gels8080482
https://doi.org/10.3389/fbioe.2023.1140436
https://doi.org/10.1021/acsnano.1c11040
https://doi.org/10.1002/smll.201900046
https://doi.org/10.3389/fbioe.2020.00251
https://doi.org/10.1186/s12951-020-00647-w
https://doi.org/10.1002/jbm.a.37246
https://doi.org/10.1021/acs.biomac.2c00920
https://doi.org/10.1016/j.carbpol.2022.120047
https://doi.org/10.1016/j.carbpol.2022.120047
https://doi.org/10.1021/acsnano.0c03855
https://doi.org/10.1002/adfm.202003196
https://doi.org/10.1002/adfm.202003196
https://doi.org/10.1016/j.biomaterials.2014.02.047
https://doi.org/10.1088/1748-605X/ac494b
https://doi.org/10.1088/1748-605X/ac494b
https://doi.org/10.1002/adfm.202105749
https://doi.org/10.1002/adhm.202200722
https://doi.org/10.3389/fbioe.2022.931800
https://doi.org/10.1021/acsbiomaterials.0c01344
https://doi.org/10.1002/adma.201906508
https://doi.org/10.1002/adma.201906508
https://doi.org/10.1021/acsnano.7b03513
https://doi.org/10.1021/acsnano.7b03513
https://doi.org/10.1016/j.biomaterials.2019.119536
https://doi.org/10.1021/acsami.9b19415
https://doi.org/10.1002/marc.202200007
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1190171


Mo, C., Xiang, L., and Chen, Y. (2021). Advances in injectable and self-healing
polysaccharide hydrogel based on the Schiff base reaction. Macromol. Rapid Commun.
42 (10), e2100025. Epub 2021 Apr 20. doi:10.1002/marc.202100025

Niemczyk, B., Sajkiewicz, P., and Kolbuk, D. (2018). Injectable hydrogels as novel
materials for central nervous system regeneration. J. Neural Eng. 15 (5), 051002. Epub
2018 Jun 11. doi:10.1088/1741-2552/aacbab

Noriega, S. E., Hasanova, G. I., Schneider, M. J., Larsen, G. F., and Subramanian, A.
(2012). Effect of fiber diameter on the spreading, proliferation and differentiation of
chondrocytes on electrospun chitosan matrices. Cells Tissues Organs 195 (3), 207–221.
doi:10.1159/000325144

Nuge, T., Liu, Z., Liu, X., Ang, B. C., Andriyana, A., Metselaar, H. S. C., et al. (2021).
Recent advances in scaffolding from natural-based polymers for volumetric muscle
injury. Molecules 26 (3), 699. doi:10.3390/molecules26030699

Nukuda, A., Sasaki, C., Ishihara, S., Mizutani, T., Nakamura, K., Ayabe, T., et al.
(2015). Stiff substrates increase YAP-signaling-mediated matrix metalloproteinase-7
expression. Oncogenesis 4 (9), e165. doi:10.1038/oncsis.2015.24

Okuchi, Y., Reeves, J., Ng, S. S., Doro, D. H., Junyent, S., Liu, K. J., et al. (2021). Wnt-
modified materials mediate asymmetric stem cell division to direct human osteogenic
tissue formation for bone repair. Nat. Mater. 20 (1), 108–118. doi:10.1038/s41563-020-
0786-5

Pakulska, M. M., Ballios, B. G., and Shoichet, M. S. (2012). Injectable hydrogels for
central nervous system therapy. Biomed. Mater 7 (2), 024101. doi:10.1088/1748-6041/7/
2/024101

Park, J. S., Chu, J. S., Tsou, A. D., Diop, R., Tang, Z., Wang, A., et al. (2011). The effect
of matrix stiffness on the differentiation of mesenchymal stem cells in response to TGF-
β. Biomaterials 32 (16), 3921–3930. doi:10.1016/j.biomaterials.2011.02.019

Peña, B., Laughter, M., Jett, S., Rowland, T. J., Taylor, M. R. G., Mestroni, L., et al.
(2018). Injectable hydrogels for cardiac tissue engineering. Macromol. Biosci. 18 (6),
e1800079. Epub 2018 May 7. doi:10.1002/mabi.201800079

Peper, S., Vo, T., Ahuja, N., Awad, K., Mikos, A. G., and Varanasi, V. (2021).
Bioprinted nanocomposite hydrogels: A proposed approach to functional restoration of
skeletal muscle and vascular tissue following volumetric muscle loss. Curr. Opin.
Pharmacol. 58, 35–43. Epub 2021 Apr 11. doi:10.1016/j.coph.2021.03.005

Philips, C., Terrie, L., and Thorrez, L. (2022). Decellularized skeletal muscle: A
versatile biomaterial in tissue engineering and regenerative medicine. Biomaterials 283,
121436. doi:10.1016/j.biomaterials.2022.121436

Piantanida, E., Alonci, G., Bertucci, A., and De Cola, L. (2019). Design of
nanocomposite injectable hydrogels for minimally invasive surgery. Acc. Chem. Res.
52 (8), 2101–2112. doi:10.1021/acs.accounts.9b00114

Pinton, L., Khedr, M., Lionello, V. M., Sarcar, S., Maffioletti, S. M., Dastidar, S., et al.
(2023). 3D human induced pluripotent stem cell-derived bioengineered skeletal muscles
for tissue, disease and therapy modeling. Nat. Protoc. 18, 1337–1376. doi:10.1038/
s41596-022-00790-8

Pradhan, K., Das, G., Khan, J., Gupta, V., Barman, S., Adak, A., et al. (2019). Neuro-
regenerative choline-functionalized injectable graphene oxide hydrogel repairs focal
brain injury. ACS Chem. Neurosci. 10 (3), 1535–1543. Epub 2018 Nov 28. doi:10.1021/
acschemneuro.8b00514

Qi, J., Yu, T., Hu, B., Wu, H., and Ouyang, H. (2021). Current biomaterial-based bone
tissue engineering and translational medicine. Int. J. Mol. Sci. 22 (19), 10233. doi:10.
3390/ijms221910233

Qian, F., Han, Y., Han, Z., Zhang, D., Zhang, L., Zhao, G., et al. (2021). In situ
implantable, post-trauma microenvironment-responsive, ROS Depletion Hydrogels for
the treatment of Traumatic brain injury. Biomaterials 270, 120675. Epub 2021 Feb 1.
doi:10.1016/j.biomaterials.2021.120675

Qiao, K., Xu, L., Tang, J., Wang, Q., Lim, K. S., Hooper, G., et al. (2022). The advances
in nanomedicine for bone and cartilage repair. J. Nanobiotechnology 20 (1), 141. doi:10.
1186/s12951-022-01342-8

Qiu, P., Li, M., Chen, K., Fang, B., Chen, P., Tang, Z., et al. (2020). Periosteal matrix-
derived hydrogel promotes bone repair through an early immune regulation coupled
with enhanced angio- and osteogenesis. Biomaterials 227, 119552. doi:10.1016/j.
biomaterials.2019.119552

Quan, L., Xin, Y., Wu, X., and Ao, Q. (2022). Mechanism of self-healing hydrogels and
application in tissue engineering. Polym. (Basel) 14 (11), 2184. doi:10.3390/
polym14112184

Quigley, A., Ngan, C., Firipis, K., O’Connell, C. D., Pirogova, E., Moulton, S. E., et al.
(2021). Towards bioengineered skeletal muscle: Recent developments in vitro and in
vivo. Essays Biochem. 65 (3), 555–567. doi:10.1042/EBC20200149

Quint, J. P., Samandari, M., Abbasi, L., Mollocana, E., Rinoldi, C., Mostafavi, A., et al.
(2022). Nanoengineered myogenic scaffolds for skeletal muscle tissue engineering.
Nanoscale 14 (3), 797–814. doi:10.1039/d1nr06143g

Rao, F., Wang, Y., Zhang, D., Lu, C., Cao, Z., Sui, J., et al. (2020). Aligned chitosan
nanofiber hydrogel grafted with peptides mimicking bioactive brain-derived
neurotrophic factor and vascular endothelial growth factor repair long-distance
sciatic nerve defects in rats. Theranostics 10 (4), 1590–1603. doi:10.7150/thno.36272

Rastogi, P., and Kandasubramanian, B. (2019). Review of alginate-based hydrogel
bioprinting for application in tissue engineering. Biofabrication 11 (4), 042001. doi:10.
1088/1758-5090/ab331e

Reid, I. R., and Billington, E. O. (2022). Drug therapy for osteoporosis in older adults.
Lancet 399 (10329), 1080–1092. Erratum in: Lancet. 2022 Sep 3;400(10354):732. doi:10.
1016/S0140-6736(21)02646-5

Richaand Roy Choudhury, A. (2020). pH mediated rheological modulation of
chitosan hydrogels. Int. J. Biol. Macromol. 156, 591–597. Epub 2020 Apr 11. doi:10.
1016/j.ijbiomac.2020.04.049

Rumon,M.M. H., Akib, A. A., Sultana, F., Moniruzzaman,M., Niloy, M. S., Shakil, M.
S., et al. (2022). Self-healing hydrogels: Development, biomedical applications, and
challenges. Polym. (Basel) 14 (21), 4539. doi:10.3390/polym14214539

Safina, I., and Embree, M. C. (2022). Biomaterials for recruiting and activating
endogenous stem cells in situ tissue regeneration. Acta Biomater. 143, 26–38. doi:10.
1016/j.actbio.2022.03.014

Saino, E., Focarete, M. L., Gualandi, C., Emanuele, E., Cornaglia, A. I., Imbriani, M.,
et al. (2011). Effect of electrospun fiber diameter and alignment on macrophage
activation and secretion of proinflammatory cytokines and chemokines.
Biomacromolecules 12 (5), 1900–1911. doi:10.1021/bm200248h

Saludas, L., Pascual-Gil, S., Prósper, F., Garbayo, E., and Blanco-Prieto, M. (2017).
Hydrogel based approaches for cardiac tissue engineering. Int. J. Pharm. 523 (2),
454–475. Epub 2016 Oct 29. doi:10.1016/j.ijpharm.2016.10.061

Sano, K., Ishida, Y., and Aida, T. (2018). Synthesis of anisotropic hydrogels and their
applications. Angew. Chem. Int. Ed. Engl. 57 (10), 2532–2543. doi:10.1002/anie.
201708196

Schreml, S., Szeimies, R. M., Prantl, L., Karrer, S., Landthaler, M., and Babilas, P.
(2010). Oxygen in acute and chronic wound healing. Br. J. Dermatol 163 (2), 257–268.
doi:10.1111/j.1365-2133.2010.09804.x

Shan, H., Gao, X., Zhang, M., Huang, M., Fang, X., Chen, H., et al. (2021). Injectable
ROS-scavenging hydrogel with MSCs promoted the regeneration of damaged skeletal
muscle. J. Tissue Eng. 12, 204173142110313. doi:10.1177/20417314211031378

Shi, W., Hass, B., Kuss, M. A., Zhang, H., Ryu, S., Zhang, D., et al. (2020). Fabrication
of versatile dynamic hyaluronic acid-based hydrogels. Carbohydr. Polym. 233, 115803.
Epub 2020 Jan 2. doi:10.1016/j.carbpol.2019.115803

Shih, Y. R., Tseng, K. F., Lai, H. Y., Lin, C. H., and Lee, O. K. (2011). Matrix stiffness
regulation of integrin-mediated mechanotransduction during osteogenic differentiation
of human mesenchymal stem cells. J. Bone Min. Res. 26 (4), 730–738. doi:10.1002/
jbmr.278

Shu,W.,Wang, Y., Zhang, X., Li, C., Le, H., and Chang, F. (2021). Functional hydrogel
dressings for treatment of burn wounds. Front. Bioeng. Biotechnol. 9, 788461. doi:10.
3389/fbioe.2021.788461

Soltani, S., Emadi, R., Javanmard, S. H., Kharaziha, M., and Rahmati, A. (2021). Shear-
thinning and self-healing nanohybrid alginate-graphene oxide hydrogel based on guest-
host assembly. Int. J. Biol. Macromol. 180, 311–323. Epub 2021 Mar 15. doi:10.1016/j.
ijbiomac.2021.03.086

Sonaye, S. Y., Ertugral, E. G., Kothapalli, C. R., and Sikder, P. (2022). Extrusion 3D
(Bio)Printing of alginate-gelatin-based composite scaffolds for skeletal muscle tissue
engineering. Mater. (Basel) 15 (22), 7945. doi:10.3390/ma15227945

Song, P., Li, M. X., Zhang, B. Q., Gui, X. Y., Han, Y. L., Wang, L., et al. (2022). DLP
fabricating of precision GelMA/HAp porous composite scaffold for bone tissue
engineering application. Compos Part B-Eng 244, 110163. doi:10.1016/j.compositesb.
2022.110163

Sun, S., Lu, D., Zhong, H., Li, C., Yang, N., Huang, B., et al. (2022). Donors for nerve
transplantation in craniofacial soft tissue injuries. Front. Bioeng. Biotechnol. 10, 978980.
doi:10.3389/fbioe.2022.978980

Sun, W., Gregory, D. A., Tomeh, M. A., and Zhao, X. (2021). Silk fibroin as a
functional biomaterial for tissue engineering. Int. J. Mol. Sci. 22 (3), 1499. doi:10.3390/
ijms22031499

Sykes, M., and Sachs, D. H. (2022). Progress in xenotransplantation: Overcoming
immune barriers.Nat. Rev. Nephrol. 18 (12), 745–761. doi:10.1038/s41581-022-00624-6

Tan, J., Zhang, Q. Y., Song, Y. T., Huang, K., Jiang, Y. L., Chen, J., et al. (2022).
Accelerated bone defect regeneration through sequential activation of the M1 and
M2 phenotypes of macrophages by a composite BMP-2@SIS hydrogel: An
immunomodulatory perspective. Compos Part B-Eng 243, 110149. doi:10.1016/j.
compositesb.2022.110149

Tan, X., Gerhard, E., Wang, Y., Tran, R. T., Xu, H., Yan, S., et al. (2022). Development
of biodegradable osteopromotive citrate-based bone putty. Small 18 (36), e2203003.
Epub 2022 Jun 19. doi:10.1002/smll.202203003

Tandara, A. A., and Mustoe, T. A. (2004). Oxygen in wound healing--more than a
nutrient. World J. Surg. 28 (3), 294–300. doi:10.1007/s00268-003-7400-2

Tang, X. D., Wang, X. M., Sun, Y. H., Zhao, L., Li, D. W., Zhang, J. H., et al. (2021).
Magnesium oxide-assisted dual-cross-linking bio-multifunctional hydrogels for wound
repair during full-thickness skin injuries. Adv. Funct. Mater 31 (43), 2105718. doi:10.
1002/adfm.202105718

Frontiers in Bioengineering and Biotechnology frontiersin.org18

Li et al. 10.3389/fbioe.2023.1190171

https://doi.org/10.1002/marc.202100025
https://doi.org/10.1088/1741-2552/aacbab
https://doi.org/10.1159/000325144
https://doi.org/10.3390/molecules26030699
https://doi.org/10.1038/oncsis.2015.24
https://doi.org/10.1038/s41563-020-0786-5
https://doi.org/10.1038/s41563-020-0786-5
https://doi.org/10.1088/1748-6041/7/2/024101
https://doi.org/10.1088/1748-6041/7/2/024101
https://doi.org/10.1016/j.biomaterials.2011.02.019
https://doi.org/10.1002/mabi.201800079
https://doi.org/10.1016/j.coph.2021.03.005
https://doi.org/10.1016/j.biomaterials.2022.121436
https://doi.org/10.1021/acs.accounts.9b00114
https://doi.org/10.1038/s41596-022-00790-8
https://doi.org/10.1038/s41596-022-00790-8
https://doi.org/10.1021/acschemneuro.8b00514
https://doi.org/10.1021/acschemneuro.8b00514
https://doi.org/10.3390/ijms221910233
https://doi.org/10.3390/ijms221910233
https://doi.org/10.1016/j.biomaterials.2021.120675
https://doi.org/10.1186/s12951-022-01342-8
https://doi.org/10.1186/s12951-022-01342-8
https://doi.org/10.1016/j.biomaterials.2019.119552
https://doi.org/10.1016/j.biomaterials.2019.119552
https://doi.org/10.3390/polym14112184
https://doi.org/10.3390/polym14112184
https://doi.org/10.1042/EBC20200149
https://doi.org/10.1039/d1nr06143g
https://doi.org/10.7150/thno.36272
https://doi.org/10.1088/1758-5090/ab331e
https://doi.org/10.1088/1758-5090/ab331e
https://doi.org/10.1016/S0140-6736(21)02646-5
https://doi.org/10.1016/S0140-6736(21)02646-5
https://doi.org/10.1016/j.ijbiomac.2020.04.049
https://doi.org/10.1016/j.ijbiomac.2020.04.049
https://doi.org/10.3390/polym14214539
https://doi.org/10.1016/j.actbio.2022.03.014
https://doi.org/10.1016/j.actbio.2022.03.014
https://doi.org/10.1021/bm200248h
https://doi.org/10.1016/j.ijpharm.2016.10.061
https://doi.org/10.1002/anie.201708196
https://doi.org/10.1002/anie.201708196
https://doi.org/10.1111/j.1365-2133.2010.09804.x
https://doi.org/10.1177/20417314211031378
https://doi.org/10.1016/j.carbpol.2019.115803
https://doi.org/10.1002/jbmr.278
https://doi.org/10.1002/jbmr.278
https://doi.org/10.3389/fbioe.2021.788461
https://doi.org/10.3389/fbioe.2021.788461
https://doi.org/10.1016/j.ijbiomac.2021.03.086
https://doi.org/10.1016/j.ijbiomac.2021.03.086
https://doi.org/10.3390/ma15227945
https://doi.org/10.1016/j.compositesb.2022.110163
https://doi.org/10.1016/j.compositesb.2022.110163
https://doi.org/10.3389/fbioe.2022.978980
https://doi.org/10.3390/ijms22031499
https://doi.org/10.3390/ijms22031499
https://doi.org/10.1038/s41581-022-00624-6
https://doi.org/10.1016/j.compositesb.2022.110149
https://doi.org/10.1016/j.compositesb.2022.110149
https://doi.org/10.1002/smll.202203003
https://doi.org/10.1007/s00268-003-7400-2
https://doi.org/10.1002/adfm.202105718
https://doi.org/10.1002/adfm.202105718
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1190171


Tian, X., Fan, T., Zhao, W., Abbas, G., Han, B., Zhang, K., et al. (2021). Recent
advances in the development of nanomedicines for the treatment of ischemic stroke.
Bioact. Mater 6 (9), 2854–2869. doi:10.1016/j.bioactmat.2021.01.023

To, K., Zhang, B., Romain, K., Mak, C., and Khan, W. (2019). Synovium-derived
mesenchymal stem cell transplantation in cartilage regeneration: A prisma review of in
vivo studies. Front. Bioeng. Biotechnol. 7, 314. doi:10.3389/fbioe.2019.00314

Tu, Z. L., Chen, M., Wang, M., Shao, Z. X., Jiang, X. Q., Wang, K. Y., et al. (2021).
Engineering bioactive M2 macrophage-polarized anti-inflammatory, antioxidant, and
antibacterial scaffolds for rapid angiogenesis and diabetic wound repair. Adv. Funct.
Mater 31, 2100924. doi:10.1002/adfm.202100924

Turner, N. A., Sharma-Kuinkel, B. K., Maskarinec, S. A., Eichenberger, E. M., Shah, P.
P., Carugati, M., et al. (2019). Methicillin-resistant Staphylococcus aureus: An overview
of basic and clinical research. Nat. Rev. Microbiol. 17 (4), 203–218. doi:10.1038/s41579-
018-0147-4

Vera, D., García-Díaz, M., Torras, N., Álvarez, M., Villa, R., and Martinez, E. (2021).
Engineering tissue barrier models on hydrogel microfluidic platforms. ACS Appl. Mater
Interfaces 13 (12), 13920–13933. Epub 2021 Mar 19. doi:10.1021/acsami.0c21573

Volpi, M., Paradiso, A., Costantini, M., and Świȩszkowski, W. (2022). Hydrogel-based
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