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Regeneration of soft tissues, especially those requiring complex vascularization,
is a major challenge in the field of tissue engineering. The current types of
tissue engineering scaffolds include sponges, electric spinning silk, hydrogels,
and 3D printed biomaterials. Among them, hydrogels have the unique property
of mimicking extracellular matrix (ECM), which can provide a relatively stable
microenvironment for cellular activities and facilitate cell adhesion, proliferation,
and differentiation; thus, have become a promising scaffold. In this paper,
we present a review of the commonly used types of natural hydrogels and
their applications as scaffolds in tissue vascularization. First, we enumerate the
importance and advantages of several types of commonly used hydrogels of
natural origin in terms of fabricating vascularized tissues or organs. Second, we
discuss two different formation modalities of blood vessels, as well as natural
hydrogel-based vascularization strategies, including carrying growth factors,
stem cell delivery, special scaffold structures and pharmaceutical-enhanced
strategy. In addition, we describe the crosslinking strategies of hydrogels as
scaffolds for regeneration of vascularized soft tissues, as well as the factors
affecting it. Finally, new insights are provided for the development of natural
hydrogel-based vascularized soft tissue regeneration research.
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1 Introduction

The treatment of soft tissue defects of varying degrees of severity caused by trauma,
surgery, burns, cancer and infection has been a hot topic (Wang et al., 2021). Clinically,
larger soft tissue defects often cause serious tissue structure damage and organ dysfunction
in the oral and maxillofacial regions, which bring great disturbance to patients’ daily life,
work, and mental health (Cheng et al., 2016).

Soft tissues are one of the more important types of tissues in the human body,
including skin, muscles, ligaments, synovium, articular cartilage, tendons, and so
on Patel et al. (2018). During the process of soft tissue repair, vascularization is
an extremely important event. The presence of an appropriate vascular system
is vital for the influx of cells, growth factors, signaling molecules, nutrients,
oxygen, and drugs to the site of injury or implanted tissue to support the
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healing process (Chandra and Atala, 2019). Without proper
vascularization, tissue growth is limited by the diffusion of oxygen
through the tissue (approximately 200 μm) (Novosel et al., 2011).
Therefore, successful vascularization is a prerequisite for soft
tissue repair.

The commonly used methods for soft tissue defect repair are
divided into three categories: autologous tissue transplantation,
allogeneic tissue transplantation and xenotransplantation
(Berthiaume et al., 2011). While, autologous tissue transplantation
is the most used and effective method of soft tissue reconstruction,
as it has fewer complications and no risk of immune rejection;
however, it does involve the potential for a second surgical site
(Emerick and Teknos, 2007; Schrementi et al., 2008). Allogeneic
tissue transplantation carries the risk of immune reaction, and the
availability of tissue is limited. Xenogeneic tissue transplantation is
associated with risks such as an unstable donor source and potential
postoperative infection (Bonferoni et al., 2021).

In recent years, rapidly developing tissue engineering
techniques have provided new approaches for soft tissue repair
and reconstruction. The three basic elements of tissue engineering
are: the seed cells, the signaling factors and scaffold materials
(Matai et al., 2020). The choice of scaffold materials is crucial
for the success of tissue regeneration. Suitable scaffold materials
not only accurately mimic the structure of the ECM, but also
promote the adhesion and proliferation of seed cells around
the defective area (Zhao et al., 2013). Currently, several scaffold
materials of natural, synthetic, and biological origins have been
widely used in tissue engineering research, including sponges,
electrostatic spinning, hydrogels, and other 3D-printed biomaterials
(Zhang et al., 2023; Yadav et al., 2024).

Hydrogel is a non-water-soluble three-dimensional (3D)
polymer network structure made by crosslinking physically
or chemically, which has the unique property of mimicking
ECM and can provide a relatively stable microenvironment for
cellular activities (Lin et al., 2021). Hydrogels can be classified
into natural and synthetic hydrogels based on their origin.
Natural hydrogels generally originate from within living organisms
and have good biocompatibility and bioactivity (Cheung et al.,
2014). Synthetic hydrogels are made of various macromolecular
monomers crosslinked by chemical reactions and have excellent
mechanical properties. However, they have the disadvantages of
poor degradation performance and lack of bioactivity, which restrict
the application of this type of material in soft tissue (Delaittre et al.,
2015; Zhu et al., 2018a). As mentioned before, the establishment of
a vascular network remains a priority in soft tissue repair. Using
appropriate biomaterials as scaffolds to promote vascularization
is the core of these efforts. In addition, ensuring the growth of the
vascular network at the center of the scaffold, goodmicrocirculation
in the scaffold material, and the maturation of the vascular network
are crucial for achieving long-term vascularization (Fleischer et al.,
2020).

The unique internal structure of hydrogel allow it to absorb and
retain a large amount of water. Due to its good biocompatibility
and biodegradability, natural hydrogel can be directly used as a
carrier material for cells, cytokines, and small molecules (Yue et al.,
2020). These biologically active substances can remain active within
the hydrogel and slowly released at the scaffold implantation
site. Moreover, the interconnected pores within hydrogel networks

facilitate the diffusion of molecules, thereby meeting the vascular
system’s requirement to transport molecules from blood vessels
to tissues (Vedadghavami et al., 2017; Gutierrez et al., 2022). Thus,
using natural hydrogel as a scaffold can achieve drug delivery,
cell encapsulation, and local vascularization. As a soft material,
hydrogel can also be prepared in any shape according to the
specific application, precisely matching the defect site and reducing
inflammatory reactions with surrounding cells and soft tissues
(Buwalda et al., 2017). As a scaffold material, hydrogel can not only
provide space for cell infiltration and vascular growth through
its own structure, but also modify the inflammatory response
by delivering different substances, promoting angiogenesis and
regeneration, and facilitating tissue remodeling, thereby enabling
effective soft tissue repair (Li et al., 2019; Shi et al., 2023).

In summary, this study aims to summarize commonly used
natural hydrogels in soft tissue engineering, outline those that
have been studied for inducing vascularization strategies and
explore current limitations along with potential strategies for
future optimization. We first introduce five common types of
natural hydrogels and their unique properties. We then briefly
summarize vascularization and angiogenesis as the two primary
mechanisms of vascular regeneration. Furthermore, we discuss the
main vascularization strategies for soft tissue repair, emphasizing
the importance of natural hydrogels as biomaterial scaffolds in the
vascularization process. Finally, we explore different crosslinking
strategies for hydrogels and briefly discuss how these crosslinking
modes influence vascularization (Figure 1).

2 Common types of natural hydrogels

Natural polymers encompass a range of polysaccharides and
proteins predominantly sourced fromanimals,microorganisms, and
plants. They are widely used due to their superior biocompatibility,
biodegradability, and mechanical properties compared to synthetic
polymers. Natural hydrogel is a type of hydrogel obtained by
modifying and cross-linking natural polymers. To date, various
natural hydrogels have been utilized in vascularization of soft
tissue repair. We provide a concise overview of the advantages and
disadvantages associated with the suitability of different hydrogels
for vascularization in soft tissues (Table 1).

2.1 Gelatin

Gelatin is a collection of peptides and proteins produced
through the partial hydrolysis of collagen. It possesses
adjustable biodegradability, excellent biocompatibility, and
notable viscoelasticity. Because its degradation products are
non-toxic, it is commonly used clinically as a hemostatic
sponge and pharmaceutical excipient (Pennacchio et al., 2018).
Gelatin retains many natural properties of collagen, including
matrix metallopeptidase (MMP)-sensitive sites and Arg-Gly-Asp
(RGD) adhesion motifs, which regulate cell-mediated matrix
degradation and cell attachment, respectively (Yang et al., 2019b).
Moreover, gelatin contains matrix metalloproteinase (MMP)
sequences, which are endopeptidases that facilitate enzymatic
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FIGURE 1
Natural hydrogels with multiple functions for vascularization (created with BioRender.com).

degradation, playing a critical role in tissue rehabilitation and
wound closure (Klotz et al., 2016).

The use of gelatin as a scaffold material dates back to the
1990s, when Scherzer et al. developed gelatin methacrylate
(GelMA) by modifying the reactive side groups of gelatin
using glyceryl methacrylate (Scherzer et al., 1997), and in 2000,
Van Den Bulcke et al. found that free radical polymerization
crosslinking induced by UV photoinitiation in the presence
of methacrylate transformed it from a liquid to a solid state,
endowing it with new physical properties (Van Den Bulcke et al.,
2000). A series of GelMA hydrogels with varying physical
properties can also be obtained by adjusting fabrication
parameters such as polymer concentration, initiator concentration
and UV irradiation conditions. This discovery has made
GelMA an attractive and cost-effective material for biological
applications.

2.2 Collagen

Collagen is an important component of the dermis of the
skin, accounting for 25%–30% of the total dry weight of mammals
(Collagen in Health andDisease, 1978).There are at least 28 types of
collagens (Shoulders and Raines, 2009), and common types include
type I, type II, type III, and type V collagen (Wakitani et al., 1998).

Among these, type I collagen is the most abundant in human skin.
Type I collagen is widely sourced, and it is often obtained from
animal tissues such as pig skin, bovine Achilles tendon, fish skin and
swim bladder, etc. The main methods of collagen preparation are
extraction from animal connective tissues by purification, acid or
alkaline hydrolysis, and enzymatic extraction (Antoine et al., 2014).
Collagen is also a major component of ECM. It can self-assemble
into a triple-helical fibrous structure under physiological conditions,
giving collagen great tensile strength and durability (Gajbhiye and
Wairkar, 2022). It can also provide structural support for human
skin, joints, and bones (Müller et al., 2005). At themicroscopic level,
collagen can provide support to cells by interacting with different
receptors on the cell surface promoting cell adhesion and growth
(Zeltz and Gullberg, 2016).

2.3 Chitosan

Chitosan is an aminated, linear, naturally occurring
polysaccharide consisting of a deacetylation unit (D-glucosamine)
and an acetylation unit (N-acetyl-D-glucosamine). It is obtained
from the chemical or enzymatic hydrolysis of chitosan deacetylation,
either under highly alkaline conditions or with specific enzymes
like chitin deacetylase (Xu et al., 2012). Chitosan is the second
most abundant natural polymer in the world after cellulose and
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TABLE 1 Natural origin hydrogel scaffolds and their properties.

Scaffolds Advantages Disadvantages Applications Ref

Gelatin Biocompatibility,
Biodegradability, Solubility,
Low-temperature gelation

Low mechanical properties,
Fast

degradation rate

Vessels and nerves
regeneration conduits,

Adhesive hemostatic material

Cheung et al. (2014),
Zhang et al. (2021)

Chitosan Antimicrobial activity, No
Immunogenicity, Low

degradation rate

Weak mechanical strength
Low stability

Wound dressing, Adhesive
hemostatic material,

Myocardial and cartilage
regeneration

He et al. (2020), Ke et al.
(2020)

Collagen Biocompatibility,
Hydrophilicity, Flexibility, In

situ gelation

Weak stiffness, Fast
degradation rate

Regeneration of subcutaneous
and tissue, Vessels, and

cartilage regeneration scaffold

Zheng et al. (2023)

Silk fibroin Biocompatibility
Biodegradability

Flexibility

Weak mechanical strength,
Slow gelation rate

Stitching wire, Wound dressing Paladini and Pollini (2022)

Hyaluronic acid Hydrophilicity, Flexibility,
Shape stability, No
Immunogenicity

Fast degradation rate, Weak
mechanical strength

Dermal filler, Anti-adhesion
material, nerve, and cartilage

regeneration scaffold

Hemshekhar et al. (2016),
Prè et al. (2016)

is found in the exoskeletons of insects (e.g., beetle cocoons, cuticles,
and egg cases), the cell walls of fungi (e.g., Aspergillus cloudyi
and Trichoderma reesei), the shells of crustaceans (e.g., crabs and
shrimps), and in centric diatoms (e.g., algae and riverine seaweeds)
(Soares et al., 2016). Chitosan-based hydrogels exhibit favorable
properties for a variety of biomedical applications, such as drug
delivery, cell therapy and single-cell analysis (Ul-Islam et al., 2019).
The abundant hydroxyl and amine functional groups in the chitosan
structure can be used to crosslink polymer chains to form robust
hydrogels (Xiao et al., 2016).

2.4 Silk fibroin

Silk is a high-quality natural fiber obtained from spinning
silkworms. It is mainly composed of sericin and fibroin. Among
these, fibroin is the main component of silk, accounting for
about 75%. The fibroin molecular chain consists of three parts:
the heavy chain (H chain), the light chain (L chain) and P25
protein, with a molar ratio of 6:6:1. The molecular chain of
the fibroin contains 18 amino acids with glycine (Gly), alanine
(Ala) and serine (Ser) accounting for approximately 80% or
more of the total composition. Fibroin is composed of repeating
units of six amino acids (Gly-Ala-Gly-Ala-Gly-Ser), which form
large hydrophobic proteins capable of creating antiparallel β-sheet
structures connected by hydrogen bonding, van der Waals forces,
and hydrophobic interactions (Koh et al., 2015). Fibroin is a Food
and Drug Administration (FDA)-approved polymer for biomedical
applications such as drug delivery, surgical sutures, and regenerative
tissues, and it is more beneficial to the in vivo environment
compared to synthetic polymer fibers. Among various proteins,
fibroin shows particular promise for drug delivery and provides
synergistic effects in enhancing therapeutic outcomes for diseases
(Zhu et al., 2018b).

2.5 Hyaluronic acid

Hyaluronic acid (HA) is a natural, non-sulphated, linear
polyanionic glycosaminoglycan consisting of N-acetyl-D-
glucosamine and D-glucuronic acid as alternating linkages of
disaccharide units (Kogan et al., 2006). Hyaluronic acid was
first discovered in 1934 by K. Meyer and John W. Palmer, who
succeeded in isolating this substance from the vitreous body of
bovine eyes (Meyer et al., 1940). Hyaluronic acid is also a major
component of ECM, interacting with the cell surface receptor
CD44 to promote the proliferation, migration, and differentiation
of stem cells during tissue development. It is also an important
component of soft tissue regeneration and wound healing (Voigt
and Driver, 2012; Yee et al., 2011).

Different molecular weights of hyaluronic acid have different
biological activities, Ke et al. found that low molecular weight
hyaluronic acid can recruit endothelial cells to the site of vascular
injury, participate in their proliferation and migration, and acid
in tissue adaptation to vascularization (Ke et al., 2013). Hyaluronic
acid-based hydrogels can be used as suitable biomaterials for tissue
engineering scaffolds due to its good biocompatibility, degradability,
softness, and viscoelasticity.

3 Regeneration mechanism of
vascularization approach

The formation of blood vessels consists of two main modalities:
Vascularization and Angiogenesis. Vascularization is defined
as the differentiation of precursor cells (angiogenic cells) into
endothelial cells and the reformation of the primitive vascular
network. It is also the process by which blood vessels are
created from scratch. Angiogenesis refers to the maturation and
enlargement of the original blood vessels stimulated by certain
factors, such as endothelial growth factor, hypoxia, or nitric
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FIGURE 2
Two distinct mechanisms of blood vessel formation (Bae et al., 2012).

oxide. From a microscopic perspective, angiogenesis is more like
hemodynamically mediated vascular remodeling. This process
mainly involves the proliferation and migration of endothelial
cells, which gradually form vascular rings. Then the vascular
rings interconnected with each other to form a neointimal lumen
(Potente et al., 2011) (Figure 2). Migration of vascular endothelial
cells is an important part of homeostasis and angiogenesis in vivo
(Hirose et al., 2021). It is influenced by a variety of stimulator
factors, including Vascular Endothelial Growth Factor (VEGF),
basic Fibroblast Growth Factor (bFGF), Platelet-Derived Growth
Factor (PDGF) and Fibroblast Growth Factor-2 (FGF-2) (Bai et al.,
2018). These factors stimulate the proliferation and migration
of vascular endothelial cells in a direct or indirect manner, thus
promoting the stability and maturation of vascularization. Table 2
illustrates the common applications of the natural-origin hydrogel
as tissue engineering scaffolds.

4 Vascularization strategies for soft
tissue repair

4.1 Hydrogel as a carrier for the release of
growth factors during vascularization

Angiogenic factors play a crucial regulatory role in the formation
of a mature vascular network during the repair process of soft tissue
defects (Laschke and Menger, 2012; Cheng et al., 2020). Growth
factors are peptides that can regulate cell growth and activate
certain cell-specific functions by binding to specific receptors
on the cell membrane (Barrientos et al., 2008). Among different
types of growth factors, VEGF is the most important regulator of
vascularization. The level of VEGF is closely related to angiogenesis
(Tateishi, 2005). By binding with the receptors for VEGF on
the cell membrane, VEGF can control endothelial cell growth,
differentiation, and migration during vascularization and promote
the formation of tubular structures (Rahimi, 2006).

In conventional growth factor delivery systems, it is difficult to
integrate the dynamic and heterogeneous nature of the biochemical
microenvironment of neoplastic tissues. In order to response

this inability, Rana et al. used aptamer complementary sequence
(CS) hybridization to trigger VEGF165 release. They chose
GelMA hydrogels as a growth factor delivery platform. Co-
culture of aptamers with HUVECs and Mesenchymal Stem Cells
(MSCs) 3D in GelMA hydrogels was found to selectively release
VEGF through spatiotemporal control, with no non-specific
leakage throughout the release process. Thereby directing cellular
responses and manipulating lumen-like micro vessel network
formation (Rana et al., 2022).

In situ bioprinting has been a new trend in directly printing
scaffolding materials into the defect site. It can minimize the
preparation time of scaffolds and promote rapid wound closure
(Singh et al., 2020).With the convenience of in-situ crosslinking and
the strong adhesive force of GelMA hydrogel, Nuutila et al. (2022)
used a custom-made handheld printer is implemented to finely
print gelatin-methacryloyl (GelMA) hydrogel containing vascular
endothelial growth factor (VEGF) into the wounds (Figure 3). The
result of their research suggested that the in situGelMA crosslinking
induces a strong scaffold adhesion and enables printing on curved
surfaces of wet tissues without the need for any sutures. The scaffold
is further shown to offer a sustained release of VEGF, enhancing the
migration of endothelial cells in vitro.

Owing to their unique performance and adjustable
characteristics, natural hydrogels are increasingly used in
vascularized soft tissue repair. By engineering hydrogels into various
scaffold types and incorporating VEGF, it is possible to achieve a
controllable and long-term release of VEGF in the defect area. This
facilitates the internal vascularization of the scaffold and promotes
host tissue grow into the scaffold, thereby completing the repair of
soft tissue. Taken together, the synergistic effect of VEGF offers great
promise for soft tissue repair scaffolds and vascularized soft tissue
regeneration.

4.2 Hydrogel provides microenvironment
for stem cells during vascularization

In addition to the direct application of growth factors, stem cell-
based vascularization strategies have gradually been emphasized by
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TABLE 2 The application of the natural origin hydrogel scaffolds.

Composition Preparation Cells Growth factors Results Ref

GelMA Photocrosslinking HUVECs/MSCs VEGF165 Selectively release VEGF,
manipulating lumen-like

microvessel network
formation

Rana et al. (2022)

GelMA Photocrosslinking HUVECs VEGF-mimicking
peptide (AcQK)

QK-GelMA exhibited a
high level of expression
of CD34, Ang2, and

vWF.

Prakash Parthiban et al.
(2017)

GelMA/HAMA Photocrosslinking ADSCs - Hydrogels loaded with
stem cells increased
vascularization up to
3-fold compared to
cell-free hydrogels

Eke et al. (2017)

HA/Alg Electrospraying
microcapsule

MSCs - Sph in HA@Alg
significantly induced

blood vessel formation,
4.5 times more in the

plugs of Sph in HA@Alg

Park et al. (2020)

SF/HA/SA Freeze-drying - - New epidermis appeared
and the epidermis were
tightly connected to the
neonatal dermis in the

SF/HA/SA groups with a
large amount of
angiogenesis

Yang et al. (2019a)

Silk
Fibroin/Sodium alginate

Upper: Casting
Lower: Freeze-drying

- - Cell migration and
proliferation were

stimulated, angiogenesis
was Promoted, result in
maturation of vascular

network

Shen et al. (2022)

Chitosan/Silk fibroin Freeze-drying hydrogel
sponge

GMSC-derived
Exosomes

- The exosomes promote
healing of skin wounds

by facilitating
angiogenesis and neurite

growth

Shi et al. (2017)

researchers (Melchiorri et al., 2014). Stem cells play an important
role in vascularization by being able to transform into other
cell types and proliferate to accelerate wound healing, as well
as displaying superior paracrine capacity to initiate the healing
process by releasing factors such as cytokines, chemokines, and
growth factors (Chamberlain et al., 2007).

However, stem cells affect the function, state and signaling of the
cells themselves during and after transplantationdue to alterations in
the microenvironment (Guvendiren and Burdick, 2010). Hydrogel
can precisely provide a stable and reliable microenvironment for
stem cells (Burdick et al., 2016). In addition to acting as a barrier,
hydrogel can provide water at the defect site to form a moist
microenvironment, while hydrogel with appropriate viscoelasticity
can maximally mimic the composition and structure of the
ECM to provide a good, confined environment for soft tissue
defect sites (Jeon et al., 2013).

In the current study, it is essential to find a dermal substitute
containing mesenchymal stem cells that is easy to use and can

stimulate angiogenesis. Eke et al. (2017) integrated Adipose-derived
Stem Cells (ADSC) into photocrosslinked gelatin/hyaluronic acid
hydrogels, which provided a suitable microenvironment for ADSC
proliferation. The results of in vivo experiments showed that
hydrogels loaded with stem cells increased vascularization up
to 3 times compared to hydrogels without stem cells. The pro-
angiogenic effect of ADSC was confirmed, which is essential for
promoting wound healing and improving the survival of tissue-
engineered cells. The proposed approach in this study would
be most clinically relevant in chronic nonhealing wounds to
stimulate wound healing. Previous studies have shown that the
GMSCs can enhance wound healing (Jiang et al., 2015). However,
the GMSC-derived exosomes have not yet been isolated and
characterized. Shi et al. isolated exosomes derived from GMSCs and
used freeze-dried Chitosan/Silk fibroin protein hydrogel sponges
as carriers for exosomes derived from gingival mesenchymal
stem cells (GMSCs), and the combination of exosomes and
hydrogel could effectively promote healing of skin wounds
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FIGURE 3
In vivo printing of growth factor-eluting hydrogel for wound healing applications. (A) Schematic representation of the in vivo printing strategy. GelMA
precursor supplemented with VEGF is extruded using a handheld printer and photo-crosslinked in situ. This approach enables the treatment of a
wound with irregular shapes and on curved surfaces. (B) The portable handheld printer used in this study. The device allows the adjustment of
deposition rate and in situ photo-crosslinking with an integrated UV light (Nuutila et al., 2022).

in a diabetic rat model by facilitating the re-epithelialization,
deposition, and remodeling of collagen, as well as angiogenesis
and neurite growth (Shi et al., 2017). Recent tissue engineering
approaches have been directed toward initiating and controlling
cell autonomous modes of organogenesis at the microscopic and
macroscopic scales while integrating a vascular system to sustain
cell viability and function (Shao and Fu, 2022). Escudero et al.
developed a method that promotes the three-dimensional self-
assembly of hydrogel spheres into pre-vascularized human beige
fat-like organs. The method was based on GelMA hydrogels
and stromal vascular fraction (SVF) cells from human white
adipose tissue as a source of endothelial progenitor cells and
pluripotent adipose-derived mesenchymal stem cells (ASC). By
building a controlled biochemical and mechanical environment
that enabled the development of ASC towards a beige adipocyte
lineage, as well as modulating GelMA porosity and mechanical
properties through tumor growth factor (TGF-β) pathway
inhibition and embedding of individual spheroids by varying the
percentage of gelatin, vasculature development was facilitated at
the microscale, and vascularized centimeter sized beige adipose
microtissues were able to be generated at the macroscopic scale
(Escudero et al., 2023).

4.3 Different pore structure design of
vascularization hydrogel scaffold

The ECM is a complex heterogeneous spatial structure
consisting ofmultiplemacromolecules around the cell, spanning the
macro-, micro- and nano scales. Natural hydrogels can mimic the
structure of ECM, based on which themodification of hydrogels can
enable cells to sense the spatial structural changes of the surrounding
microenvironment and make feedback to adjust their own
gene transcription and protein expression (Naleway et al., 2015).
Therefore, spatial structural features are important considerations
for the preparation of tissue repair hydrogels (Wegst et al., 2015).
Hydrogel can be processed into different types of multi control
scaffolds, such as membrane, sponge, foam, and can also be
made into scaffolds with controllable pore size through the latest
3D printing technology (Chevalier et al., 2008). Porosity and an
appropriate surface-to-volume ratio provides a suitable environment
for ECM secretion and nutrient supplies to the cells (Ouriemchi and
Vergnaud, 2000).

Appropriate pore structure of soft tissue repair scaffold species
can enhance the permeability of the matrix and facilitate the
diffusion of nutrients and wastes, which is critical for cell adhesion,
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growth infiltration, and the formation of new tissues (Vepari and
Kaplan, 2007; Yang et al., 2009). Yang et al. prepared a novel filipin
protein (SF)/hyaluronic acid (HA)/sodium alginate (SA) composite
scaffold by using the freeze-drying method. SF/HA/SA scaffolds
were soft and elastic with an average pore size of 93 μm and a
porosity of 92%.The ability to promote soft tissue repair was verified
using a rat whole-layer skin burn model, and the results indicated
that the SF/HA/SA group had the fastest healing rate, and on the
21st day, the trauma area was only 3% Fluorescence staining results
indicated that on the 14th day, the SF/HA/SA group was rich in
collagen deposition compared to the control group, and obvious new
tissue formation was visible (Yang et al., 2009).

As mentioned before, the ECM structure spans the macroscale,
microscale and nanoscale, and the current tissue engineering
scaffolds mostly work on the macro- and microscale. Few studies
have been reported on the nanoscale microporous structure of
the scaffolds. Therefore, Sun et al. established a kind of membrane
by non-solvent-induced phase separation to achieve the direct
and controllable construction of porous regenerated sericin (RSF)
membranes. The prepared RSF film had good stretchability and
excellent biocompatibility, and its tunable nanopore structure not
only improved air permeability, but also enhanced the wound
healing speed. The results of animal experiments showed that
the wound was almost completely healed by the 21st day, and
a large amount of regenerated epidermis and hairs covered the
wound. The HE staining showed greater epidermal remodeling and
significantly more vascularization in the RSF membrane-treated
wounds compared to the control group (Sun et al., 2023).

Porous scaffolds have shown great potential for directing the
spatial organization and proliferation of fibroblasts and dermal
follicular cells in vitro, indicating good biocompatibility (Dong et al.,
2021). However, drawbacks such as poor mechanical properties,
rapid fluid loss, and progression of postoperative infections limit the
efficiency and clinical application of scaffolds. Therefore, scaffolds
need to be optimized for better all-layer wound regeneration.
Shen et al. prepared a non-porous membrane (SASFm) by casting
to protect the wound as an epidermal layer, then prepared an
underlying porous material (PM) scaffold by freeze-drying to
mimic the structure of ECM. The results showed that at day 14,
the trabecular granulation tissue in the PM@SASFm group was
thickened, re-epithelialization was more complete, the dermis and
epidermis were thinner, and the collagen matrix was organized and
had stronger tensile strengths, which weremore like those of normal
skin tissues. Immunohistochemical staining showed that at day 7,
many small blood vessels were formed in the PM@SASFm group,
compared with very few blood vessels that could be found in the
control group (Shen et al., 2022).

4.4 Pharmaceutical-enhanced vascular
growth

Using hydrogels as drug delivery platforms is a hot topic
among researchers. It offers several advantages (Abd Ellah et al.,
2018), including prolonged drug release, reduced drug dosage,
enhanced bioavailability, and minimized side effects. Additionally,
the entangled polymer network within hydrogels can absorb
significant quantities of water as well as hydrophilic drugs without

solubilization, thus shielding the drug molecules from adverse
conditions (Zhang et al., 2015).

The integration of hydrogels with antibiotic eluting nanofibers
can be used as temporary framework for pulp tissue regeneration.
It erodes infection and supports new tissue formation while
migration of host cells from the root apex, and then promotes the
complete and effective regeneration of the pulp-dentin complex.
Dubey et al. developed a hydrogel system to obtain antimicrobial
and angiogenic properties while minimizing cytotoxicity by
incorporating antibiotic-eluting fibrous microparticles into gelatin
methacryloyl (GelMA) hydrogels. Dimethylaminotetracycline
(MINO) or clindamycin (CLIN) was introduced into the polymer
solution. The polymer solution was then processed into fibers using
electrospinning technology, and further milled at low temperatures
to obtain MINO- or CLIN-eluted fibrous microparticles. The eluted
microparticles were suspended inGelMAat different concentrations
to prepare the novel heterogeneous hydrogels. Compared to MINO,
CLIN hydrogel enhanced the formation of capillary-like networks
in endothelial cells in vitro and induced an increase in microvessel
density in vivo (Dubey et al., 2023).

Existing research on wound dressings focuses more on
the design of biochemical functions, combining biochemical
functionality and mechanical stimuli will provide a comprehensive
perspective when designing wound dressings (Hu et al., 2021).
Huang et al. prepared thermos-responsive and photocrosslinked
multifunctional hydrogels by grafting l-arginine onto the main
chain of Methacrylated Hydroxybutyl Chitosan (HBC), aiming
at inducing cellular differentiation. They applied mechanical stress
through temperature-responsive deformation and relying on the
synergistic effect of arginine (Arg) and deferoxamine (DFO)
released from hydrogel to promote angiogenesis (Figure 4). In
the rat skin wound healing assay, CD31 expression increased
3.3 times in the HBCm_Arg/DFO group than in the control group
on day 5, while it increased 2.7 times in the HBCm_Arg/DFO
group than in the control group on day 10, and the relative
expression of HIF1-α was 10.4 times higher than that in the
control group. The significant improvement in revascularization
was attributed to the synergistic effect of arginine and deferoxamine
(DFO) released from the hydrogel. In addition, the hydrogel’s
temperature responsiveness postphotocrosslinking enables self-
shrinking, leading to systolic deformation. This deformation mildly
stretches the tissue, providing a stimulus for cellular growth and
tissue regeneration. The contractile force of the hydrogel promotes
skin wound closure (Huang et al., 2024).

5 Crosslinking strategies in natural
hydrogels

In most cases, cells and factors are encapsulated into the
hydrogels to develop tissues or organs, creating a complex
3D microenvironment (Sultan et al., 2021). Various polymers,
including natural polymers and synthetic polymers, can form liquid
monomer phase and be processed into hydrogels (Zhang and
Khademhosseini, 2017).

Physical and chemical crosslinks are two basic strategies
(Liu et al., 2017). Physical crosslinks typically include
ionic/electrostatic interaction, hydrogen bonding, and
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FIGURE 4
Schematic diagram of HBC_m_Arg/DFO hydrogel to enhance wound healing. On one hand, HBC_m_Arg/DFO hydrogel releases arginine and DFO to
synergistically enhance vascular regeneration, on the other hand, temperature-responsive shrinkage provides a favorable mechanical stimulation to
contract the wound (Huang et al., 2024).

ultrasonication mediated sol-to-gel phase transition (Zhang et al.,
2011). The physical crosslinking reaction is mild and avoids the
cytotoxic reactions caused by chemical crosslinking agents, but
it also has the disadvantages of easy reversal of the crosslinking
process and limited adjustable properties (Berger et al., 2004).
Chemical crosslinked hydrogels are usually created by comprise
photo-polymerization (Mironi-Harpaz et al., 2012), enzyme-
induced crosslinking (Jin et al., 2010), Schiff base formation and
“click” chemistry (Jia and Li, 2015). Compared with physical
crosslinking, chemical crosslinking provides the hydrogel with
superior mechanical properties and stability. With different
chemical reactions, the time of gel process can be flexibly controlled,
which is more advantageous for tissue repair with irregular defect
areas or complex defect site environments (Xue et al., 2022).

In recent years, Photo-activated crosslinking has been widely
used for hydrogel formation in the field of therapeutics or cytokines
encapsulation (Sun et al., 2017). The advantage of this method is
the rapid formation of hydrogel networks at ambient temperature
under mild conditions. Additionally, the mechanical properties
of the hydrogels can be tuned by controlling the crosslinking
reactions (Nguyen and West, 2002). In addition, exposure to UV
light can influence crosslinking density, whichmay in turn affect cell
behavior. Lin et al. (2013) injected the GelMA solution containing
human ECFCs and MSCs into mice to explore the effect of the
degree of GelMA crosslinking to vascularization in vivo. Notably,
they examined the application of UV light to modulate vascular
morphogenesis in mice. The results showed that cell spreading was
progressively diminished by increasing the UV exposure time from
15 to 45 s. In addition, the cell viability was negatively affected

beyond 300s under UV exposure. The vascularization process can
be directly modulated by adjusting the initial exposure time to UV
light 15–45s, with constructs displaying progressively less vascular
density and smaller average lumen size as the degree of GelMA
crosslinking was increased. Controlling the degree of GelMA
polymerization by adjusting UV light exposure time can regulate
both the mechanical properties of hydrogels and the formation of
vascular networks. The lack of proper scaffolding material that can
both support rapid vascularization and direct the differentiation of
transplantedMSCs into a specific lineage remains amajor challenge.
Considering the above situation, Kuo et al. prepared autologous
extracellular matrix scaffolds using murine collagen-Ph hydrogels.
They demonstrated the suitability of injectable, enzymatically cross-
linkable collagen-Ph hydrogels for supporting the formation of 3D
vascular networks from human progenitor cells, both in vitro and in
vivo.They also showed that the biodegradability, swelling properties,
and stiffness of collagen-Ph hydrogels, controlled by adjusting the
degree of crosslinking-can be used to tune the final vascular density
within the collagen-Ph hydrogel constructs (Kuo et al., 2015).
Therefore, we speculate that the mode and degree of crosslinking
in the hydrogel will influence its microstructure and mechanical
properties, whichmay, in turn, impact the angiogenesis process and,
consequently, affect soft tissue repair.

6 Conclusion and perspective

Vascularization plays a crucial role in soft tissue repair,
directly determining and influencing the repair process and
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outcome. Effective vascularization in tissue-engineered scaffolds
facilitates nutrient exchange and waste removal between the
surrounding tissues and the scaffold interior. Due to the excellent
biocompatibility and biodegradability of natural hydrogels, they are
increasingly used-either individually or in combination-to construct
vascular networks by creating specialized scaffold structures or
serving as carriers for growth factors or stem cells. This approach
has shown promising results in facilitating the repair of soft
tissue defects.

However, the influence of hydrogels’ physical and chemical
properties on cell activities such as spreading, migration, and
differentiation remains unclear. Further research is needed to
understand how these properties affect cell behavior. Additionally,
the impact of reduced mechanical strength and swollen volume
on vascularization and tissue formation during long-term culture
periods is underexplored.

Moreover, while natural hydrogel-based vascularization
strategies for soft tissue repair have shown promise in animal
experiments, further in vivo studies are necessary to validate
their application and support clinical translation. Although
angiogenesis or vascularization within tissue-engineering scaffolds
is commonly observed, the compatibility of newly formed or
regenerated blood vessels with the surrounding host tissue-
and the dynamic processes of scaffold degradation and local
vascularized tissue repair-still require substantial research
investigation.

In conclusion, the natural hydrogel-based vascularization
strategies for soft tissue defect repair hold significant potential.
However, ongoing research is needed to address current
technical challenges and advance their clinical application
and development.
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