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Mechanisms, strategies, and
clinical application progress of
subcutaneous transplantation
angiogenesis
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Subcutaneous transplantation, as an important technology in cell and tissue
engineering, has received considerable attention due to its simplicity of
operation, strong reproducibility, and potential clinical application value.
However, the limitations of the vascular network in subcutaneous tissue
severely restrict the survival and functionality of transplanted cells; therefore,
angiogenesis has become a key factor in improving the success rate of
transplants. Currently, despite progress in the research of subcutaneous
transplantation, there are still many challenges and shortcomings. This article
reviews the molecular mechanisms of angiogenesis in subcutaneous
transplantation, strategies involving cells and biomaterials, as well as the latest
technological advancements in promoting angiogenesis. It focuses on analyzing
research results in aspects such as growth factor delivery, co-transplantation of
cells, scaffold material optimization, and immune regulation. At the same time,
the article systematically summarizes the clinical application prospects and
challenges of subcutaneous angiogenesis strategies in islet transplantation,
soft tissue repair, and autoimmune diseases. By comprehensively analyzing
the current research hotspots and difficulties, it aims to provide theoretical
support and practical guidance for future basic research and clinical
translation of angiogenesis in subcutaneous transplantation.

KEYWORDS

angiogenesis, co-transplantation of cells, growth factors, immunomodulation, islet
transplantation, scaffold materials, subcutaneous transplantation

1 Introduction

In the field of subcutaneous transplantation, the mechanisms, strategies, and
applications of angiogenesis have gradually become an important research direction.
Subcutaneous transplantation is regarded as an ideal transplantation site for cell and
tissue engineering due to its simplicity, ease of monitoring, and sampling. However, the
subcutaneous tissue is characterized by sparse vascularity and a hypoxic microenvironment,
as demonstrated by studies specifically measuring oxygen tension in this region
(Mitsugashira et al., 2022). Histological and functional analyses have confirmed that the
vascular density in subcutaneous areas is significantly limited (Jeon et al., 2024), and direct
oxygen measurements consistently show lower oxygen partial pressures compared to other
transplantation sites, which are critically associated with poor islet survival and function
(Komatsu et al., 2016; Mitsugashira et al., 2022). Research indicates that angiogenesis is
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GRAPHICAL ABSTRACT

critical to the success of subcutaneous transplantation; the lack of
effective vascular formation limits the survival and function of
transplanted cells (Komatsu et al., 2021; Saito et al, 2024). In
recent years, with the development of biomaterials science, stem
cell technology, and molecular biology, strategies to promote
subcutaneous angiogenesis have continuously enriched, providing
new possibilities for clinical applications.

An important mechanism of angiogenesis during subcutaneous
transplantation is to promote the formation of new blood vessels by
regulating the microenvironment. Studies have shown that
cytokines such as vascular endothelial growth factor (VEGF) play
a key role in angiogenesis by stimulating the proliferation and
migration of endothelial cells, thereby promoting the formation
of new blood vessels (Kuwatsuka et al., 2024; Ma et al., 2025).
Additionally, the type and source of stem cells significantly affect

Abbreviations: VEGF, Vascular Endothelial Growth Factor; ADSCs, Adipose-
Derived Stem Cells; GHNF, Gelatin Hydrogel Nonwoven Fabric; bFGF, Basic
Fibroblast Growth Factor; HIF, Hypoxia-Inducible Factor; MSCs,
Mesenchymal Stem Cells; VEGFA, Vascular Endothelial Growth Factor A;
VEGFR2, Vascular Endothelial Growth Factor Receptor 2; PI3K/Akt,
Phosphatidylinositol  3-Kinase/Protein Kinase B; MAPK/ERK, Mitogen-
Activated Protein Kinase/Extracellular Signal-Regulated Kinase; ARL13B,
ADP-Ribosylation Factor-Like Protein 13B; HUVECs, Human Umbilical Vein
Endothelial Cells; PRP, Platelet-Rich Plasma; PDGF, Platelet-Derived Growth
Factor; TGF-B, Transforming Growth Factor p; MMPs, Matrix
Metalloproteinases; EGF, Epidermal Growth Factor; EVs, Extracellular
Vesicles; MVFs, Microvascular Fragments; PCL, Polycaprolactone; BMSCs,
Bone Marrow Mesenchymal Stem Cells; DAT Hydrogel, Decellularized
Adipose Tissue Hydrogel; ATEVs, Adipose Tissue-Derived Extracellular
Vesicles; DAM, Decellularized Adipose Matrix; ECM, Extracellular Matrix; IL-
10, Interleukin 10; PLA, Polylactic Acid; PVA, Polyvinyl Alcohol; SIS, Small
Intestinal Submucosa; Adv, Adventitia; DAs, Dedifferentiated Adipocytes.
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angiogenesis. For example, adipose-derived stem cells (ADSCs) can
effectively promote angiogenesis and enhance transplantation
survival rates after transplantation (Saito et al., 2024).

The application of biomaterials is particularly important in
strategies to promote angiogenesis. Research has shown that
specific biomaterials such as gelatin hydrogels (GHNF) can
significantly ~ enhance  angiogenesis  in  subcutaneous
transplantation by providing a supportive matrix and releasing
growth factors to promote the formation of new blood vessels
and the survival of cells (Saito et al., 2023b; Kranjc Brezar, 2024).
For example, loading basic fibroblast growth factor (bFGF) into
biomaterials can enhance the angiogenesis at the transplantation
site, thereby improving the survival and function of transplanted
cells (Duan et al, 2024; Ma et al., 2025). However, several
that the

angiogenesis by GHNF is somewhat constrained, and its

investigations have indicated enhancement  of
fundamental mechanism does not primarily involve the direct
stimulation of significant neovascularization (Kanai et al., 2023;
Saito et al., 2023a). Instead, its principal function lies in safeguarding
islet viability by bolstering the accumulation of extracellular matrix
components (such as laminin, collagen III, and IV), rather than
fostering angiogenesis.

Despite certain advancements in the strategies for promoting
angiogenesis in subcutaneous transplantation, there are still
challenges. For instance, the survival rate of transplanted cells in vivo
is usually low, and the angiogenesis process after transplantation is
influenced by various factors, including immune responses and changes
in the microenvironment (Kuwatsuka et al., 2024; Zhou et al,, 2024).
Therefore, future research needs to further explore how to optimize these

factors to improve the success rate of subcutaneous transplantation.
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In summary, the mechanisms and strategies of angiogenesis in
subcutaneous transplantation represent a complex and significant
research area. By deeply understanding the molecular mechanisms
of angiogenesis and applying advanced biomaterials, it is hoped that
more effective clinical treatments for subcutaneous cell and tissue
transplantation can be achieved in the future.

2 Main body

2.1 Molecular mechanisms of angiogenesis
in subcutaneous transplantation

2.1.1 Basic biological processes of angiogenesis

Angiogenesis is a complex biological process involving
interactions between various cell types, primarily including the
activation, proliferation, migration of endothelial cells, and the
formation of lumens. The main driving factors of angiogenesis
are the actions of various growth factors, particularly vascular
endothelial growth factor (VEGF) and basic fibroblast growth
factor (bFGF), whose release can promote the proliferation and
migration of endothelial cells, further facilitating the formation of
new blood vessels. VEGF initiates intracellular signaling pathways
by binding to its receptors, activating a series of downstream effects,
thus stimulating the proliferation and migration of endothelial cells
(Ferrara, 2004).

In clinical and experimental research on subcutaneous
transplantation, the regulation of the WNT/B-catenin signaling
pathway has been found to play an important role in promoting
angiogenesis. Studies have shown that activating the WNT signaling
can enhance angiogenesis at the subcutaneous transplantation site,
thereby improving the survival and function of the transplanted
tissue (Wang et al., 2024). Therefore, by using WNT agonists, it is
possible to effectively promote the level of angiogenesis at the
transplantation site, providing new therapeutic strategies for the
clinical application of subcutaneous transplantation (Wang et al.,
2024). This regulatory mechanism involves the proliferation and
migration of vascular endothelial cells and is closely related to cell
signaling interactions in the local microenvironment, highlighting
the potential application value of the WNT/B-catenin signaling
pathway in subcutaneous transplantation (Figure 1).

In the process of angiogenesis, microenvironment factors, such
as hypoxic conditions, often upregulate the expression of these
factors, creating a favorable growth environment that further
promotes angiogenesis. For example, hypoxia-inducible factor
(HIF) can be activated under hypoxic conditions, leading to an
increase in the expression of pro-angiogenic genes, thereby
promoting the formation of new blood vessels (Ruas et al., 2007).
Additionally, mesenchymal stem cells (MSCs) are believed to play a
central role in this process. Studies have shown that MSCs promote
local angiogenesis and tissue healing by secreting various growth
factors and regulating the behavior of surrounding cells (Ma
et al., 2022).

2.1.2 Role of VEGFA-VEGFR2 signaling pathway in
subcutaneous angiogenesis

VEGFR?2, as an important signaling transduction receptor, plays
a crucial role in angiogenesis. VEGFA binds to VEGFR2, activating
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multiple downstream signaling pathways, including PI3K/Akt and
MAPK/ERK pathways, which can promote the proliferation and
migration of endothelial cells, thus facilitating the formation of new
blood vessels (Xu et al., 2017; Tanaka et al., 2020). At the same time,
the expression of ARL13B protein is closely related to the
localization of VEGFR2; research has found that modulation of
ARL13B activity can enhance VEGFR2 function, further promoting
the proliferation and migration of endothelial cells, thereby
increasing the efficiency of angiogenesis (Chen et al., 2023).

2.1.3 Hypoxia-inducible factor (HIF) and local
microenvironment regulation

The hypoxic conditions in the local microenvironment play a
critical role in restoring and promoting angiogenesis. Studies have
shown that hypoxic states can activate the HIF signaling pathway,
thereby promoting the expression of genes related to angiogenesis,
including the upregulation of growth factors like VEGF and bFGF.
This process can promote the release of endogenous angiogenic
factors, further improving the hemodynamic status of the tissue
and promoting tissue healing and regeneration (Zou et al.,, 2012;
Zhang et al., 2020). Research has also indicated that MSCs promote
angiogenesis through interactions with the local microenvironment
and regulate immune responses, creating a favorable environment for
wound healing (Kananivand et al., 2025; Zhang et al., 2025).

2.2 Growth factor delivery strategies to
promote angiogenesis

2.2.1 Local delivery of bFGF and its effects

Basic fibroblast growth factor (bFGF) is widely regarded as a key
factor in promoting angiogenesis, playing an important role in the
proliferation of endothelial cells and the formation of vascular
networks. The pro-angiogenic potential of bFGF was first
established in
demonstrated its ability to stimulate the proliferation and
migration of endothelial cells, laying the groundwork for its role
in vascular formation (Ratajska et al, 1995). In the context of

early foundational studies, which directly

controlled-release delivery, early technologies emerged in the
form of heparin-gelatin microspheres and PLGA scaffolds, which
successfully achieved sustained release of bFGF and were validated
to induce new blood vessel formation in subcutaneous models
(Tabata et al., 2000). Furthermore, pre-vascularization concepts
were pioneered through these systems, where bFGF-controlled
release was used to establish functional vascular networks in
subcutaneous tissues, providing critical support for subsequent
tissue engineering applications (Tabata et al, 2000; Gardner-
Thorpe et al., 2003).

Subsequent research further confirmed that bFGF promotes the
formation of new blood vessels by stimulating the proliferation and
migration of endothelial cells, thereby aiding the healing of injured
tissues. For example, in a study on bFGF, it was shown that bFGF
can effectively promote the proliferation and tubular structure
formation of human umbilical vein endothelial cells (HUVECs),
which are crucial for angiogenesis (Lei et al., 2024). Additionally,
bFGF enhances the survival of endothelial cells by activating
multiple signaling pathways (such as PI3K/Akt and MAPK/ERK),
thereby further promoting angiogenesis (van Velthoven et al., 2023).
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FIGURE 1

Three key factors (VEGF-A, bFGF, Wnt) initiate signaling through membrane receptors, activating downstream pathways to regulate angiogenesis-

related gene expression.

To improve the biological stability of bFGF and reduce its rapid
degradation in the body, researchers have explored strategies to
combine bFGF with biodegradable materials, such as collagen
gelatin sheets. Current research on bFGF focuses on several key
areas: carrier technology innovation, with recent studies developing
novel delivery systems (e.g., electrospun fiber membranes) that
enhance pro-angiogenic effects by sustained release of Cu®* or
regulating autophagy (Yang A. et al, 2025); microenvironment
regulatory mechanisms, including exploring new functions in
(e.g, CAFs secreting IL-6) and
immune regulation (e.g., macrophage polarization) (Yi et al,
2024; Zhang et al, 2024; Ly et al,, 2025); and expanded disease
applications, covering complex pathological models such as diabetic

tumor microenvironments

wound healing and pancreatic cancer immunotherapy. By loading
bFGF into collagen gelatin sheets, sustained release can be achieved,
providing long-term bioactivity in the transplantation area. This
approach effectively prolongs the action time of bFGF and enhances
its angiogenesis effect in the transplantation area. In a study,
subcutaneous transplantation using bFGF-loaded collagen gelatin
sheets resulted in a significant increase in angiogenesis in the
transplantation area, promoting blood supply and healing of
surrounding tissues (Shen et al., 2022).

Moreover, the sustained release of bFGF also helps regulate the
local microenvironment, promoting the expression of endogenous
angiogenic factors, thereby further enhancing the angiogenesis
effect. Through such a biomaterial delivery system, the clinical
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application potential of bFGF has been greatly enhanced,
providing new solutions for recovery after transplantation
surgery. The effectiveness of this strategy has been validated in
several animal experiments, indicating that the combination of
bFGF and biodegradable materials can play an important role in
tissue regeneration and repair (Syromiatnikova et al., 2024; Sun
et al.,, 2025).

2.2.2 Nanogel technology

Nanogels, as emerging drug delivery carriers, have gained
widespread attention due to their unique physicochemical
properties and biocompatibility. In recent years, researchers have
explored various preparation methods for nanogels, particularly the
application of nanogels using semipermeable membrane technology
in drug delivery and tissue engineering. These nanogels typically
possess good biocompatibility and adjustable drug release
characteristics, making them suitable for use in fields such as
gene delivery and regenerative medicine.

Nanogel synthesis can be achieved through various methods,
including self-assembly, polymerization reactions, and cross-
linking. Among them, polymer-based nanogels are favored due to
their outstanding biocompatibility and biodegradability. For
example, the application of nanogels has demonstrated excellent
drug loading capacity and release performance, effectively
responding to tumor microenvironments and releasing drugs
(Giilytiz et al, 2024). Additionally, nanogels made from
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temperature-responsive materials (such as

poly
(N-isopropylacrylamide), PNIPAM) can regulate their swelling
degree under specific temperature conditions, thus achieving
controlled drug release (Niezabitowska et al., 2023; Vashist et al.,
2024). Future research could explore the synergistic effects of such
nanoparticle gel localized controlled release systems with angiogenic
factors (such as VEGF).

In summary, nanogels provide new ideas for the design of drug
delivery systems. As the understanding of these materials deepens,
future research will focus on enhancing the targeting ability and
biocompatibility of nanogels to promote their translation in clinical
applications. At the same time, the multifunctionality and intelligent
response characteristics of nanogels are sure to open new pathways
for personalized medicine and precision therapy.

2.2.3 Platelet-rich plasma (PRP) assisted promotion
of angiogenesis

Platelet-rich plasma (PRP) is an autologous blood product that
has attracted attention in regenerative medicine due to its rich content
of growth factors. In recent years, increasing research has shown that
PRP can effectively promote angiogenesis and demonstrate good
effects in various clinical applications. One of the main
mechanisms of action of PRP is the release of growth factors, such
as platelet-derived growth factor (PDGF), transforming growth factor
B (TGF-B), and VEGF, which play important roles in promoting cell
proliferation, migration, and angiogenesis (Guo et al.,, 2017; Zhou
et al,, 2017). Particularly in fat grafting surgeries, the application of
PRP can significantly improve the survival rate of adipose tissue and
enhance blood supply to the graft site, thereby promoting healing and
regeneration (Oh et al,, 2011).

In clinical research, the efficacy of combining PRP with fat
grafting has been validated. For instance, studies have shown that
the combination of PRP and fat grafting can significantly enhance
the survival rate of transplanted fat and promote the formation of
new blood vessels, an effect primarily attributed to the abundant
growth factors in PRP (Zhou et al, 2017). Additionally, the
activating effect of PRP on endothelial cells has also been widely
studied, with results indicating that PRP can promote the
proliferation and migration of endothelial progenitor cells,
thereby accelerating the angiogenesis process (Zhang et al.,, 2019).

Further research has also found that the angiogenic effects of
PRP vary depending on the preparation methods. For example, PRP
activated by specific methods has shown better results in promoting
the release of growth factors and enhancing cell viability (Kakudo
et al,, 2014; Zhou et al., 2017). Furthermore, the composition and
concentration of PRP can also affect its angiogenic effects. Studies
have indicated that appropriate platelet concentrations and suitable
activation methods can optimize the biological activity of PRP,
thereby more effectively stimulating angiogenesis and tissue
repair (Guo et al., 2017).

At the same time, PRP has shown good application prospects in
treating chronic wounds and diabetic foot ulcers. Research has
found that PRP can promote angiogenesis by regulating the
secretion of cytokines, thus accelerating wound healing (Zhang
et al,, 2019). In these cases, PRP not only enhances angiogenesis
but also promotes tissue regeneration by improving the local
microenvironment, demonstrating its broad application potential
in regenerative medicine (Xu et al., 2020).
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In summary, platelet-rich plasma (PRP), as a biologically active
agent rich in growth factors, has shown exceptional application
value in multiple clinical areas by enhancing angiogenesis and
improving fat survival rates. Future research should continue to
explore the optimal preparation and application methods for PRP to
maximize its potential in regenerative medicine.

2.3 Stem cells and co-transplantation
strategies

2.3.1 The role of mesenchymal stem cells (MSCs) in
promoting angiogenesis

Mesenchymal stem cells (MSCs) play an important role in
promoting angiogenesis. Research shows that MSCs can secrete
various angiogenic factors, such as VEGF, matrix metalloproteinases
(MMPs), and epidermal growth factor (EGF), which promote
endothelial cell proliferation,
migration, and lumen formation (Ma et al., 2022). Additionally,

angiogenesis by regulating
MSCs can enhance the effects of angiogenesis by altering the local
immune environment. For instance, MSCs can promote the
polarization of M2 macrophages, which have been shown to play
a key role in wound healing and angiogenesis (Mohamad Yusoff and
Higashi, 2023). This polarization mechanism not only helps to
reduce local inflammatory responses but also promotes the
formation of blood vessels by secreting more cytokines and
growth factors.

In clinical applications, the co-transplantation of MSCs with
other cell types (such as P cells) is considered an effective strategy to
enhance cell survival and functional recovery. Studies show that the
combined transplantation of MSCs and f cells can significantly
improve the survival and function of transplanted cells, especially in
diabetic models, where MSCs provide favorable conditions for { cell
survival by improving the microenvironment and promoting
angiogenesis (Yu et al, 2020). Furthermore, MSCs also show
promising prospects in wound healing caused by diabetes, as
they accelerate the wound healing process by promoting local
blood flow and nutrient supply (Huang et al., 2022).

Moreover, as research delves deeper into the biological
characteristics of MSCs, increasing evidence supports their
vascular-related  diseases. For
example, studies have found that MSC-derived exosomes not

potential in treating various
only promote angiogenesis but also regulate inflammatory
responses, which may provide new insights for treating chronic
wounds and cardiovascular diseases (Liu and Liu, 2022). These
findings indicate that the role of MSCs in promoting angiogenesis
extends beyond direct cellular activities, encompassing intercellular
signaling and microenvironment regulation to achieve more
complex biological effects.

Overall, the role of MSCs in promoting angiogenesis is
multifaceted, involving the secretion of cytokines, regulation of
the immune environment, and interactions with other cell types.
These characteristics make MSCs an important research focus in the
field of regenerative medicine and provide new treatment strategies
for ischemic diseases, diabetic complications, and more. As research
progresses, the clinical application prospects for MSCs will further
expand, potentially playing a greater role in the treatment of
angiogenesis-related diseases.
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2.3.2 3D cell spheroid technology

In the fields of tissue engineering and regenerative medicine, the
application of three-dimensional (3D) cell spheroid technology has
gained increasing attention. Compared to traditional two-
dimensional (2D) cell culture, 3D cell spheroids can better mimic
the microenvironment of cells in vivo, allowing cells to grow and
interact under conditions that are closer to physiological states. This
technology is particularly suitable for the co-culture of human
umbilical cord blood mesenchymal stem cells (MSCs) and
human umbilical vein endothelial cells (Steiner et al., 2022),
constructing a vascularized three-dimensional microenvironment
that helps promote the angiogenesis and survival of transplanted
B cells.

In studies, 3D cell spheroids constructed using human umbilical
cord blood MSCs and human umbilical vein endothelial cells have
demonstrated significant angiogenic capabilities (Steiner et al,
2022). Specifically, these cell spheroids can effectively promote
the proliferation and migration of endothelial cells, enhancing
blood vessel formation. This process is crucial for the survival of
transplanted B cells, as they require adequate blood supply to
maintain their function and survival rates. Research indicates
that the constructed 3D cell spheroids not only enhance cell
survival but also effectively alleviate hypoxia during the
transplantation process, further improving the success rate and
functional performance of the transplantation (Duman et al., 2022).

In addition, a notable advantage of 3D cell spheroid technology
is its ability to simulate intercellular interactions and signaling,
which is difficult to achieve in 2D cultures.
between cells and the presence of extracellular matrix can more

Direct contact

realistically reflect cellular behavior under physiological and
pathological conditions. For example, within 3D spheroids, cells
are better able to express genes related to angiogenesis, promoting
the formation of new blood vessels (Mathot et al., 2021). This finding
provides new insights for B cell transplantation, especially in the
treatment of metabolic diseases like diabetes, showing promising
application prospects by utilizing 3D cell spheroid technology to
enhance the survival and function of transplanted cells.

Overall, the combination of human umbilical cord blood MSCs
and human umbilical vein endothelial cells to construct 3D cell
spheroid technology is not only significant in basic research but also
offers new opportunities for clinical applications. With further
research into this technology, future breakthroughs and
applications in regenerative medicine, tissue engineering, and cell
therapy are expected. Related studies have shown that this
technology demonstrates good results in improving cell survival
and promoting angiogenesis, providing a new solution for clinical

cell transplantation.

2.3.3 Microvascular fragments (MVFs) constructing
adipose organoids

Microvascular fragments (MVFs), as an important biological
material, show great application potential in tissue engineering.
MVFs are functional vascular units extracted from adipose tissue,
containing microvascular networks that can rapidly reorganize and
form new microvascular vivo (Laschke and
Menger, 2022).

In the research on MVFs, scientists have discovered their ability

systems in

to enhance angiogenesis and promote adipose tissue regeneration.
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Specifically, by providing an appropriate three-dimensional culture
environment for MVFs, they can self-assemble into microvascular
networks, which is crucial for constructing adipose organoids. For
example, utilizing a collagen-based matrix for three-dimensional
culture can significantly enhance the angiogenesis ability of MVFs,
promoting the differentiation and survival of adipocytes, thereby
forming more complex adipose structures (Salamone et al., 2021).

In improving skin fibrosis, MVFs have also shown positive
effects. Studies indicate that MVFs can improve the regenerative
environment of skin tissue by promoting local blood supply and
nutrient delivery, thereby reducing the incidence of fibrosis (Quan
et al, 2023). This mechanism primarily involves enhancing the
formation of new blood vessels, improving the local
microenvironment, and promoting collagen reconstruction and
regeneration, making clinical applications in treating skin injuries
and chronic wounds.

Overall, the study of forming adipose organoids through three-
dimensional culture of MVFs has greatly advanced the progress of
regenerative medicine. They not only provide a good angiogenesis
foundation for adipose tissue regeneration but also demonstrate
good application prospects in improving skin fibrosis. In the future,
with further in-depth research on the characteristics of MVFs, their
clinical applications will become more widespread, providing new
various tissue  defects and

solutions  for  addressing

regeneration issues.

2.4 Biomaterials and scaffold optimization

2.4.1 Porous polycaprolactone (PCL)
composite scaffolds

Porous polycaprolactone (PCL) composite scaffolds exhibit
field of tissue
engineering, particularly in promoting angiogenesis and
inhibiting fibrosis (Liu et al., 2022). PCL, a polymer with good
biocompatibility, is widely used in the preparation of scaffolds due to

outstanding application potential in the

its significant mechanical strength and excellent biodegradability,
making it an ideal choice for bone tissue engineering.

Studies have shown that PCL composite scaffolds possess an
excellent porous structure that can effectively support cell growth
and migration. The porosity of such scaffolds typically exceeds 90%,
providing an ideal growth environment for cells and facilitating the
transfer of nutrients and oxygen, which is crucial for cell survival
and function (Shi et al, 2022). In vitro experiments, PCLMF
composite scaffolds significantly enhanced the adhesion rate and
proliferation ability of bone marrow mesenchymal stem cells
(BMSCs), with a noticeable improvement in osteogenic capability
compared to other materials. 3D-printed PCL scaffolds loaded with
bFGF and BMSCs promoted tendon-bone healing after rotator cuff
tears in rats, demonstrating good biocompatibility and regenerative
ability in preclinical studies (Ni et al., 2025). By implanting this
scaffold in a mouse model of bone defects, results indicated that the
scaffold could effectively promote vascular regeneration, increase
the rate of new bone formation, and significantly reduce the
occurrence of fibrosis during the tissue healing process (Park
et al,, 2024; Song et al,, 2024). This effect is closely related to the
scaffold’s porous
strength, and good cell compatibility.

superior structure, reasonable mechanical
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In summary, the superior performance of porous PCL
composite scaffolds in promoting angiogenesis and reducing
fibrosis shows promising application prospects in tissue
engineering, particularly in the field of bone tissue regeneration.
This scaffold not only provides a “home” for cell growth but also
enhances the overall effect of tissue regeneration through its
excellent  biomechanical

properties and  biocompatibility,

providing strong support for future clinical applications.

2.4.2 Decellularized adipose tissue hydrogel

Decellularized adipose tissue hydrogel (DAT Hydrogel) is a
biomaterial that shows great potential in soft tissue engineering.
With the development of tissue engineering, the application of
decellularized adipose tissue as scaffold material has been
extensively studied due to its rich source and excellent potential
in tissue regeneration (Xiong et al., 2024). This hydrogel not only
provides a three-dimensional microenvironment that supports cell
growth but also promotes angiogenesis and the regeneration of
adipose tissue through its natural extracellular matrix (ECM)
components.

Research has shown that decellularized adipose tissue hydrogel
can effectively support the release of adipose tissue-derived
extracellular vesicles (ATEVs), which play an important role in
promoting angiogenesis and adipogenesis. In one study,
researchers utilized a novel mechanical separation technique to
extract vesicles from adipose liquid and prepared an exosome-rich
This
demonstrated strong angiogenic and adipogenic capabilities

decellularized  adipose tissue hydrogel. hydrogel
when co-cultured with vascular endothelial cells and adipose
progenitor cells (Nie et al., 2021). In mouse models, the
injection of this exosome-enriched hydrogel resulted in
significant increases in the volume and angiogenesis of newly
formed tissue, indicating its broad application prospects in soft
tissue regeneration.

Moreover, the preparation methods for decellularized adipose
tissue hydrogel are continually being optimized. For example,
using enzyme-free methods for decellularization not only
effectively removes adipocytes but also preserves the
microstructure, thereby better supporting cell adhesion and
growth. In vitro cultures, decellularized adipose matrix (DAM)
has shown good cell compatibility, capable of supporting the
proliferation and differentiation of human adipose-derived stem
cells (hADSCs) and promoting the secretion of VEGF (Qi
et al., 2024).

Regarding clinical applications, studies have begun to explore
the use of decellularized adipose tissue hydrogel in soft tissue
repair and regeneration. For instance, in breast reconstruction
surgeries, combining biodegradable scaffolds with decellularized
adipose tissue can effectively improve the volume and
angiogenesis of regenerated fat, providing better treatment
options for patients (Zhang et al, 2022). These findings
that adipose

significant application potential in soft tissue engineering and

indicate decellularized tissue hydrogel has
is gradually becoming an ideal material choice. Through further
research and clinical trials, decellularized adipose tissue hydrogel
is expected to play an increasingly important role in future tissue

regeneration and repair.

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2025.1665643

2.4.3 Collagen sponge scaffolds in islet
transplantation

In the field of islet transplantation, collagen sponge scaffolds as a
biomaterial show good application prospects. Their main function is
to provide a microenvironment that supports and promotes cell
growth,
transplantation when combined with growth factors such as
bFGF. Research has shown that bFGF plays a crucial role in
proliferation,

significantly enhancing the success rate of islet

enhancing angiogenesis and promoting cell
especially in transplant environments lacking good blood supply,
effectively promoting the survival and functional maintenance of
transplanted islets (Nakafusa et al., 2022).

Firstly, the biocompatibility of collagen sponge makes it an ideal
scaffold material. Compared to traditional materials, collagen
sponge better mimics the extracellular matrix (ECM), providing
necessary support for islet cells and promoting their growth and
functional recovery (Wu et al., 2024).

Secondly, the use of bFGF further enhances the effectiveness of
collagen sponge. In the environment of collagen sponge, the release
of bFGF can be sustained and stable, effectively supporting the
revascularization of islets after transplantation. Existing studies have
shown that the application of bFGF can significantly improve the
function of transplanted islets, lower blood glucose levels, and
promote blood vessel formation, thereby increasing the success
rate of transplantation (Gu et al., 2001). Figure 2 illustrates the
synergistic strategies for subcutaneous islet transplantation:3D {3-cell
spheroids activate angiogenic pathways via paracrine factors, bFGF-
loaded collagen sponges induce neovascular networks, and MSCs
improve the microenvironment to suppress immune rejection.

Additionally, the use of collagen sponge scaffolds can effectively
control the release of bFGF through a sustained release system,
maintaining its biological activity for a long time after
transplantation, thereby better supporting the angiogenesis and
functional recovery of the graft. This approach not only improves
the survival rate of islets but also reduces the occurrence of
postoperative complications (Emoto et al., 2025).

In summary, the application of collagen sponge scaffolds
combined with bFGF in islet transplantation shows promising
prospects, providing new ideas and methods to improve the
success rate and clinical efficacy of islet transplantation.

2.5 The relationship between
immunoregulation and angiogenesis

2.5.1 The impact of macrophage polarization on
angiogenesis

During inflammation and tissue repair, the polarization state of
macrophages plays a critical role in angiogenesis (Xie et al., 2022).
Macrophages can polarize into M1 or M2 types depending on their
microenvironment. M1 macrophages are typically associated with
pro-inflammatory responses and can produce various pro-
inflammatory cytokines, while M2 macrophages are considered to
have anti-inflammatory and tissue repair-promoting functions
(Zhang et al,, 2018). Studies have shown that M2 macrophages
significantly promote angiogenesis and tissue regeneration by
secreting various growth factors and cytokines (Yang M. et al., 2025).
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FIGURE 2

Schematic of angiogenesis optimization in subcutaneous islet transplantation for diabetes, integrating 3D vascularized p-cell spheroids, bFGF-

loaded collagen sponges, and MSC encapsulation.

One study found that M2 macrophages can promote
angiogenesis not only by secreting VEGF but also by modulating
the migration and proliferation of endothelial cells, further
enhancing the capacity for vascular formation. Moreover,
M2 macrophages support tissue repair and regeneration
processes by releasing anti-inflammatory factors and promoting
matrix remodeling, which is particularly important in chronic
diseases such as diabetic wound healing (Yang M. et al., 2025).

MSCs also play an important role in promoting
M2 macrophage polarization. Research has shown that MSCs
can effectively induce macrophage polarization toward M2 type
by secreting the cytokine IL-10, thereby enhancing their anti-
inflammatory and repair-promoting functions (Aktas et al., 2017;
Gong et al., 2025). Therefore, the interaction between MSCs and
macrophages plays a key regulatory role in tissue repair and
angiogenesis.

In the fields of stem cell therapy and regenerative medicine, the
strategy of using MSCs to induce M2 macrophage polarization has
shown positive preclinical effects. This provides new ideas for
developing novel therapeutic approaches, especially in chronic
wound healing and tissue regeneration, where the interaction
between MSCs and macrophages will be a focus of future
2025). the

mechanisms of macrophage polarization, we can better utilize

research  (Bejugam et al, By understanding
these cells in clinical applications, promoting the development of

regenerative medicine and tissue engineering.
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2.6 Subcutaneous angiogenesis in islet
transplantation

2.6.1 The angiogenic needs and challenges of
islet cells

The angiogenic needs and challenges of islet cells are particularly
important in the field of islet transplantation (Rojas-Canales et al.,
2017). The survival and function of islet cells depend on effective
blood supply, while the vascular network in subcutaneous tissue is
sparse, posing significant challenges for islet cell transplantation
(Jeon et al., 2024; Emoto et al.,, 2025). In the subcutaneous tissue,
insufficient angiogenesis leads islet cells to face risks of hypoxia and
malnutrition after transplantation, directly affecting their functional
maintenance and the therapeutic outcomes for diabetic patients.

Research has shown that the success of islet cell transplantation
is closely related to the angiogenesis level at the transplantation site
(Jansson and Carlsson, 2002). Compared to traditional islet
the of

transplantation lies in its minimally invasive nature and ease of

transplantation  methods, advantage subcutaneous
monitoring, but its limitation is insufficient angiogenesis, resulting
in high islet cell mortality and rapid functional decline (Shi et al.,
2016; Yu et al., 2020). In this context, developing strategies to
promote angiogenesis becomes particularly important.

By optimizing the microenvironment of islet cells, researchers
have explored a series of methods to promote angiogenesis. For

instance, scaffolds constructed from biocompatible materials can
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effectively promote angiogenesis at the transplantation site, thereby
improving the survival rate and function of islet cells (Emoto et al.,
2025). Additionally, studies have found that combining the
transplantation of MSCs with islet cells can significantly enhance
post-transplant angiogenesis and improve islet cell function,
providing new ideas for clinical treatment (Pinheiro-Machado
et al.,, 2025).

From a cellular and molecular perspective, key factors
promoting angiogenesis in islet cells include VEGF and bFGF
(Wu et al,, 2024). These factors can stimulate the proliferation
and migration of endothelial cells, thereby promoting the
formation of new blood vessels (Luo et al., 2011; Kado et al,
2024). Other studies have shown that using a strategy combining
extracellular matrix scaffolds and growth factors can effectively
improve the microenvironment of islet cells, enhancing their
survival capability and function (Wang X. et al.,, 2023).

In summary, although the sparse vascular network in
subcutaneous tissue poses challenges to the survival and function
of islet cells, scientific interventions and emerging biomaterials
technology hold promise for overcoming these limitations,
enhancing the success rate and clinical efficacy of islet cell
transplantation. Future research should further explore the effects
of different combinatorial strategies on islet cell angiogenesis to
achieve more effective treatment options for diabetes.

2.6.2 Strategies for promoting angiogenesis with
cells and materials

In recent years, strategies involving cells and materials to
promote angiogenesis have been widely applied in tissue
engineering and regenerative medicine, especially in the
treatment of organ transplantation and diseases such as diabetes.
To improve transplantation outcomes, researchers have developed
various combinations of biomaterials and cells, among which 3D
vascularized p-cell spheroids, collagen sponge carriers, and delivery
strategies for bFGF have shown significant effects.

3D vascularized B-cell spheroids are a novel cell structure that
can provide a physiologically relevant microenvironment, aiding in
the survival and function of B-cells. Research has shown that this
three-dimensional ~structure not only improves cell-to-cell
interactions but also promotes angiogenesis, thereby enhancing
cell survival rates and function (Fukuda et al., 2018; Takaichi
et al,, 2022). Promoting the rapid fabrication and functionality of
pancreatic B-cell spheroids allows transplanted -cells to integrate
more efficiently with host tissue, reducing cell apoptosis and
improving therapeutic outcomes.

As an ideal biomaterial, collagen sponge scaffolds are widely
used in tissue engineering due to their superior biocompatibility and
biodegradability. Collagen sponges not only support cell attachment,
proliferation, and differentiation but also provide necessary physical
support. In studies, the combined use of collagen sponge scaffolds
with B cells not only promotes cell growth but also improves
transplant outcomes by enhancing local angiogenesis (Wu et al.,
2024). The application of this scaffold offers a more suitable
microenvironment for cells, helping to enhance the function and
survival rate of transplanted tissues.

In addition, bFGF, as an important growth factor, plays a
significant role in promoting angiogenesis. It enhances the
formation of new blood vessels by activating multiple signaling
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pathways that stimulate the proliferation and migration of
endothelial cells. Studies have shown that bFGF can effectively
stimulate angiogenesis, improve blood supply to the transplant
area, and thus increase the survival rate and function of B cells
(Jansson and Carlsson, 2002).

In summary, the application of three-dimensional vascularized p
cell spheroids, collagen sponge carriers, and bFGF provides new
perspectives for promoting angiogenesis and improving cell
transplantation outcomes. These strategies not only increase cell
survival rates but also promote angiogenesis, providing important
support for tissue regeneration and functional recovery. These
research findings lay a solid theoretical foundation and practical
guidance for future clinical applications.

2.6.3 Clinical translation prospects and
existing issues

With the rapid development of regenerative medicine and tissue
engineering, low-immunogenic materials and technologies that
promote angiogenesis are gradually showing promise in clinical
applications, but they also face many challenges. The development
of low-immunogenic materials provides an important foundation
for tissue transplantation, as they can effectively reduce the rejection
response after organ or tissue transplantation, thereby improving
the success rate of transplants. For example, the use of highly
biocompatible materials, such as polylactic acid (PLA) and
polyvinyl alcohol (PVA), has been shown to reduce immune
responses during the transplantation process and promote tissue
regeneration (Pinto et al., 2010; Yang et al., 2020).

On the other hand, technologies that promote angiogenesis
have shown great potential in various clinical applications,
especially in the field of tissue regeneration where vascular
supply is urgently needed. By using growth factors, cell therapy,
or synthetic materials, researchers are able to effectively promote
the formation of new blood vessels, thereby improving the blood
supply to tissues. For example, the application of bFGF has been
proven to significantly enhance angiogenesis, thus increasing the
survival rate and function of transplanted tissues (Emoto et al,
2025). In addition, engineered extracellular vesicles (EVs) as an
emerging biomaterial can promote angiogenesis by transporting
bioactive factors, showing promising prospects for clinical
translation (Tu et al., 2023).

However, despite the broad prospects, clinical translation still
faces multiple challenges. First, the long-term effects and
biocompatibility of low-immunogenic materials still require
substantial clinical data support; current research is largely
focused on animal experiments, lacking large-scale human
clinical trials. Second, strategies for promoting angiogenesis may
exhibit significant differences among different patients and types of
tissues, making the development of personalized treatment plans
particularly necessary.

Additionally, there are issues of cost and challenges in
production standardization in clinical translation. The research
and development of new materials and technologies often require
high costs, which may be difficult for existing healthcare systems to
bear. Moreover, ensuring quality control of these materials during
the manufacturing process and the safety of their clinical
applications is also a critical issue that cannot be overlooked
(Metselaar and Lammers, 2020).
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In summary, although low-immunogenic materials and
angiogenesis-promoting technologies show good prospects for
clinical application, achieving widespread use still requires
overcoming issues related to immune response, individual
differences, cost, and standardization. Future research should
focus on gaining a deeper understanding of the mechanisms of
these technologies, optimizing clinical trial designs to facilitate their

successful clinical translation.

2.7 Applications of subcutaneous
angiogenesis in soft tissue repair and
autoimmune diseases

2.7.1 Adipose tissue engineering and angiogenesis

Adipose tissue engineering plays a crucial role in soft tissue
reconstruction, and its success mainly depends on effective
In recent researchers have
the

extracellular vesicles (ATEVs) in promoting angiogenesis and

angiogenesis. years, gradually

recognized important role of adipose tissue-derived
improving adipose tissue survival (Chen et al., 2022). ATEVs are
small extracellular vesicles released by cells derived from adipose
tissue, rich in various bioactive molecules that can effectively
regulate intercellular signaling, promote the proliferation and
migration of endothelial cells, thereby enhancing the capacity for
angiogenesis (Nie et al., 2021).

One study proposed a novel mechanical separation technique,
and ATEVs extracted through this technique were shown to
effectively promote the proliferation of endothelial cells and
lumen formation in vitro. In vivo experiments, ATEV-enriched
hydrogels significantly increased the volume of adipose tissue,
and both angiogenesis and adipogenesis were improved. In the
experimental group injected with ATEV-enriched hydrogel,
higher angiogenesis and adipogenesis were observed at the 4th
and 8th weeks post-surgery (Nie et al, 2021). Furthermore,
employing improved composite hydrogel strategies, such as
combining decellularized adipose tissue (DAT) with small
intestinal submucosa (SIS) or adventitia (Adv), can effectively
promote new blood vessel formation and adipose tissue
regeneration, further indicating the application potential of
composite hydrogels in adipose tissue engineering (Cui et al., 2023).

In the process of adipose transplantation, delayed and unstable
angiogenesis is a key factor affecting adipose survival. By
optimizing extracellular vesicle application and combining them
with bioactive hydrogels, the angiogenesis of transplanted adipose
can be enhanced and their survival rate improved, thus providing
new solutions for clinical applications (Zhu et al.,, 2022). For
example, hydrogels combined with extracellular vesicles can
provide necessary growth factors in the early postoperative
period, promoting blood vessel formation and subsequently
reducing adipose tissue necrosis rates, improving overall
regenerative outcomes (Xie et al., 2020).

In summary, adipose tissue-derived extracellular vesicles and
their composite hydrogels exhibit good angiogenesis-promoting
capabilities and improvements in adipose survival in adipose
tissue engineering. Future research can further explore
combinations of different types of extracellular vesicles and

hydrogels to optimize strategies for adipose tissue engineering,

Frontiers in Bioengineering and Biotechnology

10

10.3389/fbioe.2025.1665643

thereby addressing clinical challenges in soft tissue reconstruction
more effectively.

2.7.2 Regulation of angiogenesis in local
fibrotic diseases

One characteristic of local fibrotic diseases is the loss of
subcutaneous fat and abnormal fibrosis, commonly seen in
conditions like localized scleroderma. Recent studies have shown
that three-dimensional (3D) cultured adipose organoids can
effectively restore subcutaneous fat and reduce the extent of local
fibrosis. Specifically, adipose-derived stem cells (ADSCs) have
demonstrated positive therapeutic effects in local fibrotic models;
these cells not only promote fat regeneration but also alleviate
fibrosis by modulating inflammatory responses and enhancing
angiogenesis (Wang et al., 2023b).

In a study involving a mouse model of localized scleroderma,
researchers injected different doses of ADSC:s into the subcutaneous
tissue of mice. Results indicated that high doses of ADSCs
significantly reduced skin fibrosis, lowered the production of type
III collagen and transforming growth factor pl1 (TGF-P1), and
increased the expression of cytokines related to angiogenesis.
This suggests that the application of ADSCs can not only
fat but the
microenvironment by promoting angiogenesis, thereby alleviating
fibrosis (Wang et al., 2023b).

Additionally, another study found that dedifferentiated
(DAs) exhibited stronger activity inducing
angiogenesis and effectively suppressed the expression of fibrosis-

promote retention also  improve local

adipocytes in
related genes. These findings provide new insights into the treatment
of local fibrotic diseases, indicating that the combination of 3D
culture techniques with the application of ADSCs or DAs may
achieve fat tissue regeneration and functional repair, thus improving
pathological states (Wang et al., 2022).

In designing treatment plans, consideration should also be given
to the modulation of the local microenvironment, such as through
the combined application of platelet-rich plasma (PRP) and fat
transplantation to further enhance angiogenesis and fat survival.
This strategy has shown significant clinical effects in studies, not
only alleviating skin fibrosis but also increasing the survival rate of
fat transplants, further validating the potential of 3D cultured
adipose organoids in treating local fibrosis (Wang et al., 2023a).

In summary, 3D cultured adipose organoids provide new
mechanisms and strategies for restoring subcutaneous fat and
reducing local fibrosis. Future research can further explore the
effects of different cell sources and their combined applications
on local fibrotic diseases, aiming to provide more -effective
therapeutic options for clinical practice. The regulation of
angiogenesis is regarded as an important strategy for improving
the local immune environment. Autologous fat transplantation, as a
regenerative medicine technology, has been widely applied in the
treatment of various diseases clinically, especially in those related to
angiogenesis.

3 Conclusion

Subcutaneous angiogenesis in transplantation is a key factor
influencing transplantation success, and the development history
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TABLE 1 Recent advances in biomaterials for promoting angiogenesis in subcutaneous transplantation.

Material
category

Specific examples

Key features and mechanisms

Recent advancements and applications

Natural Polymer
Scaffolds

Gelatin Hydrogel Nonwoven
Fabric (GHNF)

Collagen Sponge

Decellularized Adipose Tissue
Hydrogel (DAT Hydrogel)

Provides three-dimensional support, augments the
extracellular matrix (such as laminin, collagen III/IV),
and enhances the microenvironment conducive to the
survival of transplanted islets; however, its ability to
promote angiogenesis is constrained and does not
primarily entail direct stimulation of substantial
neovascularization

Exhibiting outstanding biocompatibility, it emulates the
intrinsic extracellular matrix (ECM) and functions as a
sustained-release vehicle for growth factors such as
bFGF.

Preserves natural adipose ECM components and
bioactive factors, exhibiting excellent pro-angiogenic
and adipogenic capabilities; can be prepared via enzyme-
free decellularization to retain microstructure for better
cell adhesion/growth

Combined with adipose-derived stem cells (ADSCs) to
significantly enhance the engraftment and function of
subcutaneous islets (Kanai et al., 2023; Saito et al., 2023a;
Saito et al., 2024)

Loaded with bFGF, this preparation successfully
facilitates the induction of functional neovascular
networks in subcutaneous islet transplantation, thereby
reversing hyperglycemia (Nakafusa et al.,, 2022; Wu et al.,
2024; Emoto et al., 2025)

Integration with adipose tissue-derived extracellular
vesicles (ATEVs) or combination with small intestinal
submucosa (SIS) to construct highly vascularized adipose
tissue (Nie et al., 2021; Cui et al., 2023; Qi et al., 2024)

Synthetic Polymer Porous Excellent biocompatibility, adjustable biodegradability, = 3D-printed composite scaffolds infused with bFGF and
Scaffolds Polycaprolactone (PCL) and robust mechanical strength; elevated porosity bone marrow-derived mesenchymal stem cells (BMSCs)
promotes cellular migration and nutrient transport facilitate the healing of tendon-bone junctions through
immunomodulatory mechanisms and the promotion of
angiogenesis (Park et al., 2024; Song et al., 2024; Ni et al.,
2025)
Polylactic Acid (PLA)/ Biodegradable and approved by the FDA for certain Utilized as carriers with low immunogenicity for the
Polyglycolic Acid (PGA) medical devices, it has the potential to function as a localized administration of immunosuppressive agents or
controlled-release mechanism for growth factors or growth factors, aimed at minimizing rejection and
pharmaceuticals enhancing vascularization (Pinto et al.,, 2010; Yang et al.,
2020)
Composite Nanogels High drug-loading capacity, capable of intelligent, Emerging as innovative delivery mechanisms for

Engineered Extracellular
Vesicles (EVs)

Bioactive Factor bFGEF-Chitosan Gel

Delivery Systems

Platelet-Rich Plasma (PRP)

stimuli-responsive (e.g., pH, temperature, tumor
microenvironment) drug release; temperature-
responsive types (e.g., PNIPAM-based) regulate swelling
for controlled release

Natural intercellular communication vehicles, which can
be equipped with specific proteins, RNAs, and other
molecular entities, exhibit low immunogenicity

The cationic characteristics of chitosan facilitate the
stable attachment and prolonged release of bFGF.

Of autologous origin and abundant in various growth
factors (VEGF, PDGF, TGF-p), it is safe and readily
obtainable. Its efficacy is influenced by preparation
techniques (e.g., activation protocols) and platelet
concentration

angiogenic agents (e.g., VEGF); possess significant
promise for spatiotemporal modulation of
vascularization (Niezabitowska et al., 2023; Giilyiiz et al.,
2024; Vashist et al., 2024)

Designed to enhance pro-angiogenic factors and
employed as a “cell-free” therapeutic approach in
conjunction with scaffolds for the meticulous modulation
of angiogenesis (Tu et al., 2023)

Activated endogenous neurogenesis and angiogenesis in a
rat model of ischemic stroke (Duan et al., 2024)

Combined with fat grafting significantly improves fat
survival and accelerates diabetic wound healing by
upregulating pathways like Notchl (Kakudo et al., 2014;
Zhou et al., 2017)

and research progress reveal that complex molecular signals and
cellular interactions play an important role in this process. In recent
years, significant achievements have been made in the study of
subcutaneous angiogenesis through various strategies, including
growth factor delivery, stem cell co-transplantation, biomaterial
optimization, and immune regulation. These strategies not only
enhance the survival and function of transplanted cells but also
provide broad application prospects in fields such as islet
transplantation, cancer treatment, soft tissue repair, and
autoimmune diseases (Table 1).

Nevertheless, the regulatory mechanisms of angiogenesis still
hold many unanswered questions, and researchers face multiple
challenges in exploring these complex mechanisms, including
and clinical translation. The

immune rejection responses

Frontiers in Bioengineering and Biotechnology

11

viewpoints and findings among different studies often vary,
which requires us to maintain a rigorous and objective attitude
in our analyses. Regarding the effectiveness of certain strategies,
although multiple experimental results support their feasibility,
attention must also be paid to their adaptability and limitations
under different physiological and pathological conditions. For
instance, stem cell co-transplantation may not promote
angiogenesis as expected under specific conditions, necessitating a
meticulous consideration of the interactions of various factors in
future research.

Future research directions should focus on deepening the
understanding of molecular mechanisms while optimizing
synergistic strategies involving multiple components to address

the current challenges. Through detailed mechanistic studies, we
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will be better able to identify and utilize key regulatory factors to
enhance the efficiency of angiogenesis. Additionally, developing
novel immune regulation strategies is particularly important to
which  will
groundwork for clinical translation. A good foundation.

address immune rejection responses, lay the

In the process of promoting the clinical application of
subcutaneous angiogenesis technology, we also need to pay
attention to the overall therapeutic effects in the fields of tissue
engineering and  regenerative medicine. Interdisciplinary
collaboration, technological innovation, and clinical feedback will
be the driving forces for continuous progress in this field. In
summary, although current research has provided various
effective strategies for subcutaneous angiogenesis, continuous
efforts are still needed in understanding mechanisms, optimizing
strategies, and clinical translation to achieve better clinical outcomes

and patient welfare.

Author contributions

YL: Conceptualization, Writing - original draft. XY:
Methodology, Writing - original draft. SC: Supervision,
Writing -  original draft. LG: Supervision, Validation,
Writing - original draft. ZX: Supervision, Validation,
Writing -  original draft. JC: Resources, Supervision,

Writing - original draft. HG: Funding acquisition, Resources,
Writing - review and editing.

Funding

The authors declare that financial support was received for the
research and/or publication of this article. This work was funded by

References

Aktas, E., Chamberlain, C. S., Saether, E. E., Duenwald-Kuehl, S. E., Kondratko-
Mittnacht, J., Stitgen, M., et al. (2017). Immune modulation with primed
mesenchymal stem cells delivered via biodegradable scaffold to repair an achilles
tendon segmental defect. J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 35, 269-280.
doi:10.1002/jor.23258

Bejugam, D., Bu, S., Nguyen, A. N., Yaltaghian, M., and Smolen, K. K. (2025). New
frontiers in type I diabetes treatment: the impact of mesenchymal stromal cells on long-
term complications. Front. Clin. Diabetes Healthc. 6, 1586061. doi:10.3389/fcdhc.2025.
1586061

Chen, K., Xiong, J., Xu, S., Wu, M., Xue, C., Wu, M., et al. (2022). Adipose-derived
stem cells exosomes improve fat graft survival by promoting prolipogenetic abilities
through wnt/B-catenin pathway. Stem Cells Int. 2022, 1-14. doi:10.1155/2022/
5014895

Chen, L., Xie, X., Wang, T., Xu, L., Zhai, Z., Wu, H., et al. (2023). ARL13B promotes
angiogenesis and glioma growth by activating VEGFA-VEGFR2 signaling. Neuro-Oncol
25, 871-885. doi:10.1093/neuonc/noac245

Cui, L., Zhao, Y., Zhong, Y., Zhang, L., Zhang, X., Guo, Z,, et al. (2023). Combining
decellularized adipose tissue with decellularized adventitia extravascular matrix or small
intestinal submucosa matrix for the construction of vascularized tissue-engineered
adipose. Acta Biomater. 170, 567-579. doi:10.1016/j.actbio.2023.08.060

Duan, H., Li, S., Hao, P., Hao, F., Zhao, W., Gao, Y., et al. (2024). Activation of
endogenous neurogenesis and angiogenesis by basic fibroblast growth factor-chitosan
gel in an adult rat model of ischemic stroke. Neural Regen. Res. 19, 409-415. doi:10.
4103/1673-5374.375344

Duman, B. O,, Sariboyaci, A. E., and Karaoz, E. (2022). Bio-engineering of 3-D cell
sheets for diabetic rats: interaction between mesenchymal stem cells and beta cells in
functional islet regeneration system. Tissue Cell 79, 101919. doi:10.1016/j.tice.2022.
101919

Frontiers in Bioengineering and Biotechnology

12

10.3389/fbioe.2025.1665643

the Guangxi Graduate Education Innovation Project (grant number
XYJ25073), the Guangxi Key Research and Development Program
(grant number GuikeAB24010077), and the Guangxi Center for
Clinical Medical Research on Integrated Traditional Chinese and
Western  Medicine (grant
GuikeAD22035122).

for Kidney Diseases number

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.

Generative Al statement

The authors declare that Generative AI was used in the creation
of this manuscript. I used DeepSeek to revise some parts.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

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.

Emoto, N., Anazawa, T., Yamane, K., Fujimoto, N., Murakami, T., Fujimoto, H., et al.
(2025). A novel subcutaneous islet transplantation method using a bioabsorbable
medical device to facilitate the creation of a highly vascularized transplantation site.
Cell Transpl. 34, 09636897251342986. doi:10.1177/09636897251342986

Ferrara, N. (2004). Vascular endothelial growth factor: basic science and clinical
progress. Endocr. Rev. 25, 581-611. doi:10.1210/er.2003-0027

Fukuda, Y., Akagi, T., Asaoka, T., Eguchi, H., Sasaki, K., Iwagami, Y., et al. (2018).
Layer-by-layer cell coating technique using extracellular matrix facilitates rapid
fabrication and function of pancreatic B-cell spheroids. Biomaterials 160, 82-91.
doi:10.1016/j.biomaterials.2018.01.020

Gardner-Thorpe, J., Grikscheit, T. C,, Ito, H., Perez, A., Ashley, S. W., Vacanti, J. P.,
et al. (2003). Angiogenesis in tissue-engineered small intestine. Tissue Eng. 9,
1255-1261. doi:10.1089/10763270360728161

Gong, Y., Ren, Y., Jia, N,, Zhang, X, Li, Y., and Zhi, X. (2025). Vitamin D promotes
wound healing in aged skin by modulating inflammation, angiogenesis, and EMT via
the hippo pathway. J. Steroid Biochem. Mol. Biol. 252, 106799. doi:10.1016/j.jsbmb.2025.
106799

Gu, Y., Tabata, Y., Kawakami, Y., Balamurugan, A. N., Hori, H., Nagata, N., et al.
(2001). Development of a new method to induce angiogenesis at subcutaneous site of
streptozotocin-induced diabetic rats for islet transplantation. Cell Transpl. 10, 453-457.
doi:10.3727/000000001783986693

Giilytiz, S., Sessevmez, M., Ukuser, G., Khalily, M. P., Tiryaki, S., Sipahioglu, T., et al.
(2024). A novel PEtOx-based nanogel targeting prostate cancer cells for drug delivery.
Macromol. Biosci. 24, €2300324. doi:10.1002/mabi.202300324

Guo, S.-C., Tao, S.-C,, Yin, W.-]., Qi, X,, Yuan, T,, and Zhang, C.-Q. (2017). Exosomes
derived from platelet-rich plasma promote the re-epithelization of chronic cutaneous
wounds via activation of YAP in a diabetic rat model. Theranostics 7, 81-96. doi:10.
7150/thno.16803

frontiersin.org


https://doi.org/10.1002/jor.23258
https://doi.org/10.3389/fcdhc.2025.1586061
https://doi.org/10.3389/fcdhc.2025.1586061
https://doi.org/10.1155/2022/5014895
https://doi.org/10.1155/2022/5014895
https://doi.org/10.1093/neuonc/noac245
https://doi.org/10.1016/j.actbio.2023.08.060
https://doi.org/10.4103/1673-5374.375344
https://doi.org/10.4103/1673-5374.375344
https://doi.org/10.1016/j.tice.2022.101919
https://doi.org/10.1016/j.tice.2022.101919
https://doi.org/10.1177/09636897251342986
https://doi.org/10.1210/er.2003-0027
https://doi.org/10.1016/j.biomaterials.2018.01.020
https://doi.org/10.1089/10763270360728161
https://doi.org/10.1016/j.jsbmb.2025.106799
https://doi.org/10.1016/j.jsbmb.2025.106799
https://doi.org/10.3727/000000001783986693
https://doi.org/10.1002/mabi.202300324
https://doi.org/10.7150/thno.16803
https://doi.org/10.7150/thno.16803
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1665643

Li et al.

Huang, J.-N.,, Cao, H., Liang, K.-Y., Cui, L.-P., and Li, Y. (2022). Combination therapy
of hydrogel and stem cells for diabetic wound healing. World J. Diabetes 13, 949-961.
doi:10.4239/wjd.v13.i11.949

Jansson, L., and Carlsson, P.-O. (2002). Graft vascular function after transplantation
of pancreatic islets. Diabetologia 45, 749-763. doi:10.1007/s00125-002-0827-4

Jeon, S., Heo, J.-H., Myung, N., Shin, J. Y., Kim, M. K,, and Kang, H.-W. (2024). High-
efficiency, prevascularization-free macroencapsulation system for subcutaneous
transplantation of pancreatic islets for enhanced diabetes treatment. Adv. Mater.
Deerf. Beach Fla 36, €2408329. doi:10.1002/adma.202408329

Kado, T., Tomimaru, Y., Kobayashi, S., Harada, A., Sasaki, K., Iwagami, Y., et al.
(2024). Skeletal myoblast cells enhance the function of transplanted islets in diabetic
mice. J. Diabetes Res. 2024, 5574968. doi:10.1155/2024/5574968

Kakudo, N., Morimoto, N., Kushida, S., Ogawa, T., and Kusumoto, K. (2014). Platelet-
rich plasma releasate promotes angiogenesis in vitro and in vivo. Med. Mol. Morphol. 47,
83-89. doi:10.1007/s00795-013-0045-9

Kanai, N., Inagaki, A., Nakamura, Y., Imura, T., Mitsugashira, H., Saito, R,, et al.
(2023). A gelatin hydrogel nonwoven fabric improves outcomes of subcutaneous islet
transplantation. Sci. Rep. 13, 11968. doi:10.1038/s41598-023-39212-4

Kananivand, M., Nouri, F., Yousefi, M. H., Pajouhi, A., Ghorbani, H., Afkhami, H.,
et al. (2025). Mesenchymal stem cells and their exosomes: a novel approach to skin
regeneration via signaling pathways activation. J. Mol. Histol. 56, 132. doi:10.1007/
510735-025-10394-7

Komatsu, H., Kang, D., Medrano, L., Barriga, A., Mendez, D., Rawson, J., et al. (2016).
Isolated human islets require hyperoxia to maintain islet mass, metabolism, and
function. Biochem. Biophys. Res. Commun. 470, 534-538. doi:10.1016/j.bbrc.2016.
01.110

Komatsu, H., Gonzalez, N., Ortiz, J., Rawson, J., Omori, K., Kandeel, F., et al. (2021).
Early-phase luciferase signals of islet grafts predicts successful subcutaneous site
transplantation in rats. Mol. Imaging Biol. 23, 173-179. d0i:10.1007/s11307-020-
01560-2

Kranjc Brezar, S. (2024). Transplantable subcutaneous tumor models. Methods Mol.
Biol. Clifton N. J. 2773, 67-76. doi:10.1007/978-1-0716-3714-2_7

Kuwatsuka, Y., Ito, H., Tabuchi, K., Konuma, T., Uchida, N., Inamoto, Y., et al. (2024).
Trends in allogeneic hematopoietic cell transplantation survival using population-based
descriptive epidemiology method: analysis of national transplant registry data. Bone
Marrow Transpl. 59, 1295-1301. doi:10.1038/s41409-024-02326-y

Laschke, M. W., and Menger, M. D. (2022). Microvascular fragments in
microcirculation research and regenerative medicine. Tissue Eng. Part B Rev. 28,
1109-1120. doi:10.1089/ten.TEB.2021.0160

Lei, X,, Li, Z., Huang, M., Huang, L., Huang, Y., Lv, S,, et al. (2024). Glil-mediated
tumor cell-derived bFGF promotes tumor angiogenesis and pericyte coverage in non-
small cell lung cancer. J. Exp. Clin. Cancer Res. CR 43, 83. doi:10.1186/s13046-024-
03003-0

Liu, W. J,, and Liu, D. W. (2022). Research advances on mesenchymal stem cell-
derived extracellular vesicles in promoting angiogenesis of diabetic ulcers. Zhonghua
Shao Shang Yu Chuang Mian Xiu Fu Za Zhi 38, 393-399. doi:10.3760/cma.j.cn501120-
20201207-00520

Liu, C.-S., Feng, B.-W., He, S.-R,, Liu, Y.-M., Chen, L., Chen, Y.-L,, et al. (2022).
Preparation and evaluation of a silk fibroin-polycaprolactone biodegradable biomimetic
tracheal scaffold. J. Biomed. Mater. Res. B Appl. Biomater. 110, 1292-1305. doi:10.1002/
jbm.b.35000

Luo, J. Z. Q, Xiong, F., Al-Homsi, A. S., Roy, T., and Luo, L. G. (2011). Human BM
stem cells initiate angiogenesis in human islets in vitro. Bone Marrow Transpl. 46,
1128-1137. doi:10.1038/bmt.2010.278

Ly, T., Pickard, B., Pandey, A., Yap, M., Opara, J., Arnold, L., et al. (2025).
TRIM16 mediates secretory autophagy in head and neck cancer-associated
fibroblasts. Autophagy 21, 2473-2496. doi:10.1080/15548627.2025.2508064

Ma, B, Wang, T., Li, J., and Wang, Q. (2022). Extracellular matrix derived from
wharton’s jelly-derived mesenchymal stem cells promotes angiogenesis via integrin
aVP3/c-myc/P300/VEGE. Stem Cell Res. Ther. 13, 327. doi:10.1186/s13287-022-
03009-5

Ma, X, Lee, H. J., Kim, D. O., Kwon, Y. D., Ha, G.-H., Kim, C. K,, et al. (2025).
Identification of allogeneic and xenogeneic neural stem cells” immunogenicity in the
brain and strategies to alleviate transplantation rejection. Transpl. Immunol. 92, 102247.
doi:10.1016/j.trim.2025.102247

Mathot, F., Rbia, N., Thaler, R,, Dietz, A. B., van Wijnen, A. J., Bishop, A. T,, et al.
(2021). Gene expression profiles of human adipose-derived mesenchymal stem cells
dynamically seeded on clinically available processed nerve allografts and collagen nerve
guides. Neural Regen. Res. 16, 1613-1621. doi:10.4103/1673-5374.303031

Metselaar, J. M., and Lammers, T. (2020). Challenges in nanomedicine
clinical translation. Drug Deliv. Transl. Res. 10, 721-725. doi:10.1007/s13346-020-
00740-5

Mitsugashira, H., Imura, T., Inagaki, A., Endo, Y., Katano, T., Saito, R,, et al. (2022).
Development of a novel method for measuring tissue oxygen pressure to improve the
hypoxic condition in subcutaneous islet transplantation. Sci. Rep. 12, 14731. doi:10.
1038/541598-022-19189-2

Frontiers in Bioengineering and Biotechnology

13

10.3389/fbioe.2025.1665643

Mohamad Yusoff, F., and Higashi, Y. (2023). Mesenchymal stem/stromal cells for
therapeutic angiogenesis. Cells 12, 2162. doi:10.3390/cells12172162

Nakafusa, Y., Nitta, N., Ishii, K., Shirasu, N., Iwamoto, T., Nemoto, T., et al. (2022).
Acceptance of murine islet allografts without immunosuppression in inguinal
subcutaneous white adipose tissue pretreated with bFGF. Diabetes 71, 1721-1734.
doi:10.2337/db21-0684

Ni, Y., Tian, B., Lv, ], Li, D., Zhang, M., Li, Y., et al. (2025). 3D-printed PCL scaffolds
loaded with bFGF and BMSCs enhance tendon-bone healing in rat rotator cuff tears by
immunomodulation and osteogenesis promotion. ACS Biomater. Sci. Eng. 11,
1123-1139. doi:10.1021/acsbiomaterials.4c02340

Nie, J.-Y., Zhu, Y.-Z., Wang, J.-W., Hu, X, Wang, Z.-H., Wu, S,, et al. (2021).
Preparing adipogenic hydrogel with neo-mechanical isolated adipose-derived
extracellular vesicles for adipose tissue engineering. Plast. Reconstr. Surg. 148,
212e-222e. doi:10.1097/PRS.0000000000008186

Niezabitowska, E., Gray, D. M., Gallardo-Toledo, E., Owen, A., Rannard, S. P., and
McDonald, T. O. (2023). Understanding the degradation of core-shell nanogels using
asymmetrical flow field flow fractionation. J. Funct. Biomater. 14, 346. doi:10.3390/
jfb14070346

Oh, D. S., Cheon, Y. W, Jeon, Y. R, and Lew, D. H. (2011). Activated platelet-rich
plasma improves fat graft survival in nude mice: a pilot study. Dermatol. Surg. Off. Publ.
Am. Soc. Dermatol. Surg. Al 37, 619-625. doi:10.1111/j.1524-4725.2011.01953.x

Park, H., Jeong, W. S,, and Choi, J. W. (2024). Effect of therapeutic radiation on
polycaprolactone/hydroxyapatite biomaterials in a calvarial model. J. Craniofac. Surg.
35, 999-1003. doi:10.1097/SCS.0000000000009985

Pinheiro-Machado, E., de Haan, B. J., Engelse, M. A, and Smink, A. M. (2025).
Secretome analysis of human and rat pancreatic islets co-cultured with adipose-derived
stromal cells reveals a signature with enhanced regenerative capacities. Cells 14, 302.
doi:10.3390/cells 14040302

Pinto, E., Zhang, B., Song, S., Bodor, N., Buchwald, P., and Hochhaus, G. (2010).
Feasibility of localized immunosuppression: 2. PLA microspheres for the sustained local
delivery of a soft immunosuppressant. Pharm 65, 429-435.

Qi, J,, Li, Z,, Li, S,, Fu, S., and Luan, J. (2024). Effectiveness of a new enzyme-free
method for the preparation of a decellularized adipose-derived matrix. Aesthet. Surg. J.
44, NP184-NP192. doi:10.1093/asj/sjad307

Quan, Y., Zhang, Y., Li, J,, Lu, F,, and Cai, J. (2023). Transplantation of in vitro
prefabricated adipose organoids attenuates skin fibrosis by restoring subcutaneous fat
and inducing dermal adipogenesis. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 37,
€23076. doi:10.1096/1j.202202117R

Ratajska, A., Torry, R. J., Kitten, G. T., Kolker, S. J., and Tomanek, R. J. (1995).
Modulation of cell migration and vessel formation by vascular endothelial growth factor
and basic fibroblast growth factor in cultured embryonic heart. Dev. Dyn. Off. Publ. Am.
Assoc. Anat. 203, 399-407. doi:10.1002/aja.1002030403

Rojas-Canales, D., Penko, D., Myo Min, K. K., Parham, K. A., Peiris, H., Haberberger,
R. V., et al. (2017). Local sphingosine kinase 1 activity improves islet transplantation.
Diabetes 66, 1301-1311. doi:10.2337/db16-0837

Ruas, J. L, Lendahl, U.,, and Poellinger, L. (2007). Modulation of vascular gene
expression by hypoxia. Curr. Opin. Lipidol. 18, 508-514. doi:10.1097/MOL.
0b013e3282efe49d

Saito, R., Inagaki, A., Nakamura, Y., Imura, T., Kanai, N., Mitsugashira, H., et al.
(2023a). A gelatin hydrogel nonwoven fabric enhances subcutaneous islet engraftment
in rats. Cells 13, 51. doi:10.3390/cells13010051

Saito, R., Inagaki, A., Nakamura, Y., Imura, T., Kanai, N., Mitsugashira, H., et al.
(2023b). Ideal duration of pretreatment using a gelatin hydrogel nonwoven fabric prior
to subcutaneous islet transplantation. Cell Transpl. 32, 09636897231186063. doi:10.
1177/09636897231186063

Saito, R., Inagaki, A., Nakamura, Y., Imura, T., Kanai, N., Mitsugashira, H., et al.
(2024). A gelatin hydrogel nonwoven fabric combined with adipose tissue-derived stem
cells enhances subcutaneous islet engraftment. Cell Transpl. 33, 09636897241251621.
doi:10.1177/09636897241251621

Salamone, M., Rigogliuso, S., Nicosia, A., Campora, S., Bruno, C. M., and Ghersi, G.
(2021). 3D collagen hydrogel promotes in vitro Langerhans islets vascularization
through ad-MVFs angiogenic activity. Biomedicines 9, 739. doi:10.3390/
biomedicines9070739

Shen, M., Wang, L., Feng, L., Gao, Y., Li, S, Wu, Y,, et al. (2022). bFGF-loaded
mesoporous silica nanoparticles promote bone regeneration through the wnt/p-catenin
signalling pathway. Int. J. Nanomedicine 17, 2593-2608. doi:10.2147/I]N.S366926

Shi, W., Pawlick, R., Bruni, A., Rafiei, Y., Pepper, A. R., Gala-Lopez, B., et al. (2016).
Photoacoustic imaging of angiogenesis in a subcutaneous islet transplant site in a
murine model. J. Biomed. Opt. 21, 066003. doi:10.1117/1.JBO.21.6.066003

Shi, Y., Zhang, X., Mu, K, Wang, Y., Jiang, T., Jiang, S., et al. (2022). Precise
fabrication of porous microspheres by iso-density emulsion combined with
microfluidics. Polymers 14, 2687. doi:10.3390/polym14132687

Song, Z., Xue, Z., Wang, Y., Imran, M., Assiri, M., and Fahad, S. (2024). Insights into
the roles of non-coding RNAs and angiogenesis in glioblastoma: an overview of current

research and future perspectives. Biochim. Biophys. Acta Gen. Subj. 1868, 130567.
doi:10.1016/j.bbagen.2024.130567

frontiersin.org


https://doi.org/10.4239/wjd.v13.i11.949
https://doi.org/10.1007/s00125-002-0827-4
https://doi.org/10.1002/adma.202408329
https://doi.org/10.1155/2024/5574968
https://doi.org/10.1007/s00795-013-0045-9
https://doi.org/10.1038/s41598-023-39212-4
https://doi.org/10.1007/s10735-025-10394-7
https://doi.org/10.1007/s10735-025-10394-7
https://doi.org/10.1016/j.bbrc.2016.01.110
https://doi.org/10.1016/j.bbrc.2016.01.110
https://doi.org/10.1007/s11307-020-01560-2
https://doi.org/10.1007/s11307-020-01560-2
https://doi.org/10.1007/978-1-0716-3714-2_7
https://doi.org/10.1038/s41409-024-02326-y
https://doi.org/10.1089/ten.TEB.2021.0160
https://doi.org/10.1186/s13046-024-03003-0
https://doi.org/10.1186/s13046-024-03003-0
https://doi.org/10.3760/cma.j.cn501120-20201207-00520
https://doi.org/10.3760/cma.j.cn501120-20201207-00520
https://doi.org/10.1002/jbm.b.35000
https://doi.org/10.1002/jbm.b.35000
https://doi.org/10.1038/bmt.2010.278
https://doi.org/10.1080/15548627.2025.2508064
https://doi.org/10.1186/s13287-022-03009-5
https://doi.org/10.1186/s13287-022-03009-5
https://doi.org/10.1016/j.trim.2025.102247
https://doi.org/10.4103/1673-5374.303031
https://doi.org/10.1007/s13346-020-00740-5
https://doi.org/10.1007/s13346-020-00740-5
https://doi.org/10.1038/s41598-022-19189-2
https://doi.org/10.1038/s41598-022-19189-2
https://doi.org/10.3390/cells12172162
https://doi.org/10.2337/db21-0684
https://doi.org/10.1021/acsbiomaterials.4c02340
https://doi.org/10.1097/PRS.0000000000008186
https://doi.org/10.3390/jfb14070346
https://doi.org/10.3390/jfb14070346
https://doi.org/10.1111/j.1524-4725.2011.01953.x
https://doi.org/10.1097/SCS.0000000000009985
https://doi.org/10.3390/cells14040302
https://doi.org/10.1093/asj/sjad307
https://doi.org/10.1096/fj.202202117R
https://doi.org/10.1002/aja.1002030403
https://doi.org/10.2337/db16-0837
https://doi.org/10.1097/MOL.0b013e3282efe49d
https://doi.org/10.1097/MOL.0b013e3282efe49d
https://doi.org/10.3390/cells13010051
https://doi.org/10.1177/09636897231186063
https://doi.org/10.1177/09636897231186063
https://doi.org/10.1177/09636897241251621
https://doi.org/10.3390/biomedicines9070739
https://doi.org/10.3390/biomedicines9070739
https://doi.org/10.2147/IJN.S366926
https://doi.org/10.1117/1.JBO.21.6.066003
https://doi.org/10.3390/polym14132687
https://doi.org/10.1016/j.bbagen.2024.130567
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1665643

Li et al.

Steiner, D., Reinhardt, L., Fischer, L., Popp, V., Kérner, C., Geppert, C. L, et al. (2022).
Impact of endothelial progenitor cells in the vascularization of osteogenic scaffolds. Cells
11, 926. doi:10.3390/cells11060926

Sun, S., Zhu, F., Xu, Q., Hou, X, Nie, W, Su, K,, et al. (2025). Modified bFGF targeting
connective tissue growth factor in the injured microenvironment improved cardiac
repair after chronic myocardial ischemia. Regen. Ther. 28, 438-450. doi:10.1016/j.reth.
2025.01.006

Syromiatnikova, V. Y., Kvon, A. I, Starostina, I. G., and Gomzikova, M. O. (2024).
Strategies to enhance the efficacy of FGF2-based therapies for skin wound healing. Arch.
Dermatol. Res. 316, 405. doi:10.1007/s00403-024-02953-x

Tabata, Y., Miyao, M., Inamoto, T., Ishii, T., Hirano, Y., Yamaoki, Y., et al. (2000). De
novo formation of adipose tissue by controlled release of basic fibroblast growth factor.
Tissue Eng. 6, 279-289. doi:10.1089/10763270050044452

Takaichi, S, Tomimaru, Y., Akagi, T., Kobayashi, S., Fukuda, Y., Toya, K., et al.
(2022). Three-dimensional vascularized {-cell spheroid tissue derived from human
induced pluripotent stem cells for subcutaneous islet transplantation in a mouse model
of type 1 diabetes. Transplantation 106, 48-59. doi:10.1097/TP.0000000000003745

Tanaka, M., Nakamura, S., Maekawa, M., Higashiyama, S., and Hara, H. (2020).
ANKFY1 is essential for retinal endothelial cell proliferation and migration via
VEGFR2/akt/eNOS pathway. Biochem. Biophys. Res. Commun. 533, 1406-1412.
doi:10.1016/j.bbrc.2020.10.032

Tu, J., Zeng, Y., An, R, Sun, J., and Wen, H. (2023). Engineered nanovesicles from
stromal vascular fraction promote angiogenesis and adipogenesis inside decellularized
adipose tissue through encapsulating growth factors. Sci. Rep. 13, 750. doi:10.1038/
541598-022-27176-w

van Velthoven, M. J. J., Gudde, A. N.,, Arendsen, E., Roovers, J.-P., Guler, Z.,
Oosterwijk, E., et al. (2023). Growth factor immobilization to synthetic hydrogels:
bioactive bFGF-functionalized polyisocyanide hydrogels. Adv. Healthc. Mater. 12,
€2301109. doi:10.1002/adhm.202301109

Vashist, A., Perez Alvarez, G., Andion Camargo, V., Raymond, A. D., Arias, A. Y.,
Kolishetti, N., et al. (2024). Recent advances in nanogels for drug delivery and
biomedical applications. Biomater. Sci. 12, 6006-6018. doi:10.1039/d4bm00224e

Wang, J., Cai, J., Zhang, Q., Wen, J,, Liao, Y., and Lu, F. (2022). Fat transplantation
induces dermal adipose regeneration and reverses skin fibrosis through
dedifferentiation and redifferentiation of adipocytes. Stem Cell Res. Ther. 13, 499.
doi:10.1186/s13287-022-03127-0

Wang, H. C,, Li, Z, Li, Z., Wang, X,, and Long, X. (2023a). Platelet-rich plasma
combined fat transplantation for the treatment of bleomycin-induced murine
scleroderma. Ann. Plast. Surg. 90, 626-630. doi:10.1097/SAP.0000000000003579

Wang, H. C,, Sun, E. T,, Zhao, R. C,, Chen, B., Han, Q,, Li, N, et al. (2023b). Adipose-
derived stem cells attenuate skin fibrosis and improve fat retention of a localized
scleroderma mouse model. Plast. Reconstr. Surg. 151, 97-107. doi:10.1097/PRS.
0000000000009796

Wang, X,, Jin, L., Liu, W., Stingelin, L., Zhang, P., and Tan, Z. (2023c). Construction of
engineered 3D islet micro-tissue using porcine decellularized ECM for the treatment of
diabetes. Biomater. Sci. 11, 5517-5532. d0i:10.1039/d3bm00346a

Wang, L., Chen, J., Song, J., Xiang, Y., Yang, M., Xia, L., et al. (2024). Activation of the
wnt/B-catenin signalling pathway enhances exosome production by hucMSCs and
improves their capability to promote diabetic wound healing. J. Nanobiotechnology 22,
373. doi:10.1186/s12951-024-02650-x

Wu, Y., Yano, T., Enomoto, T., Endo, A., Okada, S., Araki, K., et al. (2024). Reversal of
hyperglycemia by subcutaneous islet engraftment using an atelocollagen sponge as a
scaffold. Cell Transpl. 33, 09636897241277980. doi:10.1177/09636897241277980

Xie, X., Li, X., Lei, J., Zhao, X,, Lyu, Y., Mu, C,, et al. (2020). Oxidized starch cross-
linked porous collagen-based hydrogel for spontaneous agglomeration growth of
adipose-derived stem cells. Mater. Sci. Eng. C Mater. Biol. Appl. 116, 111165. doi:10.
1016/j.msec.2020.111165

Xie, C.,, Luo, M., Chen, M., Wang, M., Qu, X., and Lei, B. (2022). Bioactive
poly(octanediol-citrate-polyglycol) ~ accelerates  skin  regeneration  through
M2 polarization immunomodulating and early angiogenesis. Adv. Healthc. Mater.
11, €2101931. doi:10.1002/adhm.202101931

Xiong, C., Yao, W,, Tao, R,, Yang, S., Jiang, W., Xu, Y., et al. (2024). Application of
decellularized adipose matrix as a bioscaffold in different tissue engineering. Aesthetic
Plast. Surg. 48, 1045-1053. doi:10.1007/s00266-023-03608-4

Frontiers in Bioengineering and Biotechnology

14

10.3389/fbioe.2025.1665643

Xu, X, Wu, L, Zhou, X, Zhou, N.,, Zhuang, Q. Yang, J, et al. (2017).
Cryptotanshinone  inhibits VEGF-Induced angiogenesis by targeting the
VEGFR2 signaling pathway. Microvasc. Res. 111, 25-31. doi:10.1016/j.mvr.2016.12.011

Xu, P, Wu, Y., Zhou, L,, Yang, Z., Zhang, X., Hu, X,, et al. (2020). Platelet-rich plasma
accelerates skin wound healing by promoting re-epithelialization. Burns Trauma 8,
tkaa028. doi:10.1093/burnst/tkaa028

Yang, B., Cao, G., Cai, K., Wang, G., Li, P., Zheng, L., et al. (2020). VEGF-Modified
PVA/Silicone nanofibers enhance islet function transplanted in subcutaneous site
followed by device-less procedure. Int. J. Nanomedicine 15, 587-599. doi:10.2147/
IJN.S232224

Yang, A, Liu, J., Xu, W., Li, X, Xiong, J., Chen, S., et al. (2025a). FGF mimetic peptide-
modified electrospun nanocomposite fibrous membranes for accelerating infectious
diabetic wound healing by synergistic antibacterial and pro-angiogenesis effects. Mater.
Today Bio 32, 101877. doi:10.1016/j.mtbio.2025.101877

Yang, M., Xu, Y., Cheng, Q., He, Y., Xu, Z,, Mu, C,, et al. (2025b). Injectable
polysaccharide-based hydrogel with glucose responsiveness as an immunoregulatory
platform for enhanced diabetic wound healing. ACS Appl. Mater. Interfaces 17,
32038-32053. doi:10.1021/acsami.5c06112

Yi, L, Chen, Y., Zhang, Y., Huang, H,, Li, ., Qu, Y., et al. (2024). Deleting fibroblast
growth factor 2 in macrophages aggravates septic acute lung injury by increasing
MI1 polarization and inflammatory cytokine secretion. Mol. Biomed. 5, 50. doi:10.1186/
543556-024-00203-0

Yu, C.-P., Juang, J.-H., Lin, Y.-J., Kuo, C.-W., Hsieh, L.-H., and Huang, C.-C. (2020).
Enhancement of subcutaneously transplanted p cell survival using 3D stem cell
spheroids with proangiogenic and prosurvival potential. Adv. Biosyst. 4, €1900254.
doi:10.1002/adbi.201900254

Zhang, S., Liu, Y., Zhang, X., Zhu, D, Qi, X,, Cao, X,, et al. (2018). Prostaglandin
E2 hydrogel improves cutaneous wound healing via M2 macrophages polarization.
Theranostics 8, 5348-5361. doi:10.7150/thno.27385

Zhang, C,, Zhu, Y., Lu, S., Zhong, W., Wang, Y., and Chai, Y. (2019). Platelet-rich
plasma with endothelial progenitor cells accelerates diabetic wound healing in rats by
upregulating the Notchl signaling pathway. J. Diabetes Res. 2019, 1-12. doi:10.1155/
2019/5920676

Zhang, X.-R., Huang, Y.-Z., Gao, H.-W,, Jiang, Y.-L., Hu, J.-G., Pi, J.-K,, et al. (2020).
Hypoxic preconditioning of human urine-derived stem cell-laden small intestinal
submucosa enhances wound healing potential. Stem Cell Res. Ther. 11, 150. doi:10.
1186/513287-020-01662-2

Zhang, G., Ci, H, Ma, C, Li, Z, Jiang, W., Chen, L., et al. (2022). Additively
manufactured macroporous chambers facilitate large volume soft tissue regeneration
from adipose-derived extracellular matrix. Acta Biomater. 148, 90-105. doi:10.1016/j.
actbio.2022.05.053

Zhang, X., Lao, M., Yang, H,, Sun, K., Dong, Y., He, L., et al. (2024). Targeting cancer-
associated fibroblast autophagy renders pancreatic cancer eradicable with
immunochemotherapy by inhibiting adaptive immune resistance. Autophagy 20,
1314-1334. doi:10.1080/15548627.2023.2300913

Zhang, J., Xu, W, Xiao, Y., Su, D., He, Y., Yang, H., et al. (2025). Accurate delivery of
mesenchymal stem cell spheroids with platelet-rich fibrin shield: enhancing survival and
repair functions of sp-MSCs in diabetic wound healing. Adv. Sci. Weinh. Baden-Wurtt.
Ger. 12, €2413430. doi:10.1002/advs.202413430

Zhou, S., Chang, Q. Lu, F, and Xing, M. (2017). Injectable mussel-inspired
immobilization of platelet-rich plasma on microspheres bridging adipose micro-
tissues to improve autologous fat transplantation by controlling release of PDGF
and VEGF, angiogenesis, stem cell migration. Adv. Healthc. Mater. 6, 1700131.
doi:10.1002/adhm.201700131

Zhou, H,, Ye, P, Xiong, W., Duan, X, Jing, S., He, Y., et al. (2024). Genome-scale
CRISPR-Cas9 screening in stem cells: theories, applications and challenges. Stem Cell
Res. Ther. 15, 218. doi:10.1186/s13287-024-03831-z

Zhu, Z., Yuan, Z., Guo, L., Nurzat, Y., Xu, H., and Zhang, Y. (2022). Construction of
adipose tissue using a silica expander capsule and cell sheet-assembled of decellularized
adipose tissue. Acta Biomater. 141, 89-101. doi:10.1016/j.actbio.2021.12.018

Zou, D., Zhang, Z., He, J., Zhang, K., Ye, D., Han, W., et al. (2012). Blood vessel
formation in the tissue-engineered bone with the constitutively active form of HIF-1a
mediated BMSCs. Biomaterials 33, 2097-2108. doi:10.1016/j.biomaterials.2011.
11.053

frontiersin.org


https://doi.org/10.3390/cells11060926
https://doi.org/10.1016/j.reth.2025.01.006
https://doi.org/10.1016/j.reth.2025.01.006
https://doi.org/10.1007/s00403-024-02953-x
https://doi.org/10.1089/10763270050044452
https://doi.org/10.1097/TP.0000000000003745
https://doi.org/10.1016/j.bbrc.2020.10.032
https://doi.org/10.1038/s41598-022-27176-w
https://doi.org/10.1038/s41598-022-27176-w
https://doi.org/10.1002/adhm.202301109
https://doi.org/10.1039/d4bm00224e
https://doi.org/10.1186/s13287-022-03127-0
https://doi.org/10.1097/SAP.0000000000003579
https://doi.org/10.1097/PRS.0000000000009796
https://doi.org/10.1097/PRS.0000000000009796
https://doi.org/10.1039/d3bm00346a
https://doi.org/10.1186/s12951-024-02650-x
https://doi.org/10.1177/09636897241277980
https://doi.org/10.1016/j.msec.2020.111165
https://doi.org/10.1016/j.msec.2020.111165
https://doi.org/10.1002/adhm.202101931
https://doi.org/10.1007/s00266-023-03608-4
https://doi.org/10.1016/j.mvr.2016.12.011
https://doi.org/10.1093/burnst/tkaa028
https://doi.org/10.2147/IJN.S232224
https://doi.org/10.2147/IJN.S232224
https://doi.org/10.1016/j.mtbio.2025.101877
https://doi.org/10.1021/acsami.5c06112
https://doi.org/10.1186/s43556-024-00203-0
https://doi.org/10.1186/s43556-024-00203-0
https://doi.org/10.1002/adbi.201900254
https://doi.org/10.7150/thno.27385
https://doi.org/10.1155/2019/5920676
https://doi.org/10.1155/2019/5920676
https://doi.org/10.1186/s13287-020-01662-2
https://doi.org/10.1186/s13287-020-01662-2
https://doi.org/10.1016/j.actbio.2022.05.053
https://doi.org/10.1016/j.actbio.2022.05.053
https://doi.org/10.1080/15548627.2023.2300913
https://doi.org/10.1002/advs.202413430
https://doi.org/10.1002/adhm.201700131
https://doi.org/10.1186/s13287-024-03831-z
https://doi.org/10.1016/j.actbio.2021.12.018
https://doi.org/10.1016/j.biomaterials.2011.11.053
https://doi.org/10.1016/j.biomaterials.2011.11.053
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1665643

	Mechanisms, strategies, and clinical application progress of subcutaneous transplantation angiogenesis
	1 Introduction
	2 Main body
	2.1 Molecular mechanisms of angiogenesis in subcutaneous transplantation
	2.1.1 Basic biological processes of angiogenesis
	2.1.2 Role of VEGFA-VEGFR2 signaling pathway in subcutaneous angiogenesis
	2.1.3 Hypoxia-inducible factor (HIF) and local microenvironment regulation

	2.2 Growth factor delivery strategies to promote angiogenesis
	2.2.1 Local delivery of bFGF and its effects
	2.2.2 Nanogel technology
	2.2.3 Platelet-rich plasma (PRP) assisted promotion of angiogenesis

	2.3 Stem cells and co-transplantation strategies
	2.3.1 The role of mesenchymal stem cells (MSCs) in promoting angiogenesis
	2.3.2 3D cell spheroid technology
	2.3.3 Microvascular fragments (MVFs) constructing adipose organoids

	2.4 Biomaterials and scaffold optimization
	2.4.1 Porous polycaprolactone (PCL) composite scaffolds
	2.4.2 Decellularized adipose tissue hydrogel
	2.4.3 Collagen sponge scaffolds in islet transplantation

	2.5 The relationship between immunoregulation and angiogenesis
	2.5.1 The impact of macrophage polarization on angiogenesis

	2.6 Subcutaneous angiogenesis in islet transplantation
	2.6.1 The angiogenic needs and challenges of islet cells
	2.6.2 Strategies for promoting angiogenesis with cells and materials
	2.6.3 Clinical translation prospects and existing issues

	2.7 Applications of subcutaneous angiogenesis in soft tissue repair and autoimmune diseases
	2.7.1 Adipose tissue engineering and angiogenesis
	2.7.2 Regulation of angiogenesis in local fibrotic diseases


	3 Conclusion
	Author contributions
	Author contributionsYL: Conceptualization, Writing – original draft. XY: Methodology, Writing – original draft. SC: Supervi ...
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


