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A B S T R A C T

Regenerative medicine endeavors to restore damaged tissues and organs utilizing biological approaches. Uti-
lizing biomaterials to target and regulate the pathophysiological processes of injured tissues stands as a crucial 
method in propelling this field forward. The Extracellular Vesicles-in-Hydrogel (EViH) system amalgamates the 
advantages of extracellular vesicles (EVs) and hydrogels, rendering it a prominent biomaterial in regenerative 
medicine with substantial potential for clinical translation. This review elucidates the development and benefits 
of the EViH system in tissue regeneration, emphasizing the interaction and impact of EVs and hydrogels. 
Furthermore, it succinctly outlines the pathophysiological characteristics of various types of tissue injuries such 
as wounds, bone and cartilage injuries, cardiovascular diseases, nerve injuries, as well as liver and kidney in-
juries, underscoring how EViH systems target these processes to address related tissue damage. Lastly, it explores 
the challenges and prospects in further advancing EViH-based tissue regeneration, aiming to impart a compre-
hensive understanding of EViH. The objective is to furnish a thorough overview of EViH in enhancing regen-
erative medicine applications and to inspire researchers to devise innovative tissue engineering materials for 
regenerative medicine.

1. Introduction

Regenerative medicine has garnered significant interest in recent 
decades due to its potential to address challenges related to donor 
scarcity and immune-related complications in direct transplantations. 
This field focuses on restoring diseased or damaged tissues and organs 
by integrating biological principles with engineering science, encom-
passing areas like bone, nerves, and blood vessels. Presently, research in 
regenerative medicine, particularly cell therapy, is thriving, utilizing a 
diverse array of cell types. Among these, stem cells are widely recog-
nized as the optimal cell source for regenerative medicine due to their 
capability for self-renewal and multi-directional differentiation [1]. 
Numerous studies have shown that mobilizing endogenous stem cells or 
directly administering exogenous stem cells to injured tissues leads to 

significant improvements in both structural and functional regeneration 
[2,3]. Nonetheless, the clinical application of cell therapy encounters 
several challenges, such as the necessity for obtaining autologous or 
allogeneic cells [4], the variability associated with isolating and 
amplifying cell populations in a laboratory setting [5], the unpredictable 
differentiation patterns in vivo [6], and the immunogenicity of cells. 
Additionally, concerns regarding storage, transportation, ethical con-
siderations, and the risks associated with tumorigenesis and fibrotic 
complications must be carefully addressed before the implementation of 
direct stem cell transplants. Recent studies have indicated that the 
therapeutic effects of cellular therapies, like mesenchymal stem cell 
(MSC)-based therapy, can be attributed to the secretion of extracellular 
vesicles (EVs) by the cells themselves [7,8]. These EVs offer a promising 
alternative to using whole cells in the field of regenerative medicine.
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EVs are lipid bilayer spherical nanostructures (50–200 nm) released 
by cells [9,10], categorized as exosomes, microvesicles (MVs), and 
apoptotic bodies based on their biogenesis mechanism [11,12]. EVs can 
transfer biomolecules like proteins, lipids, and nucleic acids, providing 
them with unique properties such as anti-apoptotic effects, regulation of 
cellular proliferation and differentiation, promotion of angiogenesis, 
and immune modulation [13]. Compared to biotic cells, abiotic EVs 
offer advantages in terms of storage, transportation, and biosafety. 
Given these benefits, research on therapeutic EVs presents new possi-
bilities in regenerative medicine, including applications in areas such as 
wound healing [14], bone and cartilage regeneration [15], nerve tissue 
repair [16], myocardial regeneration [17], as well as reduction of liver 
and kidney damage [18]. However, challenges exist in the clinical use of 
EVs in regenerative medicine, with one major obstacle being the inef-
ficient delivery of EVs to specific tissues or organs. Following systemic 
administration, EVs are typically eliminated from circulation and 
accumulate in organs like the liver within 24 h [19,20]. Even when 
administered subcutaneously, most EVs are cleared by the reticuloen-
dothelial system or lymphatic transportation [21,22], necessitating 

multiple doses for sustained effects. Moreover, increased EVs adminis-
tration may result in off-target effects in peripheral organs due to 
abnormal vesicle levels in tissue or plasma. Localized delivery of EVs to 
target tissues emerges as a promising strategy to address these chal-
lenges and ensure optimal concentration for enhanced tissue regenera-
tion efficacy.

Hydrogels play a crucial role as a promising three-dimensional (3D) 
hydrophilic scaffold, enhancing the transport and retention of EVs 
within lesions and shielding them from external factors [23]. These 
hydrogels closely mimic the native extracellular matrix (ECM), exhib-
iting exceptional bioactivity, biocompatibility, and physi-
ochemical/biophysical properties [24]. The combined use of hydrogels 
and EVs not only ensures consistent EVs delivery but also stimulates the 
recruitment of endogenous cells for proliferation, creating a favorable 
environment for cell growth and enhancing tissue regeneration syner-
gistically. To offer a comprehensive overview of the application of EVs 
in conjunction with hydrogels, a thorough search of pertinent articles 
and reviews was conducted through the Web of Science Core Collection 
(WOSCC). The retrieved documents were visually examined using 

Fig. 1. The comprehensive overview of EVs and hydrogels research from 2010 to 2024. (a) The annual number of publications worldwide related to EVs and 
hydrogels from 2010 to 2024. (b) The top 10 keywords ranked by co-occurrence frequency with frequency ranking or centrality ranking. (c) A visual representation 
of the cooperative network map of keywords related to EVs and hydrogels from 2010 to 2024. The size of each node corresponds to the frequency of output, while the 
thickness of the pink outer ring signifies the centrality. The connecting lines between nodes signify the collaborative relationships between keywords.
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CiteSpace software, and the data was graphed using GraphPad Prism. 
The search query employed was "((TS = (extracellular vesicles)) OR TS=
(exosomes)) AND TS=(hydrogels)", resulting in a total of 643 reviews and 
articles published before August 31, 2024. Notably, the co-occurrence of 
the keywords EVs and hydrogels was first documented in an article in 
2010, signifying the recent emergence of this field. The number of 
publications has been steadily increasing annually, with 219 relevant 
articles published in 2024 alone (Fig. 1a). Furthermore, an analysis of 
co-occurring keywords revealed that the top 10 most frequently 
mentioned keywords are displayed in Fig. 1b. It is evident that “repair” 
and “regeneration” are the prominent areas of focus for the application 
of hydrogels and EVs. Additionally, “tissue engineering”, “bone regen-
eration”, and “wound healing” are closely associated with the utilization 
of EVs and hydrogels (Fig. 1c).

The EViH system has garnered considerable attention in research, 
with various reviews outlining its key aspects. While existing reviews 
focus on the application of EViH in tissue repair [25,26], a compre-
hensive discussion on the features, advantages, and shortcomings of the 
EViH system is lacking, hindering its further development. Notably, they 
also do not delve into the pathophysiology of diseases or the biological 
processes involved in tissue regeneration. In our view, tissue engineer-
ing materials should align closely with the physiological processes of 
tissue repair. In this review, we compile the pathophysiological char-
acteristics of different tissue injuries, such as skin wounds, bone injuries, 
cardiovascular diseases, nerve injuries, as well as liver and kidney in-
juries. It is important to highlight that exosomes and MVs are the pri-
mary types of EVs loaded in hydrogels for regenerative purposes. Our 
subsequent discussion will primarily focus on exosomes and MVs. This 
review aims to offer a comprehensive overview of advancements in 
EViH systems in regenerative medicine (Fig. 2). We begin by summari-
zing the history of EVs, their generation process, and acquisition 

methods, and exploring their potential functions in regeneration medi-
cine. Subsequently, we provide a brief introduction to the construction 
of EViH, followed by a detailed discussion of its advantages and features, 
including biocompatibility, multifunctionality, protective properties, 
and controlled release. We then concentrate on the varied regenerative 
applications of EViH, including a section that delves into the patho-
physiological processes in disease development and organ repair. 
Highlighted are specific applications of EViH under different patholog-
ical conditions, covering the source of EVs, types of hydrogels, 
controlled release effects, and biological functions. Finally, we conduct a 
comprehensive analysis of the current status of EViH systems, assessing 
the pros and cons related to tissue regeneration. The objective is to 
enhance knowledge and understanding of EViH, present a thorough 
overview of EViH’s role in advancing regenerative medicine applica-
tions, and motivate researchers to innovate in the development of tissue 
engineering materials for regenerative medicine purposes.

2. Extracellular vesicles

EVs play a crucial role in intercellular communication within living 
organisms, being naturally released by cells [27]. Because of their sig-
nificant involvement in various physiological processes like aging, 
cancer, and obesity [9,28], EVs have become a focal point in current 
research efforts. This section provides a succinct overview of the history, 
biogenesis mechanisms, and functions of EVs.

2.1. The history of EVs

The history of EVs dates back to the 1940s when Chargaff and West 
initially observed small vesicles released by blood platelets during blood 
clotting. Through high-speed centrifugation, they isolated coagulation 

Fig. 2. The combination of EVs (exosomes and MVs) and hydrogels in regeneration application.

L. Liu et al.                                                                                                                                                                                                                                       Bioactive Materials 44 (2025) 283–318 

285 



factors from cells and noted that precipitates obtained significantly 
shortened the clotting time of the plasma supernatant [29]. In 1967, 
Peter Wolf referred to these platelet-free plasma deposits as “platelet 
dust” [30]. Further investigations in 1971 by Crawford involved the 
examination of these deposits, which were termed “microparticles” and 
were found to contain lipids capable of carrying adenosine triphosphate 
(ATP) and contractile proteins [31]. Later that year, Aaronson identified 
vesicles produced by Ochromonas danica, which were released into the 
extracellular space and coined the term “extracellular vesicles” [32]. In 
1974, Nunez discovered the presence of multivesicular bodies (MVBs) 
under an electron microscope [33]. The term “exosome” was first 
introduced in 1981 to describe EVs shed from the cell surface [34]. 
Subsequently, in 1983, Cliff Harding et al. captured images of internal 
vesicles released after the fusion of conductive MVB with the plasma 
membrane and theorized about an intracellular sorting and trans-
location pathway termed the “exosome secretion pathway” [35]. By 
1987, RM Johnstone et al. unveiled that sheep reticulocytes released 
exosomes containing transferrin receptors during maturation, leading to 
the redefinition of “exosome” as vesicles released from the inner MVB 
lumen after fusion with the plasma membrane, a definition still widely 
acknowledged today [36]. However, in subsequent years, EVs were 
initially perceived as cellular waste products.

The late 1990s and early 2000s witnessed a significant expansion in 
EVs research with the advancement of techniques for isolating and 
characterizing these vesicles. This progress deepened the understanding 
of the diverse functions of EVs, specifically their involvement in immune 
responses, cell-to-cell communication, and disease pathogenesis. In 
1996, Raposo identified vesicles originating from the endocytic com-
partments of B lymphocytes that played a crucial role in presenting 
major histocompatibility complex class II (MHC II) molecules and 
stimulating immune responses [37]. This discovery underscored the 
potential significance of EVs in intercellular communication and im-
mune modulation. Presently, EVs are acknowledged as vital mediators 
of intercellular communication, transporting various cargoes like pro-
teins, lipids, nucleic acids, and metabolites. Their roles in physiological 
processes and disease advancement have made them a prominent sub-
ject of study across diverse fields such as cancer biology, immunology, 
neuroscience, and regenerative medicine.

2.2. The biogenesis, isolation, and enrichment of EVs

EVs can be classified into two main types based on their biogenesis: 

“exosomes”, which originate from endosomes, and “ectosomes” (mi-
croparticles/MVs), which are derived from the plasma membrane.

The release of exosomes occurs through the invagination of the 
endosomal membrane, leading to the formation of early endosomes 
through the inward folding of the plasma membrane. As the endosomal 
membrane buds inward, MVBs containing intracellular vesicles form, 
incorporating cytoplasmic inclusions and proteins. Exosomes are even-
tually secreted extracellularly when the MVBs fuse with the plasma 
membrane, enabling their functional roles. Various proteins, including 
CD82, CD81, CD63, CD9, ALIX, and TSG101, serve as markers for exo-
some identification. In contrast, ectosomes form through outward 
blebbing of the plasma membrane, influenced by the asymmetric dis-
tribution of phospholipids and calcium ion (Ca2+) influx that disrupts 
bilayer asymmetry, initiating ectosome formation (Fig. 3).

EVs are abundantly found in various bodily fluids, such as blood 
[38], urine [39], cerebral spinal fluid [40], breast milk [41], ascites 
[42], saliva [43], bile, and semen [44]. The isolation and enrichment of 
EVs form the basis for further biological and medical investigations. 
Currently, conventional methods like ultracentrifugation and density 
gradient centrifugation are commonly utilized for initial separation 
[45]. Moreover, co-precipitation [46,47], size-exclusion chromatog-
raphy [48], and field flow fractionation [49,50] are alternative sepa-
ration techniques. In recent years, high-resolution density gradient 
fractionation and direct immunoaffinity capture have emerged as more 
precise methods for characterizing exosomes and other non-vesicular 
components, such as RNA, DNA, and proteins [12]. Numerous innova-
tive approaches for enriching EVs have been developed to enhance 
isolation efficiency and specificity from diverse bodily fluids, including 
microfluidic filtering [51], immunoaffinity enrichment [52], and 
contact-free sorting [53]. In conclusion, exploring precise separation 
methods tailored to specific EVs types is crucial.

Despite real-time imaging techniques enabling the reliable capture of 
release pathways, attributing EVs to specific biogenesis pathways re-
mains challenging. Therefore, terms like exosomes and MVs are advised 
against. It is essential to differentiate EVs based on rational and accurate 
characteristics, including (1) size, categorizing EVs into small EVs (sEVs) 
ranging from 100 to 200 nm, and medium/large EVs (m/l EVs) larger 
than 200 nm; (2) biochemical composition, like CD63+/CD81+-EVs or 
Annexin A5-stained EVs; and (3) descriptions of conditions or cell of 
origin (e.g., podocyte EVs, hypoxic EVs, large oncosomes, or apoptotic 
bodies). In conclusion, researchers should select precise terms to 
describe and define EVs based on their characteristics for a more 

Fig. 3. The schematic diagram of the generation and structure of MVs and exosomes.
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accurate understanding of the application outcomes. When specific EVs 
characteristics cannot be identified, using the term “extracellular par-
ticle” (EP) as a generalization, as recommended by the Minimal Infor-
mation for Studies of Extracellular Vesicles 2018 (MISEV2018) 
publication [27], is suggested.

2.3. The therapeutic mechanisms of EVs in regenerative medicine

The size, cargo, and membrane composition of EVs are significantly 
heterogeneous, influenced by the cellular source, cellular state, and 
environmental factors, all of which impact the biological functions of 
EVs. EVs function as carriers for a variety of substances derived from 
parent cells [54], demonstrating diverse biological capabilities. These 
functions include regulating cell senescence, enhancing cell viability 
and modulating cell proliferation, promoting angiogenesis, immuno-
modulation, and interacting with the ECM. The significant role that EVs 
play in these processes underscores their potential as essential mediators 
in tissue regeneration and repair. This section provides a concise over-
view of the pivotal role EVs have in facilitating tissue regeneration.

2.3.1. Regulation of stem cell senescence
Cellular senescence is a state of permanent cell cycle arrest that oc-

curs in diploid cells, limiting their proliferative lifespan. It involves the 
irreversible loss of growth and proliferative capacity triggered by 
various factors, leading to the secretion of signaling molecules related to 
senescence. While senescent cells play a role in tissue repair and organ 
growth regulation, their accumulation can disrupt the internal envi-
ronment, causing organ dysfunction and contributing to diseases such as 
neurodegenerative and cardiovascular conditions.

The decline in stem cell numbers and function with age has been 
well-documented. Research has shown a notable decline in the prolif-
erative ability of MSCs from a natural model of aging or the Ercc1− /−
premature aging mouse model, accompanied by increased expression of 
senescence markers [55]. EVs have been identified as key regulators of 
stem cell senescence, transferring specific cargo molecules to modulate 
the senescence process. Embryonic stem cells (ESCs), being pluripotent, 
have the capacity for indefinite self-renewal and differentiation into 
various tissue types. EVs derived from ESCs (ESC-EVs) have been shown 
to rejuvenate aging MSCs by enhancing their regenerative potential 
through the transfer of specific factors [56]. Notable rejuvenation fac-
tors in ESC-EVs include transforming growth factor-β (TGF-β), Smad2, 
platelet-derived growth factor-BB (PDGF-BB), miR-291a-3p, miR-294, 
and miR-200a. In vivo studies have demonstrated the ability of ESC-EVs 
to ameliorate the senescent state of aged organs by transducing specific 
microRNAs into senescent cells and suppressing the AKT/mammalian 
target of the rapamycin (mTOR) pathway [57]. Additionally, through 
the modulation of signaling pathway-related targets, such as Src phos-
phorylation, ESC-EVs containing miR-146a can mitigate oxidative 
stress-induced endothelial cell senescence, restoring angiogenic and 
migratory capacities effectively [58].

In the context of idiopathic pulmonary fibrosis (IPF) treatment, 
human bronchial epithelial cell-derived EVs (HBEC-EVs) have exhibited 
therapeutic potential by inhibiting TGF-β-mediated myofibroblast dif-
ferentiation and lung epithelial cell senescence induction more effec-
tively than MSC-derived EVs (MSC-EVs). This therapeutic mechanism is 
attributed to the downregulation of WNT-associated proteins facilitated 
by miR-16, miR-26a, miR-26b, miR-141, miR-148a, and miR-200a 
enriched in HBEC-EVs [59].

2.3.2. Enhancement of cell viability and modulation of cell proliferation
Cell viability and proliferation are fundamental for tissue and organ 

repair and regeneration. EVs play a pivotal role in regulating cell pro-
liferation by transporting growth factors, signaling molecules, and 
nucleic acids that can either stimulate or inhibit cell growth. Xiao et al. 
demonstrated a significant enhancement in the proliferation of human 
umbilical vein endothelial cells (HUVECs) through the targeted delivery 

of growth differentiation factor 15 (GDF 15) via EVs. GDF 15, a member 
of the TGF-β superfamily, is associated with various biological regula-
tory processes and energy homeostasis balance [60]. Moreover, EVs 
derived from M2-type macrophages have shown the capability to protect 
oligodendrocyte precursor cells (OPCs) from injury due to 
oxygen-glucose deprivation (OGD) and enhance OPC cell viability in a 
dose-dependent manner by carrying miR-23a-5p [61]. In a cardiac 
repair study, it was observed that hypoxia induced the expression of 
circRNA-Whsc1 in endothelial cells, which were then delivered to car-
diomyocytes (CM) through EVs. This delivery mechanism activated the 
pTRIM59/pSTAT3/cyclin B2 pathway, ultimately promoting CM pro-
liferation and facilitating heart regeneration [62].

2.3.3. Promotion of angiogenesis
Neovascularization, the process of forming new blood vessels, is 

crucial in tissue engineering as it enables the transportation of nutrients 
and oxygen while eliminating metabolic wastes. Recent studies have 
highlighted the potential of EVs to stimulate angiogenesis. Adminis-
tering MSC-EVs to non-human primates with myocardial infarction (MI) 
resulted in enhanced angiogenesis and cardiac recovery, without raising 
the risk of arrhythmic complications, thus confirming the safety and 
effectiveness of EV-based therapy [63]. In models of bronchopulmonary 
dysplasia, treatment with EVs derived from human umbilical cord MSCs 
(hUCSCs) restored peripheral pulmonary blood vessel loss and reduced 
pulmonary vascular muscle thickening [64].

As research advanced, it was discovered that EVs’ pro- 
neovascularization effects were mediated through activating signaling 
pathways and transporting relevant molecules. For instance, MSC-EVs 
promoted angiogenesis in brain microvascular endothelial cells by 
upregulating intercellular adhesion molecule (ICAM)-1 expression, 
contributing to recovery from Parkinson’s disease [65].

Similarly, the administration of EVs from hypoxia-preconditioned 
microglia in rodent stroke models stimulated angiogenesis and 
reduced neuronal cell apoptosis by modulating the TGF-β/Smad2/3 
signaling pathway [66]. The activation or inhibition of signaling path-
ways is likely facilitated by signaling molecules carried by EVs, such as 
microRNAs (miRNAs), messenger RNAs (mRNAs), proteins, and mito-
chondria. EVs derived from bone marrow mesenchymal stem cells 
(BMSC-EVs, BMSCs) inhibited the phosphatase and tensin homolog 
(PTEN) signaling pathway and activated the AKT signaling pathway, 
promoting angiogenesis and suppressing neuronal apoptosis to alleviate 
ischemic brain injury, with miR-29b-3p in BMSC-EVs playing a crucial 
role [67]. Furthermore, studies identified EMMPRIN [68] and 
Nidogen-1 [69] in BMSC-EVs as potentially active components that 
regulate endothelial cell migration and angiogenic capacity, 
respectively.

2.3.4. Immunomodulation
The significance of immunomodulation in tissue regeneration is 

paramount. On one hand, an exaggerated or improper immune response 
in tissue engineering involving implants can result in failure, with fac-
tors such as surgical trauma, graft material type, graft location, and the 
patient’s physical condition playing crucial roles. On the other hand, the 
immune response serves as a key stimulant for regenerative processes 
like cell recruitment, proliferation, and angiogenesis, which are essen-
tial for the success of in situ tissue engineering. Subsequently, we delve 
into the involvement of EVs in immunomodulatory mechanisms, 
encompassing innate and adaptive immunomodulation.

The innate immune response denotes a swift reaction to pathogens or 
danger signals. During this course, immune cells are prompted to release 
innate immune factors that combat invading pathogens and impaired 
host cells. Nevertheless, immune dysregulation can lead to prolonged 
pathogenic infections, immune suppression, and uncontrolled inflam-
mation. Uncontrolled inflammation can trigger adverse effects such as 
hindered wound healing, progressive alveolar bone loss, and potentially 
lethal sepsis. MSC-EVs were found to alleviate mitochondrial DNA 
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(mtDNA) damage and inflammation following acute kidney injury 
(AKI). Specifically, MSC-EVs were effective in restoring the stability of 
mitochondrial transcription factor A (TFAM) proteins and TFAM- 
mtDNA complexes, thereby rectifying mtDNA deletion and mitochon-
drial oxidative phosphorylation (OXPHOS) dysfunction in injured renal 
tubular cells. In vivo experiments showcased that MSC-EVs mitigated 
renal lesion formation, mitochondrial impairment, and inflammation in 
AKI mice. This study underscores the potential of MSC-EVs in controlling 
inflammation and managing associated conditions by modulating 
OXPHOS and ameliorating mitochondrial impairments. Exosomes 
derived from human gingival-derived mesenchymal stem cells 
(hGMSCs-Exos) have demonstrated effectiveness in alleviating lipo-
polysaccharide (LPS)-induced inflammation and promoting the prolif-
eration of Periodontal Ligament Stem Cells (PDLSCs) in inflammatory 
settings [70]. These exosomes were also shown to inhibit the NF-κB 
pathway to enhance the suppression of the Wnt/β-catenin signaling 
pathway caused by inflammation [71].

Numerous molecules associated with adaptive immunomodulation, 
such as immune checkpoint molecules like cytotoxic T lymphocyte an-
tigen 4 (CTLA-4) and programmed death ligand-1 (PDL-1), along with 
ectoenzymes CD39 and CD73, which generate immunosuppressive ad-
enoids from ATP, have been identified on EVs surfaces [72]. For 
instance, Regulatory T (Treg) cells release EVs that contribute to 
immunosuppression by surface expression of CD73 and related miRNAs 
like miR155, Let7b, and Let7d. EVs from dendritic cells (DCs) have been 
effective in treating tumors in mice by eliciting CD8+ T cell responses 
[73]. Apart from EVs produced by immune cells, MSC-EVs exhibit 
immunomodulatory functions by regulating the activities of various 
immune cells like T cells, B cells, Natural Killer (NK) cells, DCs, mono-
cytes, and macrophages. The modulatory actions of MSC-EVs likely 
involve inducing T cell apoptosis through adenosine A2A receptor, 
transferring miR-155–5p to B cells to inhibit the PI3K/AKT pathway, 
suppressing NK cells via TGF-β-mediated signaling involving Smad2 and 
Smad3, upregulating miR-146 expression and downregulating FAS 
(CD95) expression to inhibit DCs, and inducing macrophage suppression 
via miR-182-mediated TLR4-NF-κB-PI3K-AKT pathway targeting [74]. 
Interestingly, a study isolated EVs from milk and found their immuno-
modulatory properties to be achieved by blocking the TLR4-NF-κB and 
NLRP3 pathways, thereby restoring a balance between Treg cells and 
inflammatory T helper 17 (Th17) cells [75].

2.3.5. Extracellular matrix interactions
The structural and molecular composition of the ECM influences cell 

recruitment, retention, differentiation, and the final local cellular 
phenotype. In tissue engineering strategies utilizing biodegradable 
scaffolds, the ECM plays a crucial role in providing load-bearing support 
to the scaffold and maintaining cell retention as the scaffold degrades. 
EVs can impact the ECM composition by directly interacting with the 
ECM or ECM-producing cells [76].

Adhesion molecules, including members of the immunoglobulin su-
perfamily and integrins, are expressed in EVs. Through these adhesion 
molecules, EVs can interact not only with cells but also with various 
ECM components. For instance, integrin α4β1 facilitates the binding of 
reticulocyte-derived exosomes to fibronectin [77], while β1 and β2 
integrins enable B-cell-derived exosomes to bind to collagen 1, fibro-
nectin, and TNF-α-activated fibroblasts [78]. EVs adhere to the ECM, 
forming gradients or potential reservoirs, allowing them to be released 
to exert therapeutic effects in the presence of inflammation or ECM 
degradation.

ECM remodeling is intricately linked to developmental processes like 
cell differentiation, stemness, morphogenesis, cell migration, and 
apoptosis, and interacts with growth factors and cytokines [79]. Matrix 
metalloproteinases (MMPs), crucial proteins in ECM remodeling, and 
tissue inhibitors of matrix metalloproteinases (TIMPs) play key roles in 
the multi-directional differentiation of stem cells [80]. Knockdown of 
MMP-13 inhibits alkaline phosphatase (ALP) activity and mineralization 

during osteogenic differentiation in adipose-derived mesenchymal stem 
cells (ADSCs) [81], while MMP-14 deficiency disrupts collagen renewal 
capacity, leading to abnormal skeletal development in mice [82]. Mi-
croparticles derived from monocytes and T-cells promote the production 
of MMP-1, MMP-3, MMP-9, and MMP-13 in fibroblasts [83]. Notably, 
MMPs are present in EVs, as evidenced by enzymatically active MMP-14 
in human fibrosarcoma and melanoma cell-derived exosomes, which 
activate pro-MMP-2, ultimately degrading collagen-1 and gelatin. 
Moreover, EVs stimulate MMP production in target cells; for instance, 
keratinocyte-like cells prompt dermal fibroblasts to express MMP-1 via 
EV-mediated transfer of several 14-3-3 isoforms [84].

In conclusion, EVs inherit various cell components and functional-
ities from their parent cells. Proper selection of the cell source can 
enhance specific stages of tissue repair using EVs. The combined use of 
EVs derived from diverse sources has the potential to amplify the 
effectiveness of tissue repair mechanisms.

3. EViH

The EViH system has emerged as a promising approach in tissue 
regeneration applications, utilizing the unique properties of EVs and 
hydrogels to enhance tissue repair and regeneration. The interactions 
and synergies between EVs and hydrogels are pivotal in the develop-
ment and implementation of EViH systems. A comprehensive exami-
nation of these interactions is essential for the advancement of novel 
EViH systems and the promotion of innovative applications. This section 
presents a concise overview of the construction and benefits of the EViH 
system, with a particular focus on the influence of EVs and hydrogel 
interactions on these aspects.

3.1. The construction of EViH

The construction of EViH systems mainly involves encapsulating EVs 
within a hydrogel matrix. Hydrogels, by replicating the water-rich 
composition and intricate 3D network structure of the ECM, offer an 
effective platform for the encapsulation and delivery of EVs. This bio-
mimetic environment enhances the stability and bioavailability of EVs, 
while also providing a versatile mechanism for controlled release and 
targeted delivery. By integrating various physical and chemical prop-
erties such as self-healing capabilities and conductivity, hydrogels can 
be tailored to mimic the dynamic characteristics of the native ECM, 
thereby elevating the therapeutic potential of EVs. Current methods for 
constructing EViH systems include pre-gel loading and post-gel loading, 
depending on the timing of EVs loading [85].

Pre-gel loading entails directly encapsulating EVs within the 
hydrogel precursor solution before gelation occurs. The precursor so-
lutions used in this method typically consist of macromolecular mono-
mer substances known for their biocompatibility. Adjusting the 
concentration of the monomer and/or the final cross-linker added en-
ables manipulation of the mechanical properties and degradation rate of 
the hydrogel [86]. This method, widely employed and convenient, has 
led to the development of numerous EViH systems. It offers several 
advantages: high loading of EVs, crucial for improving therapeutic ef-
ficacy; optimal distribution of EVs within the hydrogel matrix, achieved, 
for instance, through a layer-by-layer self-assembly approach to estab-
lish EViH systems with an EVs concentration gradient or different EVs 
species. An innovative EViH system was designed to regulate initial 
wound healing precisely and inhibit scar formation in later stages by 
leveraging different degradation rates of a bilayer hydrogel for 
sequential EVs release with distinct functions [87].

While this method allows regulation of EVs release by manipulating 
their distribution within the EViH system, a notable drawback is the 
potential impact of the gelation process on the structure and function of 
EVs. Interactions between hydrogel molecules and EVs, whether 
through chemical or physical cross-linking, may compromise EVs com-
ponents like surface proteins, lipids, and polysaccharides. Thus, careful 
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consideration of the cross-linking method is crucial to prevent adverse 
effects on EVs when employing pre-gel loading for constructing EViH 
systems. Furthermore, EViH systems developed using the pre-gel 
loading technique are well-suited for filling critical-sized defects with 
intricate geometries. Hydrogel polymerization can be initiated by the 
local microenvironment or external stimuli to enable in situ gel forma-
tion [88], while the precursor hydrogel solution can also be combined 
with pre-fabricated scaffold materials tailored based on the injury site 
and shape using methods like 3D bioprinting. For instance, combining a 
HA precursor solution with UCMC-Exos in 3D printed nano-
hydroxyapatite/poly-ε-caprolactone (nHP) scaffolds proved effective for 
cranial bone defects, showcasing excellent bone regeneration results 
[89].

Post-gel loading involves encapsulating EVs into a pre-formed 
hydrogel matrix, wherein achieving an effective EVs payload is crucial 
for success. The encapsulation process typically involves the simple 
diffusion of EVs into the hydrogel [90]. However, this straightforward 
method presents challenges in achieving controlled release of EVs within 
the EViH system. A more intricate approach utilizing covalent in-
teractions can be employed to develop EViH systems capable of 
controlled EVs release. For instance, Huang et al. used integrins present 
on the surface of MSC-EVs to bind to RGD peptide hydrogels with 
methacrylate-esterified alginate via photopolymerization [91]. The 
designed hydrogel successfully encapsulated and retained EVs for over 7 
days while preserving their structural integrity and osteoinductive 
function. During the preparation of EViH through post-gel loading, the 
hydrogel may require immersion in an EVs-containing solution. Pro-
longed immersion could cause hydrogel swelling or alterations in me-
chanical properties, highlighting the importance of optimizing EVs 
loading time. In our opinion, the post-gel loading method is better suited 
for constructing patch-type EViH systems, offering more efficient 
loading of EVs compared to other methods.

Recently, novel techniques have emerged in the development of 
EViH systems, such as leveraging microfluidic technologies to precisely 
encapsulate EVs within hydrogels, leading to the creation of microscale 
EViH particles or capsules. Nie et al. prepared MSC-EVs and embedded 
them in dopamine methacrylamide (DMA)-modified gelatin meth-
acryloyl (GelMA) solution, employing microfluidics to produce EVs 
microcarriers with bioadhesive properties, demonstrating promising 
efficacy in treating inflammatory bowel disease (IBD) [92]. This tech-
nology showcases the potential to achieve a slow-release effect and 
enhanced adhesion properties.

In summary, these methods offer diverse approaches for developing 
EViH systems with tailored properties, suitable for applications in 
regenerative medicine, drug delivery, and bioengineering. Each method 
presents unique advantages and limitations in EViH system develop-
ment, allowing researchers to select the most suitable approach based on 
their specific requirements and the intended functionality of the EViH 
system.

3.2. The advantages of EViH

The advancement of EViH aims to synergistically integrate the fea-
tures of hydrogels and EVs, thereby surpassing individual contributions 
and yielding an outcome that exceeds the mere combination of its 
components. It is determined that EViH offers advantages such as 
outstanding biocompatibility, versatility, efficient protection, and sus-
tainable and controlled release.

3.2.1. Excellent biocompatibility
Biocompatibility refers to the ability of a material or system to 

operate effectively within a specific biological environment without 
causing harm to living organisms. Both EVs and hydrogels in the EViH 
system demonstrate remarkable biocompatibility. Numerous studies 
have consistently affirmed the biological safety of various hydrogels in 
both in vitro and in vivo settings, yielding positive experimental 

outcomes. Clinical trials utilizing hydrogel-based approaches have 
exhibited promising results in diverse fields, including oral-maxillofacial 
and orthopedic trauma surgery, advanced heart failure, and chronic 
kidney disease, underscoring the biological safety of hydrogels [93]. 
Moreover, certain hydrogel polymers, such as Pluronic F-127 (PF-127), 
have obtained approval from the Food and Drug Administration (FDA) 
[94].

EVs are natural nanovesicles released by cells through the paracrine 
pathway, transporting various functional components from the parent 
cell. They demonstrate low immunogenicity and high biocompatibility, 
devoid of the tumorigenic and senescence vulnerability linked to 
cellular therapies. Over 300 EVs-related clinical trials have been con-
ducted to date, revealing satisfactory outcomes in diverse fields, 
including prostate cancer diagnosis, refractory focal epilepsy treatment, 
atopic dermatitis management, and even COVID-19 treatment [95]. 
Noteworthy is that 5 % of these clinical studies focus on engineered EVs 
as therapeutic agents. When utilizing EVs (both native and engineered) 
in clinical settings, adherence to the consensus guidelines published by 
ISEV and COST is crucial [96].

Understanding from the introduction in Section 3.1, selecting 
appropriate preparation methods can minimize excessive damage to EVs 
and hydrogels during the construction of the EViH system. Therefore, 
one can infer that the EViH system, comprising EVs and hydrogels with 
outstanding biocompatibility, also demonstrates good biocompatibility, 
supported by numerous recent in vitro and in vivo studies [89,97,98].

3.2.2. Great versatility
The versatility of EViH is attributed to the diverse range of hydrogels 

and EVs available. Hydrogels can be customized with various properties, 
and the selection of EVs from different sources or engineered EVs can be 
made to meet specific requirements.

Designing hydrogels to be responsive to stimuli is a crucial strategy 
in enhancing the versatility of EViH. Responsive hydrogels can be 
categorized based on the type of stimulus into internally responsive 
hydrogels (e.g., enzyme, pH, glucose, and electric-responsive hydrogels) 
and externally responsive hydrogels (e.g., light, electricity, magnetism, 
ultrasound, and temperature-responsive hydrogels) [99]. pH-responsive 
hydrogels contain polymers that hydrolyze at specific pH levels, thereby 
altering the pore size of the molecular network in different environ-
ments and facilitating the controlled release of internal contents. For 
example, pH-sensitive hydrogels have been tailored to manage inflam-
mation by releasing drugs at the inflamed site in response to the acidic 
conditions generally present [100,101]. Biomolecule-sensitive hydro-
gels undergo conformational changes in response to specific biomole-
cular concentrations, enabling applications such as insulin release 
triggered by glucose levels through a glucose oxidase and pH-sensitive 
domain [23]. Temperature-responsive hydrogels change in structure 
and function based on temperature variations, with biomedical appli-
cations that involve transitioning between gel and sol-gel states to adapt 
to environmental conditions during treatment.

Apart from responsiveness to stimuli, other distinct hydrogel prop-
erties such as self-healing and conductivity contribute to their adapt-
ability in complex pathological environments, thereby enhancing the 
versatility of EViH. Self-healing hydrogels, utilizing non-covalent or 
dynamic covalent interactions, exhibit fluid-like behavior under stress 
and rapidly recover their original properties upon stress release [102]. 
These hydrogels offer advantages for tissue regeneration, including 
precise drug delivery, cell protection, adaptability to defect sites, stable 
drug release, and suitability for bioprinting [103]. For instance, a 
catechol-conjugated chitosan (CHI-C) self-healing multifunctional 
hydrogel based on dynamic Schiff base bonding formed a gel within 
minutes after being injected into irregular bone defects and acted as a 
hemostatic and regenerative agent [104]. Conductive hydrogels, incor-
porating materials like graphene and carbon nanotubes, have shown 
potential in biomedicine for applications such as tissue engineering, 
drug delivery, and biosensing [105]. Researchers are exploring 
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multifunctional conductive hydrogels to effectively address complex 
biomedical challenges. A study detailed the development of an elec-
troconductive hydrogel (HASPy) for peripheral nerve repair, which 
directly targeted IL-17 receptor A (IL-17RA) and facilitated Schwann cell 
myelination through the IL-17 signaling pathway [106]. In vivo experi-
ments demonstrated that the HASPy hydrogel promotes functional re-
covery and remyelination after sciatic nerve-crush injury.

Furthermore, hydrogels possess unique physical and chemical 
properties that enhance their utility. They can be engineered to exhibit 
stimulus responsiveness and self-healing capabilities. Wang et al. 
addressed challenging diabetic wounds by developing a hydrogel named 
PC (PEGS-PBA-BA/CS-DA-LAG) that displayed self-healing properties, 
dual responsiveness to pH and glucose, and released metformin through 
Schiff base and phenylboronate ester dynamic bonding [107].

EVs provide a diverse source that boosts the versatility of EViH due 
to the varied biological functions of EVs derived from different cells. 
Engineering of EVs can be customized to meet specific disease-related 
requirements, as evidence suggests that engineered EVs offer superior 
loading efficiency, targeting specificity, and therapeutic effectiveness. 
The engineering strategies for EVs can be broadly categorized into two 
main approaches: (i) indirect manipulation of donor cells; and (ii) direct 
engineering of EVs.

Common methods for modifying donor cells include co-incubation 
and gene transduction to introduce therapeutic cargo. Co-incubation 
involves introducing compounds, particularly small molecules, into 
donor cells and subsequently into EVs. For example, paclitaxel (PTX) can 
be loaded into MSC-EVs by co-culturing PTX with MSCs at 37 ◦C for 1 h 
[108]. Alternatively, gene drugs can be transfected into donor cells, and 
EVs containing the gene drugs can be isolated and purified thereafter. 
This natural biosynthetic process facilitates the packaging of exogenous 
nucleic acids such as DNA plasmid vectors and noncoding RNAs into 
EVs. While this method is simple and minimally impacts EV structure 
and yield, the efficiency of drug loading is dependent on the properties 
of the drug and the duration of incubation.

Direct methods for drug loading into EVs interiors include passive 
mixing, electroporation, and mechanical techniques. Passive mixing 
involves encapsulating cargo within EVs through direct blending, with 
encapsulation efficiency being boosted by adjusting experimental con-
ditions. Saponin permeabilization is commonly applied to enhance ef-
ficiency [109]. This method is particularly suitable for hydrophobic 
drugs as they can easily interact with and pass through the hydrophobic 
EVs membranes. Electroporation, another popular technique, involves 
mixing EVs with the target cargo in a conductive solution, creating 
transporter holes on the EVs membrane’s surface under the influence of 
an electric field to facilitate cargo translocation. However, electropo-
ration can lead to the aggregation of EVs or cargoes, affecting the EVs’ 
structure and therapeutic efficacy [110]. Mechanical engineering tech-
niques for EVs include freeze and thaw cycles, sonication, and extrusion. 
Freeze-thaw cycles entail co-incubating cargo with EVs at room tem-
perature, followed by rapid freezing and thawing cycles [111]. Soni-
cation involves subjecting EVs and drugs to sonic disintegration, while 
extrusion requires forcing EVs and cargoes through polycarbonate 
membranes [112]. Mechanical methods offer a higher probability of 
drug encapsulation compared to passive mixing and electroporation but 
can compromise EVs’ structural integrity if improperly applied [111,
113].

Furthermore, beyond loading target cargoes, modifying the EVs 
membrane surface is commonly practiced to enhance EVs functionality. 
Click chemistry, specifically copper-catalyzed azide-alkyne cycloaddi-
tion reaction, is utilized to attach specific molecules to EVs membranes. 
For example, Jia et al. successfully targeted gliomas by attaching the 
neuropilin-1-targeted peptide (RGERPPR, RGE) to EVs using click 
chemistry [114]. Similarly, Tian et al. conjugated the c(RGDyK) peptide 
to EVs surfaces for efficient delivery of curcumin targeting the ischemic 
brain [115].

In conclusion, the remarkable versatility of EViH is heightened by 

the functionality and diversity of hydrogels and EVs. Customizing 
hydrogels with specific properties allows them to serve efficiently as 
carriers, while harnessing the diverse functions of EVs can greatly boost 
tissue repair mechanisms.

3.2.3. Effective protection
The optimal protection of EViH primarily involves shielding the EVs 

from rapid clearance by the circulatory system following administration 
via various routes including intravenous, intraperitoneal, or subcu-
taneous, and preventing their accumulation in off-target organs such as 
the liver, spleen, kidneys, and lungs [116]. Wiklander et al. revealed that 
a considerable portion of exosomes administered intravenously was 
promptly engulfed by macrophages in the reticuloendothelial system 
[22]. The protective effect of hydrogels lies in shielding EVs from im-
mune reactions and rapid clearance, mainly through the sustained 
release of EVs, ensuring their continued and stable functionality at the 
injury site. The retaining capacity of hydrogels for EVs has been 
confirmed across different tissues and organs, often using fluorescent 
dyes such as Dil, FITC, and PKH 26 to monitor in vivo retention. While 
free exosomes were predominantly cleared by day 14 
post-administration, hydrogel-loaded exosomes were still detectable at 
brain injury sites up to day 28, emphasizing the sustained release effi-
ciency [116].

Moreover, the hydrogel facilitated the prolonged preservation of EVs 
without significantly compromising their bioactivity. Analytical tech-
niques like transmission electron microscopy (TEM), nanoparticle 
tracking analysis (NTA), and Western blot (WB) are valuable for 
assessing the viability of EVs released from hydrogels, showing main-
tained structural integrity, consistent size, and unchanged surface pro-
tein expression compared to directly isolated EVs [117]. The protective 
role of hydrogels in preserving EVs activity can be attributed to the 
maintenance of molecular structures or the incorporation of components 
such as peptides, biofactors, or drugs in the hydrogel matrix, serving as a 
physical barrier against environmental stresses like temperature fluc-
tuations, pH changes, and mechanical pressures, thus enhancing EVs’ 
integrity and stability.

In conclusion, employing diverse preparation methods effectively 
preserves the structural and functional integrity of EVs when integrating 
them into hydrogels, with the favorable physicochemical characteristics 
of hydrogels supporting long-term EVs activity.

3.2.4. Sustainable and controlled release
The interactions between EVs and hydrogels in the EViH system are 

governed by their respective physicochemical properties, significantly 
impacting the release dynamics of EVs within the hydrogel matrix.

Weak interactions between EVs and hydrogels in the EViH system 
may lead to the release of EVs from hydrogels primarily depending on 
EVs diffusion. When the polymer networks’ mesh size exceeds that of the 
EVs, a high initial EVs concentration results in a burst release followed 
by gradual release, influenced by the hydrogel nature and degradation 
rate, lasting for hours to days. If the size of EVs is comparable to the 
mesh size, frictional resistance may impede diffusion. Variances in mesh 
sizes, where smaller pores increase path length, facilitate sustained 
release. When the mesh size is smaller than the EVs, EVs are trapped 
inside the gel. Therefore, hydrogels with high porosity and small pore 
sizes achieved through increased crosslink density and polymer con-
centration are effective in prolonging EVs retention [118].

Additionally, factors like hydrogel degradation and mechanical 
deformation affecting the mesh size of polymer networks also contribute 
to sustainable and controlled release. Degradation enlarges the mesh 
size, facilitating EVs diffusion, potentially induced by external stimuli 
like pH and ultraviolet (UV) light. For example, a pH-sensitive hydrogel 
containing hyaluronic acid (HA), PF-127, and poly-ε-L-lysine exhibited 
increased degradation in an acidic environment, leading to higher EVs 
release at pH 5.5 compared to pH 7.5 on day 12 [101]. Adjusting 
degradation rates by modifying hydrogel composition and cross-linking 
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conditions enables precise control of EVs release in specific environ-
ments. Mechanical stress-induced deformation causes convection, 
resulting in transient EVs release. Hydrogels with magnetic nano-
particles can deform rapidly under a magnetic field, promoting the swift 
release of loaded particles [119]. Furthermore, ultrasound can tran-
siently disrupt the hydrogel network to enhance content release, 
improving drug penetration and absorption in tissues [120–123]. 
Nonetheless, external forces may irreversibly damage hydrogels, 
necessitating consideration of self-healing hydrogels as carriers.

It is worth mentioning that hydrogel swelling can significantly in-
fluence the mesh size of polymer networks. Research has shown that 
alginate hydrogels exhibit sensitivity to pH variations, contracting in 
acidic environments and expanding in neutral conditions, consequently 
influencing nanoparticle release. Although there is a lack of direct evi-
dence on regulating EVs release through hydrogel swelling modulation, 
this avenue holds promise for further investigation.

In the EViH system, characterized by a strong interaction between 
EVs and hydrogels, achieving sustainable and controlled release is 
facilitated. EVs, possessing phospholipid bilayer membranes, transport 
various proteins, including transmembrane and surface proteins, from 
donor cells. The polar groups present in molecular polymers, such as 
carbonyl or hydroxyl groups, can interact with phosphate groups on 
phospholipids, as well as with amide, amine, hydroxyl, and carboxyl 
groups of proteins, through hydrogen bonding or van der Waals forces, 
thereby affecting the retention rate of EVs [124]. Ellagic acid (EA) has 
been employed as a cross-linking agent for the photocrosslinking of 
gelatin methacrylate (GM) and polypyrrole (PPy) to synthesize GMP 
hydrogels. The polyphenolic groups in TA effectively retain EVs within 
the hydrogel by establishing reversible hydrogen bonds with phosphate 
groups on the EV surface, leading to sustained in vitro release for over 14 
days.

Moreover, charge-mediated interactions serve as an efficient method 
for retaining EVs within hydrogels. EVs acquire a negative charge due to 
the presence of anionic phosphatidylserine (PS) and glycocalyx residues 
on their surfaces. Hence, positively charged polymers have been 

investigated to improve EVs retention. For example, cationically 
charged chitosan (CS) hydrogels can prolong the in vitro release of EVs 
for more than 6 days [125]. Furthermore, polysaccharide-based 
pH-responsive fluorinated ethylene propylene (FEP) hydrogel-coated 
EVs demonstrate slow in vitro release under acidic conditions for up to 
21 days [126].

EVs express adhesion molecules like integrins on their surfaces, 
which can bind to fibronectin and collagen. Li et al. enhanced EVs 
retention effectiveness by modifying the surface of an HA hydrogel with 
a laminin-derived peptide that interacts with integrins on EVs surfaces, 
resulting in sustained EVs release for 11 days in vitro [127]. Additionally, 
the establishment of chemical covalent bonds between EVs and the 
hydrogel molecular network immobilizes the EVs entirely. The release of 
EVs occurs only upon the rupture of these covalent bonds, making the 
control of covalent bond breaking an effective strategy for managing the 
release rate and timing of EVs.

In conclusion, the release behaviors of EViH can be effectively 
regulated by adjusting the specific characteristics of both EVs and 
hydrogels, while also carefully considering relevant pathophysiological 
processes.

4. Wound regeneration

4.1. Physiopathologic processes of wound healing

Wound healing is the complex process by which the body activates 
repair mechanisms to regenerate injured skin and tissues after an injury. 
This process consists of four key phases: hemostasis, inflammation, 
angiogenesis, epithelialization, and remodeling, illustrated chronologi-
cally in Fig. 4. It is crucial to understand that these phases are inter-
connected rather than entirely separate [128]. The following discussion 
provides a concise overview and detailed explanation of this intricate 
process.

The initial stage in the wound healing repair process involves vaso-
constriction and platelet activation, followed by the formation of a fibrin 

Fig. 4. The schematic diagram of four phases during wound healing [129]. © 2018 Published by Elsevier B.V.
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clot. Besides its hemostatic function, the fibrin clot acts as a scaffold for 
the subsequent recruitment of inflammatory cells. Neutrophils, the pri-
mary defense against microbial invasion, are the first immune cells to be 
recruited to the site of injury [130]. Subsequently, monocytes are 
recruited and transformed into tissue-activated macrophages within 
48–96 h post-injury [131]. Furthermore, the adaptive immune system, 
including Langerhans cells, dermal DCs, and T cells, becomes activated. 
After the conclusion of the inflammatory phase, the angiogenic phase 
begins: (1) endothelial cells proliferate, migrate, and branch to form 
new blood vessels; (2) activated pericytes within the basement mem-
brane provide structural support to the endothelial cells [132]; (3) 
circulating progenitor cells derived from the bone marrow play a crucial 
role in promoting the formation of new blood vessels during wound 
healing [133,134]. Following neovascularization, fibroblasts proliferate 
and migrate towards the fibrin clot, leading to the formation of 

granulation tissue. Fibroblasts differentiate into myofibroblasts to 
facilitate wound contraction [135]. In addition to the healing processes 
described above, the process of epithelial remodeling is crucial for skin 
wound healing, involving the proliferation of unipotent epidermal stem 
cells from the basement membrane and the de-differentiation of termi-
nally differentiated epidermal cells [136]. Epidermal remodeling also 
includes the reconstruction of skin adnexa, such as sebaceous glands, 
sweat glands, and hair follicle-associated unipotent stem cells.

The complexity of wound healing presents challenges for clinicians 
and researchers, particularly in cases of large skin wounds, burns, 
chronic diabetic wounds, and the formation of abnormal scar tissue 
[137,138]. To achieve optimal wound healing, several prerequisites 
must be met: (1) prompt hemostasis; (2) controlled inflammation; (3) 
migration, proliferation, and differentiation of MSCs to the injured area; 
(4) sufficient neovascularization; (5) rapid epithelial re-formation; and 

Table 1 
The application of EViH for wound healing.

Disease EVs species Composite hydrogel 
type

Hydrogel 
loading

Crosslinking mode Release Kinetics Biological effects References

Full- 
thickness 
skin 
wound

Exosomes of 
hUCSCs

P407/CMCS Not 
mentioned

Thermo-crosslinking 85 % in 72 h Reduces the inflammatory response and 
activates signaling pathways associated with 
collagen deposition, angiogenesis, and cell 
migration

[139]

Exosomes of 
hEnSCs

Chitosan/Glycerol Pre-gel 
loading

Electrostatic 
interaction and 
hydrogen-bonding 
interactions

Not mentioned Promotes wound healing via improving 
angiogenesis and granulation formation

[140]

Exosomes of 
hADSCs

PF-127 Pre-gel 
loading

Thermo-crosslinking Over 96 h in vivo Facilitates collagen synthesis and upregulates 
the expression of skin barrier proteins

[141]

Exosomes of 
ADSCs

Alg Pre-gel 
loading

Ionic crosslinking Approximately 
90 % in 168 h

Improves the migration ability of HUVECs 
and reduces healing time and scar formation

[142]

Exosomes of 
HUVECs

GelMA Pre-gel 
loading

Photo-crosslinking Approximately 
40 % in 7 days

Promotes angiogenesis and repairs cutaneous 
defects

[143]

Exosomes of 
M2-Mϕs

Tren functionalized 
and SG 
functionalized 8-arm 
PEG

Pre-gel 
loading

Crosslinking of 
amine and ester 
groups

100 % in 11 days Accelerates the quality and speed of wound 
healing via inducing reprogramming of M1- 
Mϕs toward M2-Mϕs

[144]

B-sEVs; 
B-miR-29b- 
sEVs

BSSPD Pre-gel 
loading

Photo-crosslinking 80 % in 9 days Sequential release of B-sEVs (promote 
angiogenesis and collagen deposition) and B- 
miR-29b-sEVs (inhibit capillary proliferation 
and collagen deposition) to promote scar-free 
healing

[87]

Diabetic 
Wound

Exosomes of 
PMSCs

MC-CS Pre-gel 
loading

Schiff base reaction Over 168 h Promotes diabetic wound healing through 
facilitating angiogenesis and regular and 
dense distribution of collagen

[145]

Exosomes of 
hUCSCs

PF-127 Pre-gel 
loading

Thermo-crosslinking Not mentioned Promotes diabetic wound healing via 
accelerating angiogenesis

[146]

Exosomes of 
PRP

Chitosan/Silk Post-gel 
loading

Schiff base reaction Not mentioned Promotes diabetic wound healing by 
accelerating wound contraction, re- 
epithelialization, collagen deposition, and 
skin angiogenesis

[147]

EVs of 
hUCSCs

rhCol III Not 
mentioned

Crosslinking of 
amine and ester 
groups

80 % in 10 days Promotes diabetic wound healing by 
regulating inflammation and macrophage 
polarization

[148]

sEVs of 
UCSCs

Catechol- 
functionalized SIS/ 
Fusion peptides

Post-gel 
loading

Amidation reaction Over 7 days Promotes diabetic wound healing and 
stimulates cell proliferation, migration, 
adhesion, and angiogenesis

[149]

Exosomes of 
AMSCs

FHE Post-gel 
loading

Schiff base reaction Over 21 days Promotes diabetic wound healing by 
modulating collagen deposition, epithelial 
regeneration, and angiogenesis

[101]

Exosomes of 
BMSCs

CEC-DCMC Pre-gel 
loading

Schiff base reaction Not mentioned Promotes diabetic wound healing and 
reduces the inflammatory response via 
facilitating macrophage conversion from M1 
to M2

[100]

Exosomes of 
M2-Mϕs

HA@MnO2 Post-gel 
loading

Schiff base reaction Over 21 days Promotes diabetic wound healing by 
ameliorating oxidative stress and hypoxia

[150]

Abbreviations: EVs: extracellular vesicles; hUCSCs: human umbilical cord mesenchymal stem cells; P407: poloxamer 407; CMCS: carboxymethyl chitosan; hEnSCs: 
human endometrial stem cells; hADSCs: human adipose-derived mesenchymal stem cells; PF-127: pluronic F-127; HUVECs: human umbilical vein endothelial cells; 
Alg: alginate; GelMA: gelatin methacryloyl; M2-Mϕs: anti-inflammatory macrophages; M1-Mϕs: proinflammatory macrophages; Tren: Tris(2-aminoethyl)amine; SG: 
N-succinimidyl glutarate; PEG: poly(ethylene glycol); sEVs: small extracellular vesicles; BMSCs: bone marrow derived mesenchymal stem cells; B-miR-29b-sEVs: miR- 
29b-3p-enriched bone marrow derived mesenchymal stem cells; BSSPD: bilayered thiolated alginate/PEG diacrylate; PMSCs: placental mesenchymal stem cells; MC- 
CS: methylcellulose-chitosan hydrogel; PRP: platelet-rich plasma; rhCol III: recombinant human collagen III protein; SIS: small intestinal submucosa; FHE: oxidative 
hyaluronic acid (OHA) and poly-ε-L-lysine (EPL)/PF127; HA: hyaluronic acid.
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(6) consistent, organized collagen production and arrangement. The 
EViH system shows significant potential for enhancing wound regener-
ation. We provide an overview of the most recent research on 
EViH-based interventions for wound healing, outlined in Table 1.

4.2. EViH for full-thickness skin wound regeneration

The skin, being the largest organ of the body, plays a critical role as a 
defense barrier, protecting internal tissues and organs from various 
types of physical, chemical, and biological damage. It consists of three 
main layers: the epidermis, which defends against external stimuli; the 
dermis, responsible for nourishment and immune responses; and the 
subcutaneous tissue, acting as an energy reservoir. When the skin is 
damaged, cells from different layers collaborate to initiate the healing 
process. However, the management of full-thickness skin wounds faces 
challenges such as non-healing, delayed healing, and the formation of 
abnormal scars like hypertrophic scars and keloids.

By targeting the physiological characteristics and enhancing the 
biological process of full-thickness skin wounds, strategies utilizing 
EViH show promise in addressing clinical challenges. Various hydrogels 
have been used as carriers to encapsulate MSC-EVs for promoting full- 
thickness skin wound regeneration. For instance, PF-127, an FDA- 
approved hydrogel for human use, has been employed to create a 
hydrogel for delivering exosomes derived from hADSCs (PF-127/ 
hADSCs-Exos) in mouse models [141]. Notably, hADSCs-Exos labeled 
with red fluorescent PKH 126 accumulated at the wound site after 48 h 
and remained detectable even after 96 h post-administration of 
PF-127/hADSCs-Exos, while free hADSCs-Exos did not show a signifi-
cant fluorescent signal within 48 h. This finding demonstrates that the 
hydrogel significantly prolongs the efficacy of the EVs. While PF-127 
offers practical advantages as a wound-repair hydrogel scaffold, 
including injectability, biocompatibility, and thermo-sensitivity, it lacks 
inherent biological activity. Therefore, various biomacromolecules have 
been used to develop bioactive hydrogels capable of loading MSC-Exos.

Alginate, a naturally occurring acidic polysaccharide, is widely uti-
lized in biomedical applications due to its excellent biocompatibility, 
low toxicity, and the ability to cross-link in the presence of divalent 
cations like Ca2+ to form hydrogels under mild conditions [151]. 
Moreover, alginate displays a range of biological activities, such as 
antioxidant, anti-inflammatory, and antibacterial properties. Further-
more, it can enhance cell proliferation and differentiation. The incor-
poration of ADSCs-Exos into alginate-based hydrogels (Alg-EXO) has 
emerged as a promising approach in skin tissue engineering [142]. The 
degradation of alginate hydrogel enables the sustained release of small 
bioactive molecules such as secreted exosome derivatives and growth 
factors. In rat models of full-thickness skin wounds, combining exosomes 
with alginate-based hydrogel significantly expedited the healing pro-
cess, enhanced collagen synthesis and blood vessel formation, and 
inhibited scar formation, outperforming the effects of alginate-based 
hydrogel alone or traditional sterile gauze. Similarly, chitosan shows 
potential in regenerative medicine due to its biodegradability, low 
immunogenicity, antimicrobial activity, and cell-attracting properties 
[152]. The high presence of reactive amino and hydroxyl groups along 
the chitosan-based material backbone allows for easy modification to 
facilitate drug loading and achieve desired properties. Nooshabadi et al. 
successfully developed a hydrogel by utilizing the electrostatic interac-
tion between chitosan and glycerol to effectively load exosomes derived 
from human endometrial stem cells (hEnSCs) [140]. Remarkably, the 
chitosan hydrogel, along with exosomes, significantly enhanced skin 
tissue regeneration and wound healing synergistically. In in vivo ex-
periments, the chitosan-glycerol-exosome hydrogel notably promoted 
angiogenesis and granulation formation compared to other experi-
mental groups, demonstrating superior wound-healing efficacy. How-
ever, the specific molecular mechanisms underlying the therapeutic role 
of exosomes and the potential synergistic mechanisms between exo-
somes and hydrogel remain unexplored, hindering their future clinical 

translation. The utilization of hydrogels formed through electrostatic 
interactions between polymers is an effective method for loading exo-
somes, as this gentle interaction minimizes potential exosome damage. 
Yet, it is essential to consider that the tissue microenvironment can in-
fluence the electrostatic interaction, leading to rapid hydrogel degra-
dation and uncontrolled exosomes release. Therefore, strategies need 
development to enable spatiotemporal exosomes release for maximizing 
their regulatory functions.

While serving as a carrier for the sustained release of EVs, the 
hydrogel’s stimulus responsiveness to the pathological environment is 
particularly intriguing for achieving controlled EVs release. Li et al. 
employed a dual-sensitive hydrogel, responsive to temperature and pH, 
to encapsulate exosomes extracted from hUCSCs’ supernatant culture 
aiming at prolonged and controlled exosomes release in wound healing 
[139]. Comprising poloxamer 407 (P407) and a chitosan derivative, 
carboxymethyl chitosan (CMCS), with genipin (GP) as a natural and 
non-toxic cross-linking agent, this dual-sensitive hydrogel transitions 
from liquid to solid state at 37 ◦C, rendering it suitable for in vivo usage. 
Furthermore, the pH-responsive characteristic of the hydrogel exploits 
the pH contrast between healthy skin (pH 4–6) and wounded skin (pH 
7–9) [153]. This dual-sensitive material facilitates intelligent exosome 
release by continuously monitoring wound status influenced by body 
temperature and local pH, thereby reducing infection risks and speeding 
up the healing process.

In addition to MSC-Exos, hydrogels have also been combined with 
other types of EVs for the regeneration of full-thickness skin wounds. 
Angiogenesis is a crucial step in the cutaneous wound healing process 
[154,155], where endothelial cells play a significant role in the forma-
tion of microvascular networks to initiate angiogenesis [156,157]. Thus, 
exosomes derived from endothelial cells have the potential to enhance 
skin wound repair. Zhao et al. utilized a gelatin methacryloyl (GelMA) 
hydrogel as a wound dressing to integrate exosomes derived from 
HUVECs (HUVEC-Exos) [143]. This system notably expedited 
re-epithelialization, improved collagen maturity, and facilitated angio-
genesis, ultimately enhancing the efficacy of cutaneous wound healing. 
Furthermore,HUVEC-Exos promoted the proliferation and migration of 
both fibroblasts and keratinocytes, while the GelMA hydrogel enhanced 
cell adhesion using cell-binding motifs like arginyl-glycyl-aspartic acid 
(RGD). The GelMA hydrogel also integrated MMP degradable motifs, 
allowing enzyme-responsive degradation and sustained exosome 
release. It is essential to highlight that GelMA hydrogels with photo-
crosslinking capability offer convenience in application, but careful 
consideration is needed as residual photocrosslinking agents could 
potentially pose toxicity risks. Moreover, UV irradiation may impact 
exosome activity; therefore, radiation conditions must be thoughtfully 
selected.

In the wound healing process, macrophages play a pivotal role as 
effector cells of the innate immune system. Macrophages are categorized 
into the M1 phenotype, which has pro-inflammatory effects, and the M2 
phenotype, which has anti-inflammatory effects [158]. The balance 
between M1 and M2 phenotypes is critical in the transition from 
inflammation to proliferation during skin regeneration, directly influ-
encing the quality of wound healing. Studies have demonstrated that M2 
macrophage-derived exosomes (M2-Exos) facilitate the shift from 
inflammation to the proliferative phase of wound healing by converting 
the M1 phenotype to the M2 phenotype [159]. This leads to the restored 
capability of reprogrammed M2 macrophages to produce MMP and 
vascular endothelial growth factors (VEGF). To pinpoint the key mole-
cules involved in exosome-mediated macrophage reprogramming, re-
searchers conducted analyses using proteomics and genomic sequencing 
techniques [144]. The proteomic analysis uncovered a noteworthy in-
crease in arginase-1 (ARG1, Q61176) and the macrophage mannose 
receptor 1, also known as CD206 (Q61830, MRC1), in M2-Exo samples. 
Meanwhile, RNA sequencing revealed the overexpression of 74 miRNAs 
in M1-Exos and 66 miRNAs in M2-Exos. These findings suggest that 
exosome-mediated macrophage reprogramming is a result of the 
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synergistic effects of various components, including proteins, genes, and 
potentially lipids.

The primary objective of wound healing is to fully restore the skin to 
its original condition; however, this process often results in the devel-
opment of scars [160]. Initially, highly active fibroblasts play a crucial 
role in promoting wound closure during the initial phases of wound 
healing [161]. Nevertheless, excessive production of collagen and ECM 
by these highly active fibroblasts can lead to the formation of undesir-
able scars, such as hypertrophic scars (HS) [162]. HS is associated with 
various complications including pruritus, compression, dysfunction, and 
local deformities [163,164]. Surgical excision is currently a popular 
treatment for scar removal [164,165], which necessitates the patient to 
undergo the entire wound healing process once again. To prevent un-
expected scar formation and promote controlled wound repair, it is 
crucial to regulate the wound repair process in distinct stages. For 
example, fibroblasts should be activated during the initial phase of 
wound healing to facilitate wound closure; however, their activation 
should be carefully managed in the later stages of wound repair to 
prevent excessive collagen and ECM deposition. Achieving a controlled 
and staged approach requires the use of specific drugs at different points 
throughout the wound healing process. In addressing this need, Shen 
et al. developed a bilayer thiolated alginate/poly(ethylene glycol) (PEG) 
diacrylate (BSSPD) hydrogel (Fig. 5a) capable of sequentially releasing 
small extracellular vesicles (SR-sEVs) [87]. The ratio of thiolated algi-
nate to PEG diacrylate was adjusted to create varying degrees of hy-
drophilicity, swelling, and degradation rates in the upper and lower 
hydrogel networks. The release of sEVs from the hydrogel occurs via 
physical diffusion. Notably, the sEVs release rate from the upper layer of 
the BSSPD hydrogel, comprised of the SA-SH-3/PEG-DA-700 hydrogel 
with a lower swelling rate (retaining 80 % of sEVs by day 9), was slower 
compared to the release rate from the lower layer of the BSSPD hydrogel, 
which consisted of the SA-SH-3/PEG-DA-250 hydrogel (releasing 80 % 
of sEVs by day 7). Degradation experiments indicated a complete 
degradation of the lower hydrogel by day 7, while the upper hydrogel 
underwent a slower degradation initially, accelerated after day 7, and 
reached 10 % degradation by day 14. The distinctive characteristics of 

the upper and lower hydrogel layers permit a gradual release of sEVs for 
optimized wound healing. The lower layer of the hydrogel facilitates the 
early-stage release of sEVs derived from BMSCs (B-sEVs). These B-sEVs 
promote angiogenesis and collagen deposition by enhancing the prolif-
eration and migration of fibroblasts and endothelial cells involved in the 
inflammatory and proliferative phases of wound healing. Subsequently, 
in the later stages of wound healing, the upper layer of the hydrogel 
releases sEVs secreted by BMSCs enriched with miR-29b-3p 
(B-miR-29b-sEVs). These sEVs function to inhibit excessive capillary 
proliferation and collagen deposition by suppressing multiple signaling 
pathways, including PI3K/Akt, extracellular signal-regulated kinase 
(Erk) 1/2, and Smad3/TGF-β. As depicted in Fig. 5b, the groups treated 
with B-sEVs@BSSPD and SR-sEVs@BSSPD displayed significantly 
accelerated wound healing compared to the control groups. Further-
more, there was no significant difference between the B-sEVs@BSSPD 
and SR-sEVs@BSSPD groups on days 7 and 14, suggesting that the 
anti-angiogenic and anti-fibrotic effects of B-miR-29b-sEVs were not 
evident in the SR-sEVs@BSSPD group. The thickness of scars was 
quantified using Doppler ultrasound, revealing that the 
SR-sEVs@BSSPD group exhibited the lowest scar proliferation index 
(SEI), indicating a reduction in hypertrophic scar formation (Fig. 5c). In 
summary, the SR-sEVs@BSSPD group effectively mitigates hypertrophic 
scar formation without compromising wound closure.

Bilayer hydrogels or multilayer hydrogels have recently garnered 
significant attention due to their capacity for the sequential release of 
drugs tailored to pathophysiological characteristics, thereby enhancing 
disease treatment. It is crucial to emphasize that the functionalization of 
EVs can endow them with new functions, expanding their spectrum of 
applications. For instance, in the aforementioned illustration, BMSC-EVs 
can be engineered to carry exogenous genes for the modulation of 
signaling pathways, a functionality not intrinsic to natural BMSC-EVs. 
Nevertheless, ensuring the preservation of EVs activity during the 
functionalization process necessitates further exploration, as well as 
more in-depth investigation into the interplay between exogenous and 
endogenous components.

Fig. 5. (a) Patterns of the sequential release of B-sEVs and B-miR-29b-sEVs from the lower and upper layers of BSSPD. (b) Wound healing in a rat model. (i) Images in 
the wound closure areas. (ii) Images of hematoxylin-eosin staining (H&E) staining on days 7 and 14. (c) The results of the rabbit ear scar model. (i) Ultrasonography 
of wounds; (ii) Quantitative analysis of SEI. These figures have been reproduced from Ref. [87] with permission from Copyright © 2021, American Chemical Society.
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4.3. EViH for diabetic wound healing

Diabetes mellitus (DM), a widespread chronic metabolic disease 
globally, is characterized primarily by a deficiency or reduced efficacy of 
endogenous insulin [166]. One of its significant manifestations is the 
abnormal elevation of blood glucose levels, leading to severe compli-
cations such as diabetic foot ulcers (DFUs) [167]. The treatment of 
chronic diabetic wounds, including DFUs, proves to be a substantial 
clinical challenge. While conventional therapies like surgical debride-
ment are available, their outcomes often fall short due to the impaired 
function of cells in the damaged tissue [101,168]. To tackle these 
challenges, various strategies have been employed.

Numerous advancements have been achieved in the development of 
artificial barriers and biological scaffolds for shielding internal tissues 
from the outside environment during the healing process of diabetic 
wounds [169,170]. Among these materials, hydrogels have emerged as 
the most commonly used option. Hydrogels can fill the tissue around a 
fresh wound, absorb wound extract, and alleviate inflammation. How-
ever, current research indicates that hydrogels function primarily in the 
early stages of wound healing and show limited effectiveness during the 
remodeling phase. Yang et al. employed a temperature-sensitive PF-127 
hydrogel to deliver hUCMSC-derived exosomes for diabetic wound 
healing [146]. The PF-127 hydrogel transitions from a liquid state at low 
temperatures to a semi-solid gel at 37 ◦C, enabling it to conform to the 
irregular spaces of diabetic wounds. In an animal model, both 
hUCMSC-exos and hUCMSC-exos/PF-127 displayed efficacy in reducing 
the wound defect area during the initial three days of treatment. How-
ever, hUCMSC-exos/PF-127 exhibited significantly higher healing effi-
ciency in the subsequent two weeks. These promising findings 
underscore the role of the porous structure of the hydrogel, which 
prolongs the release time of exosomes and enhances their half-life in 
serum. Furthermore, the hydrogel exhibits potential therapeutic effects 
by reducing exudates. Immunohistochemical analysis and evaluation of 
microvascular density revealed that treatment with 
hUCMSC-exos/PF-127 markedly promoted angiogenesis compared to 
other treatment methodologies. In vitro experiments further supported 
these findings, illustrating that hUCMSC-exos/PF-127 facilitated the 
proliferation and migration of HUVECs, crucial steps in angiogenesis. 
This study presents compelling evidence for the efficacy of loading 
exosomes onto a hydrogel platform for the treatment of chronic diabetic 
wounds.

Innovative injectable self-healing hydrogel developed by Wang et al. 
utilizes a combination of methylcellulose and chitosan (MC-CS) through 
a Schiff base reaction [145]. Self-healing hydrogels offer distinct ad-
vantages due to the formation of Schiff base linkages within the 
hydrogel matrix, providing weak acid responsiveness and the ability to 
self-heal. These linkages also enhance adhesion between the hydrogel 
and surrounding tissue. By incorporating exosomes derived from 
placental mesenchymal stem cells (PMSCs), this bioactive composite 
system improves angiogenesis and results in well-organized and dense 
collagen distribution in injured tissue. Regenerated skin exhibited the 
presence of hair follicles and glands, demonstrating successful tissue 
regeneration. However, the precise molecular mechanisms behind the 
observed angiogenic effects remain unclear. Further exploration is 
needed to understand the potential formation of Schiff base linkages 
between the hydrogel and encapsulated EVs for controlled release. 
Investigating the impact of these interactions on the structural and 
functional integrity of the EVs is crucial.

Platelet-rich plasma (PRP) has shown promising results in chronic 
wound treatment by enhancing angiogenesis and epithelial regeneration 
[171]. This outcome is likely attributed to the abundance of growth 
factors, such as platelet-derived growth factor (PDGF), TGF-β, and 
VEGF, present in the plasma [172]. PRP-derived exosomes (PRP-Exos) 
are even more effective in promoting cell proliferation, migration, and 
angiogenesis [173], as they contain a higher concentration of growth 
factors compared to PRP with the same total protein content. The 

healing effects of PRP-Exos on chronic wounds are better understood, as 
they stimulate angiogenesis through the activation of Erk and Akt signal 
pathways and promote epithelial regeneration by activating 
Yes-associated protein (YAP). When combined with ZWP, a homoge-
neous polysaccharide, in a chitosan/silk hydrogel sponge as a carrier, 
PRP-Exos significantly accelerate wound contraction, 
re-epithelialization, collagen deposition, and skin angiogenesis in dia-
betic rat models [147].

In recent years, collagen has emerged as a widely used gel material 
due to its excellent biocompatibility, easy accessibility, and hemostatic 
properties. Recombinant collagen, produced through synthetic biology 
technology, is a novel biomaterial. Recombinant human collagen type III 
(rhCol III) is created by optimizing gene sequences based on the prop-
erties and major functional domains of human collagen. Xu et al. 
developed a hydrogel using rhCol III supplemented with EVs derived 
from hUCSCs (hUCSCs-EVs) to achieve sustained release [148]. The high 
expression of anti-inflammatory factors (Arg1 and TGF-β) and the 
increased number of CD206-positive cells in the rhCol III-EVs group 
indicate the hydrogel’s ability to regulate macrophage conversion to the 
M2 phenotype. Moreover, the rhCol III-EVs hydrogel demonstrated a 
stimulating effect on the proliferation and migration of L929 cells and 
promoted the proliferation and angiogenesis of HUVECs in vitro. In a 
full-thickness skin defect model in diabetic rats, treatment with the 
rhCol III-EVs hydrogel significantly reduced the expression of the in-
flammatory factor IL-6, while increasing the expression of the cell pro-
liferation factor Ki67, as well as vascularization factors CD31 and 
α-SMA, compared to treatment with rhCol III hydrogel or EVs alone. 
These results suggest that the rhCol III-EVs hydrogel accelerates the 
wound healing process by modulating the inflammatory response, pro-
moting cell proliferation, and enhancing vascularization.

Compared to collagen, porcine small intestinal submucosa (SIS), a 
naturally occurring ECM material mainly composed of collagen and 
abundant in bioactive factors [174,175], shows potential for regener-
ating damaged tissues. Its favorable biocompatibility and low immu-
nogenicity make it a promising candidate material. However, the 
mechanical strength of SIS hydrogel is insufficient. To overcome this 
limitation, catecholamine chemistry has been utilized to boost the 
biomechanical properties of SIS [149]. Subsequently, sEVs derived from 
UCSCs are incorporated into catechol-modified SIS-based hydrogels 
using fusion peptides (SC-Ps-sEVs) to prevent sEVs from diffusing into 
extracellular fluids and to prolong their activity. The release kinetics 
data revealed that the fusion peptide-treated hydrogels significantly 
increased the total sEVs loading and prolonged the release duration 
(228.07 ± 11.13 × 108 over 7 days) compared to the control group 
(120.67 ± 16.19 × 108 roughly in 3 days), illustrating the retention 
effect of the fusion peptide on sEVs. In vitro investigations have shown 
that SC-Ps-sEVs hydrogels stimulate cell proliferation, migration, 
adhesion, and angiogenesis. Moreover, in vivo experiments have vali-
dated the remarkable therapeutic benefits of these hydrogels in pro-
moting wound healing.

Characteristics of diabetic wounds, such as drug-resistant bacterial 
infections, biofilm formation, impaired angiogenesis, compromised 
wound perfusion, and oxidative damage to the microenvironment, 
present significant challenges to effective wound healing. The restora-
tion of skin integrity and ensuring adequate blood supply are vital for 
successful healing [176–178]. However, many current hydrogel-based 
therapies are inadequate for treating vascular diseases and skin lesions 
caused by multidrug-resistant bacteria [179,180]. Consequently, there 
is an increasing focus on developing multifunctional hydrogels with 
antimicrobial properties to enhance wound healing in refractory cases of 
diabetes mellitus. These advanced hydrogels typically possess the 
capability to perform multiple functions simultaneously, including 
antimicrobial, anti-inflammatory, and immunomodulatory effects. 
Wang et al. developed an injectable, self-healing hydrogel with superior 
antimicrobial efficacy and prolonged exosomes release in response to pH 
[101]. This hydrogel, named FHE hydrogel, consists of oxidative HA 
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(OHA) and poly-ε-L-lysine (EPL)/PF127 in an inter-penetrating network 
(IPN) structure. EPL, a natural cationic antimicrobial agent derived from 
Streptomyces albulus [181], is part of this composition. The hydrogel 
encapsulates negatively charged exosomes through electrostatic in-
teractions [101]. In the context of diabetic wounds, known for their 
acidic environment, the hydrogel facilitates exosome release by 
breaking Schiff base bonds, thereby aiding in wound healing. In vivo 
tests showed that the FHE@exo hydrogel achieved an 88.67 ± 6.9 % 
healing rate by day 14, with complete wound closure and hair regrowth 
by day 21. Subsequent investigations delved into the pathways through 
which wound healing was promoted. Masson staining revealed a sig-
nificant boost in type I and III collagen deposition on days 7 and 14 with 
the FHE@exo hydrogel. Immunohistochemical staining highlighted the 
hydrogel’s role in granulation tissue formation and epithelial 
re-formation during the repair process. Immunofluorescence analysis 
visually displayed a higher vessel count (approximately 45) at the 
wound site with the FHE@exo hydrogel compared to other groups 
(around 20 vessels). In summary, the FHE@exo hydrogel demonstrated 
robust antibacterial properties and effectively enhanced wound healing 
in diabetic mice by increasing collagen deposition, encouraging 
epithelial regeneration, and promoting angiogenesis.

Moreover, maintaining a balance between M1 and M2 macrophages 
is essential for facilitating full-thickness wound healing, with particular 
significance in diabetic wound healing scenarios. The disruption of the 
shift from the M1 phenotype to the M2 phenotype during the later stages 
of healing can lead to an accumulation of pro-inflammatory mediators, 
hinder the production of anti-inflammatory mediators, and ultimately 
result in secondary tissue damage with impaired healing [182]. To 
address chronic wounds, a self-healing multifunctional hydrogel 
(MSC-Exos@CEC-DCMC HG) loaded with BMSC-Exo was developed to 
promote angiogenesis and facilitate the transition of macrophages from 
a pro-inflammatory M1 phenotype to a reparative M2 phenotype [100]. 
The utilization of carboxyethyl chitosan (CEC)-dialdehyde carbox-
ymethyl cellulose (DCMC) hydrogels allowed for the sustained release of 
MSC-Exos with pH-responsive properties lasting over 168 h. This pH 
sensitivity was achieved by breaking the Schiff base bond between CEC 
and DCMC in acidic conditions. MSC-Exos trigger angiogenesis by 
activating VEGF-mediated signaling pathways and alleviate inflamma-
tion by modulating macrophage polarization from M1 to M2 pheno-
types. Immunofluorescence and WB techniques were employed in this 
study to evaluate the influence of MSC-Exos on macrophage polarization 
under inflammatory conditions in vitro, revealing a reduction in the 
expression of inducible nitric oxide synthase (iNOS) associated with the 
M1 phenotype and an increase in CD206 expression indicative of the M2 
phenotype transition. Furthermore, the MSC-Exos@CEC-DCMC HG 
demonstrated similar effects in in vivo models.

miRNAs, which are short non-coding RNAs approximately 20–24 
nucleotides in length, have emerged as crucial regulators within cells. 
Recently, there has been considerable interest in the therapeutic po-
tential of miRNA-based treatments due to their capacity to modulate 
gene expression [183–185]. Particularly, miR-223 has been discovered 
to have a vital role in facilitating the transition of macrophages from the 
pro-inflammatory M1 phenotype to the reparative M2 phenotype and in 
promoting angiogenesis in vivo [183–185]. Consequently, exosomes 
derived from M2 macrophages with overexpression of miR-223 
(ExosM2@miR− 223) have been identified as a promising agent for skin 
repair. To enhance the effectiveness of ExosM2@miR-223 in treating 
diabetic wounds, Xiong et al. devised a hydrogel formulation (HA@M-
nO2/FGF-2/Exos) that allows for controlled release, with fibroblast 
growth factor 2 (FGF-2) playing a critical role in tissue repair [150]. 
Analysis of release kinetics revealed that 34 % and 45 % of the encap-
sulated FGF-2 were released from the HA@MnO2/FGF-2/Exos hydrogel 
at 12 and 24 h, with 75 % released by day 7, while ExosM2@miR− 223 were 
effectively enclosed within HA@MnO2/FGF-2/Exos and gradually 
released over the subsequent 21 days. Additionally, manganese dioxide 
(MnO2) nanoenzymes were integrated into the hydrogel to counteract 

the adverse effects of excessive production of reactive oxygen species 
(ROS) in the hyperglycemic wound microenvironment. These nano-
enzymes facilitate the conversion of endogenous ROS into oxygen (O2), 
thereby alleviating local oxidative stress and hypoxia [150,186,187]. In 
conclusion, the HA@MnO2/FGF-2/Exos hydrogel represents a versatile 
and promising therapeutic strategy for enhancing the healing of diabetic 
wounds. The amalgamation of inorganic materials with the EViH system 
signifies a significant trend for future advancements in research and 
development.

5. Bone and cartilage regeneration

5.1. The mechanisms of bone development and repair

Bone, a crucial organ in the human body, serves multiple essential 
functions such as providing support and protection, enabling movement, 
storing minerals, and producing blood cells. Bone regeneration is a 
complex and well-coordinated biological process that consists of several 
distinct stages, including hematoma formation, soft callus formation, 
hard callus formation, and bone remodeling (Fig. 6) [188]. Initially, the 
coagulation cascade is triggered to create a blood clot at the bone injury 
site, which significantly influences the subsequent formation of new 
bone. Different types of cells, including inflammatory cells, fibroblasts, 
and stem cells, are attracted to the injury site along with the develop-
ment of new blood vessels. Granulation tissue forms at the fractured 
bone ends and gradually gets replaced by fibrocartilage. Concurrently, 
the periosteum undergoes ossification, leading to the generation of an 
external bone scab. After these initial stages, the tissue undergoes 
further mineralization by depositing hydroxyapatite, promoting the 
formation of a more durable woven bone structure. As the healing 
process advances, the large fracture callus is substituted by secondary 
lamellar bone, and the blood supply to the area returns to normal, 
indicating the completion of the bone remodeling phases.

5.2. EViH for bone regeneration

Bone damage resulting from trauma, inflammatory infections, tumor 
resection, and congenital malformations presents significant challenges 
for clinicians [189]. Conventional approaches [190], such as autografts, 
allografts, and biological fillers, have been hindered by limitations 
including immune rejection [191], high cost [192], tissue infection 
[193], and limited donor sources [194]. In this context, bone tissue 
engineering (BTE) has emerged as a promising therapeutic strategy that 
leverages scaffolds and growth factors to facilitate bone regeneration.

Hydrogels can mimic the ECM and serve as scaffold materials for 
bone regeneration. For instance, researchers have developed hydrogels 
with integrated fibrous nanostructures and porous microstructures, 
known as microparticle annealed nanofibrous (MANF) hydrogels 
(Fig. 7a) [195]. The micron-scale structure of the natural ECM plays a 
critical role in cell migration and tissue formation [196,197], while the 
nanofibrous architecture of materials enhances serum protein adhesion 
[198], osteoblast attachment, cell differentiation, and tissue regenera-
tion [199,200]. In vitro studies have demonstrated that MANF hydrogels 
effectively stimulate osteogenic differentiation of BMSCs. In vivo ex-
periments have further revealed that MANF hydrogels promote cranial 
bone regeneration (Fig. 7b) and neovascularization (Fig. 7c) more 
effectively than smooth-surfaced gelatin microparticle annealed (MA) 
hydrogels. This precise manipulation of the physical structure of tissue 
engineering scaffolds has the potential to obviate the need for intricate 
chemical modifications and excessive use of growth factors, thus pre-
senting significant clinical promise for regenerating various tissues. In 
summary, this study underscores the clinical potential of tissue regen-
eration through fine-tuning the physical structure of tissue-engineered 
scaffolds, offering a promising alternative to laborious chemical alter-
ations and minimizing the reliance on excessive growth factors.

The utilization of scaffolds alone may only have a limited impact on 
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enhancing bone regeneration, necessitating the incorporation of growth 
factors in cases of challenging bone injuries. EVs derived from cells 
involved in bone regeneration harbor a diverse range of components, 
such as growth factors and genes. Growing evidence underscores the 
significant role of MSC-EVs in tissue regeneration [201–203]. Therefore, 
a therapeutic approach that combines hydrogels with MSC-EVs is 
increasingly being utilized in cell-free BTE. Yang et al. successfully 
isolated hUCSCs-Exos and integrated them with injectable hydroxyap-
atite (HAP) embedded in a cross-linked HA-alginate (HA-ALG) hydrogel 
to achieve controlled exosome delivery and provide structural support 
for bone regeneration in defects (Fig. 8a) [204]. In this study, HAP was 
introduced into the hydrogel composite to enhance its mechanical 
properties, leveraging HAP’s significant presence in natural bone tissue. 
The incorporation of nanosized HAP (nano-HAP) ensured its homoge-
neous dispersion within the material. Compared to the HA-ALG hydro-
gel, the composite hydrogel doped with HAP exhibited reduced swelling 
and degradation rates, forming the basis for the sustained release of EVs. 
Release kinetics confirmed this, as 71.20 ± 2.64 % of hUCSCs-Exos were 
released from the composite hydrogel after 14 days, in contrast to 84.81 
± 4.91 % from the pure hydrogel (p < 0.05). Furthermore, the com-
posite hydrogel displayed enhanced mechanical strength, which is ad-
vantageous for employing EV-based therapy in bone defects. It is evident 

that an optimal scaffold, a key element in addressing substantial bone 
defects [205], should precisely correspond to the shape and size of the 
defect [206], serving as a guiding structure for tissue growth in BTE 
[207]. Consequently, 3D printing technology has been employed for 
bone regeneration. For instance, Zhang et al. fabricated nano--
HAP/poly-ε-caprolactone (nHP) scaffolds using a 3D printing method, 
subsequently infilling the nHP scaffold structures with HA-coated 
hUCSCs-Exos (Fig. 8b(i)) [89]. The 3D porous nHP scaffolds were 
printed according to the volume and shape of the bone defects, then 
immersed in a mixed solution of HA containing the photoinitiator 
Irgacure-2959 and hUCSCs-Exos for 6 h, followed by UV light curing of 
the hydrogel. In vitro studies demonstrated that hUCSCs-Exos promoted 
the proliferation, migration, and vascular differentiation of endothelial 
progenitor cells (EPCs) without interfering with the osteogenic differ-
entiation of BMSCs. Angiogenesis, critical for nutrient transportation 
and waste elimination [208,209], is imperative for bone regeneration 
[210]. It was observed that the regulation of miR-21 expression can 
influence angiogenesis, as illustrated in Fig. 8b(ii). Additionally, reverse 
transcription-polymerase chain reaction (RT-PCR) analysis revealed that 
this exosome-based strategy propels angiogenesis by upregulating the 
NOTCH1/Delta-like 4 (DLL4)/VEGFA pathway, as depicted in Fig. 8b 
(iii).

Fig. 6. Schematic representation of the four phases during bone repair. Copyright © 2003 Elsevier Ltd. All rights reserved.

Fig. 7. (a) The strategy for the preparation of MANF hydrogels from gelatin nanofiber particles. (b) The μCT and histological images of bone defects treated by saline, 
non-porous hydrogel, MA hydrogel, and MANF hydrogel. (c) The analysis of the blood vessel density in non-porous, MA and MANF hydrogels. These figures have 
been reproduced from Ref. [195] with permission from © 2019 Elsevier Ltd. All rights reserved.
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In cases of trauma or tumor-induced bone damage, inflammation, 
and immune imbalance are commonly observed, characterized by acute 
ischemia, hypoxia, the release of pro-inflammatory factors, and 
abnormal cellular metabolism. Therefore, modulating the immune 
response may be a promising approach to enhance bone regeneration. Li 
et al. found that exosomes derived from ADSCs suppressed inflammation 
and facilitated macrophage polarization towards an anti-inflammatory 
phenotype by targeting macrophage migration inhibitory factor (MIF) 
via its enriched miR-451a (Fig. 9a) [211]. Furthermore, the incorpora-
tion of gelatin nanoparticles (GNPs) hydrogels into critical exosomes 
provided improved physical and biological support, as depicted in 
Fig. 9b. Despite the compelling evidence supporting their regenerative 
potential, MSCs-EVs alone may not meet all treatment requirements. 
Therefore, engineering MSCs-EVs to carry cargo with specific functional 
roles may be necessary to satisfy therapeutic demands. Recent studies 
suggest that overexpressing bone morphogenetic protein-2 (BMP-2) in 
MSCs results in the production of functionally engineered EVs (FEEs) 
that effectively enhance BMP-2 signaling cascades in target cells and 
tissues, thereby promoting bone repair [212]. Moreover, it is worth 
noting that the uptake of MSCs-EVs by receptor cells typically follows a 
dose-dependent and saturable pattern [213,214], suggesting that an 
excessive abundance of EVs may not necessarily improve efficiency. 
Notably, in vivo experiments conducted on animal models with bone 
defects revealed that ALG hydrogels loaded with FEEs exhibited a rapid 
release of all EVs within a 4-week timeframe [91]. To enhance host cell 
attachment and proliferation, as well as retain EVs, RGD-containing 

scaffolds for BTE are commonly employed. The implantation of FEEs 
within a releasing hydrogel containing the RGD tether consistently 
stimulated osteogenesis between 4 and 8 weeks, thereby exemplifying 
the saturated nature of EVs activity and the advantages of prolonged EVs 
release (Fig. 9c) [212]. For their potential clinical applications, apart 
from the engineering strategies mentioned earlier, epigenetic modula-
tion emerges as a promising approach to enhance the mineralization 
capacity of EVs. In particular, EVs derived from osteoblasts treated with 
Trichostatin A (TSA), a histone deacetylase inhibitor (HDACi), demon-
strated a remarkable improvement due to their enrichment in 
bone-enabling miRNAs and transcriptional regulatory proteins [215]. 
Epigenetically activated osteoblast-derived EVs (TSA-EVs) were encap-
sulated in GelMA nanocomposite hydrogels to synergistically promote 
hBMSCs mineralization [216]. Furthermore, the incorporation of 
laponite (LAP), an FDA-approved synthetic montmorillonite nano-
material [217], into the GelMA hydrogel provided precise control over 
the hydrogel’s shear thinning behavior, stiffness, and shape retention. 
This controlled modulation proved instrumental in augmenting the 
clinical efficacy of the composite system for BTE applications. Although 
the study did not delve into the underlying mechanism or investigate its 
performance in animal models, these findings hold promise for future 
research and potential advancements in the field.

The engineered EVs mentioned above are currently under extensive 
investigation. Strategies to improve the loading efficiency of EVs by 
modifying producer cells or altering membranes are widely used in 
engineering [218]. Yet, numerous challenges hinder the clinical 

Fig. 8. (a) The system of exosomes combined with HA-ALG hydrogel to repair bone defects. Copyright © 2020, American Chemical Society (b) Exosome-encapsulated 
hydrogels accelerate bone repair by enhancing angiogenesis. (i) The scheme of exosomes combined with the HA-Gel and the nHP scaffold to repair bone defects; (ii) 
The picture of formed blood vessels on the chorioallantoic membrane and the number and length of newly formed micro-vessels; (iii) Expression of related genes 
exposed to different treatments. Copyright © 2021, American Chemical Society.
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application of engineered EVs, such as the necessity to enhance cargo 
loading efficiency and establish efficient tactics to evade long-term im-
mune responses for sustained in vivo effectiveness. Moreover, further 
research is needed to determine how to effectively preserve the activity 
or function of engineered EVs.

In addition to the previous study on bone regeneration using EViH, 
there are several notable and important studies expected to be discussed 
in this context. The cargo composition of EVs is intricately linked to their 
parent cell type and the physiological or pathological environment in 
which the cells are located [22,219]. Recent research has revealed 
strong evidence showing that cells grown in two-dimensional (2D) 
conditions exhibit abnormal cellular behavior, such as abnormal cell 
polarization [220], expression of cancer-specific antigens [221], and 
reduced stem cell differentiation [222], which could be a significant 
factor contributing to the unsuccessful outcomes seen in various thera-
peutic EVs studies in animal models or humans [223,224]. Conversely, 
studies have demonstrated that the 3D culture of MSCs mimics the 
natural growth environment and significantly enhances the secretion 
efficiency of EVs compared to traditional 2D culture [225]. This is likely 
because 3D culture enhances cell signaling, supports cell proliferation, 
and preserves cells’ differentiation capacity [226,227]. EVs released by 
cells cultured in 3D ALG hydrogels (3D-Exos) have been shown to 
notably increase the expression of osteogenesis-related genes/proteins 
(e.g., Runx2, OCN, osteopontin (OPN), collagen type I alpha 1(COL1A1), 
and ALP) in hBMSCs, and greatly improve bone defect restoration in 
Sprague-Dawley (SD) rats [228]. Another study has isolated various 
types of EVs (MVs and exosomes) released by cells under different cul-
ture conditions and co-embedded these EVs with MT3T3 cells in 
hydrogels to evaluate their positive effects on the osteogenic minerali-
zation of MT3T3 cells [229]. The findings indicated that MVs and exo-
somes could independently enhance osteogenesis, with a more 
significant effect observed when used in combination.

5.3. EViH for cartilage regeneration

Articular cartilage is an avascular connective tissue characterized by 
abundant stroma and sparse chondrocytes, making it susceptible to 
pathological damage and challenging to heal independently [230]. 

Various factors such as trauma, obesity, aging, immune system disor-
ders, and among others, can lead to cartilage damage, with joint 
replacement as the final solution in the absence of prompt and aggres-
sive intervention. While microfractures, autologous chondrocyte im-
plantation, and autografting are common clinical treatments for 
cartilage injuries [231], treatment failures often occur due to fibrosis 
and inadequate integration of cambium into native tissue [232]. In 
recent years, EViH has emerged as a promising alternative.

Exosomes derived from human induced pluripotent stem cells 
(hiPSCs) combined with a hydrogel scaffold (EHG) have shown signifi-
cant benefits for chondrogenesis both in vitro and in vivo [233]. The 
hydrogel scaffold (PIC) was created through a photoinduced imine 
crosslinking technique, utilizing o-nitrobenzyl alcohol-modified hyal-
uronic acid (HA-NB) and gelatin. This scaffold enables in situ gelation for 
seamless tissue attachment and integration, providing a conducive 
environment for cellular and exosomal interactions. Following a 14-day 
immersion in PBS, the hydrogel retained exosomes at a remarkable rate 
of 90 %, attributed to the smaller theoretical sieve size of EHG compared 
to the exosome diameter. Additionally, the daily release of exosomes (1 
× 1010 mL− 1) was found to positively influence the adjacent damaged 
tissues and cells. HA-NB in the PIC hydrogel generates aldehyde groups 
under light exposure, which form imine bonds upon reacting with amino 
groups on the cartilage matrix surface, showcasing a strong affinity with 
cartilage tissue. Scanning electron microscopy (SEM) and H&E staining 
were utilized to visualize the hydrogel-cartilage interface. Results 
demonstrated complete attachment of the hydrogel to the lateral carti-
lage, infiltration into the subchondral bone, and establishment of a 
seamless interface, highlighting the firm bond between the hydrogel and 
cartilage. This seamless integration of the gel into cartilage tissue fa-
cilitates peripheral cell migration into the scaffold, enhancing the 
modulatory effects of exosomes. In vivo experiments conducted in this 
study revealed the presence of newly formed hyaline cartilage in the 
exosome-treated group, indicating a positive role of exosomes in tissue 
regeneration.

Previous research has highlighted the positive interaction between 
chondrocytes and BMSCs in preserving the articular cartilage phenotype 
[234]. BMSCs can produce cytokines and growth factors that support 
chondrocyte proliferation and the redifferentiation of articular cartilage 

Fig. 9. (a) The schematic diagram of the mechanism: exosomes accelerate bone regeneration by regulating M1/M2 macrophage phenotypic polarization. (b) The 
electrostatic assembly of GNPs and Exos. Copyright © 2022, The Author(s) (c) Images of skull defect repair by different treatment groups. © 2021 Acta Materialia Inc. 
Published by Elsevier Ltd. All rights reserved.
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[235]. Thus, modulating the function of BMSCs to influence cartilage 
regeneration presents a promising approach. Zhang et al. found that 
PRP-Exos had significant effects on BMSCs by countering TGF-β1, 
leading to increased expression of ERK1/2 and p38 [236]. These 
signaling pathways are crucial for regulating cartilage differentiation in 
BMSCs. To enhance the therapeutic potential of PRP-Exos, a 
temperature-sensitive hydrogel comprising P407 and P408 was devel-
oped to extend the retention of exosomes at the injury site. The release 
kinetics indicated that PRP-Exos were consistently released from the 
hydrogel into the culture medium for approximately 1 month at 37 ◦C in 
vitro, and the hydrogel maintained the retention of PRP-Exos in affected 
joints in vivo. The hydrogel can achieve sustained and continuous release 
of PRP-Exos largely due to the high concentration of hydrogel polymers. 
Significantly, the exosome-loaded hydrogel effectively inhibited carti-
lage degeneration and the progression of osteoarthritis, as demonstrated 
by the experimental results.

Genes, particularly miRNAs, are a significant component of EV 
cargo. Research has shown that miRNAs found in EVs can play a crucial 
role in regulating chondrocyte function through exosomal delivery 
[237,238]. For example, exosomes derived from infrapatellar fat pad 
MSCs have been demonstrated to protect cartilage from damage by 
delivering miR-100–5p, which effectively inhibits the mTOR-autophagy 
pathway [237]. PTEN acts as a negative regulator of the AKT signaling 
pathway [239], known for its chondroprotective effects [239,240]. 
Moreover, studies by Hu and Dong et al. have underscored the impor-
tance of sEVs derived from hUCSCs (hUCSCs-sEVs) in promoting carti-
lage regeneration [241]. These sEVs were internalized by chondrocytes 
and hBMSCs, enhancing migration, proliferation, chondrogenic differ-
entiation, glycosaminoglycan formation, ECM synthesis, and type II 
collagen expression. The observed effects were linked to the high levels 
of miR-23a-3p in hUCSCs-sEVs. Additionally, luciferase reporter gene 
assays confirmed that miR-23a-3p directly targets the 3′ untranslated 
region (UTR) of PTEN, leading to PTEN expression inhibition, subse-
quent upregulation of phosphorylated AKT (P-AKT), and activation of 
the PTEN/AKT signaling pathway (Fig. 10). To improve the in vivo de-
livery of hUCSCs-sEVs, GelMA with injectable properties and UV 
cross-linking were incorporated to fill defects, with laponite nanoclay 
added to augment mechanical and biological properties. Release ki-
netics indicated that sEVs in GelMA/nanoclay hydrogel could sustain 
release for up to 31 days in vitro, surpassing GelMA (13 days) and Gel-
MA/Geltain (17 days). In addition, the sEVs released from the Gel-
MA/nanoclay gel retained their spherical microbubble structure, 
suggesting that the sEVs within the hydrogel maintained their normal 
morphology without damage. Histological evaluation staining results 
indicated that treatment with hUCSCs-sEVs promoted the production of 
type II collagen and ECM.

We summarize the use of EViH for bone and cartilage regeneration 
applications (Table 2).

6. Vascularization and cardiac regeneration

In this section, we focus on the application of EViH in promoting 
cardiac function and vascular regeneration (Table 3).

6.1. Cardiac regeneration

Cardiovascular diseases (CVDs), such as hypertension and coronary 
atherosclerotic heart disease, are a significant global cause of mortality 
[251]. The Centers for Disease Control and Prevention in the United 
States report that approximately 655,000 people die from CVDs annu-
ally in the country, translating to an average of one death every 36 s 
[252]. Due to the substantial public health impact of CVDs, the imper-
ative development of effective prevention and treatment strategies is 
highlighted.

6.1.1. The pathophysiology of myocardial infarction
MI is a common CVD characterized by the necrosis of the myocar-

dium due to acute and persistent ischemia and hypoxia in the coronary 
arteries, ultimately leading to heart failure and premature death [253]. 
MI is typically classified as either ST-segment elevation myocardial 
infarction (STEMI) or non-ST-segment elevation myocardial infarction 
(NSTEMI) [254]. Unstable angina, which precedes MI, and NSTEMI 
share similar pathophysiological characteristics and are collectively 
referred to as non-ST-segment elevation acute coronary syndrome 
(NSTE-ACS). In MI patients, atheromatous plaques can be observed in 
the coronary arteries, leading to a progressive narrowing of the luminal 
diameter as plaque accumulates. However, severe luminal stenosis is not 
the primary cause of MI, as atheromatous plaques usually have a dense 
fibrous cap and collateral circulation is established in chronically ste-
notic lesions. Even with a luminal narrowing of ≥75 % at rest, the sys-
temic oxygen and nutrient supply remain unaffected. Instead, MI is the 
result of a combination of atherosclerotic disease in the coronary ar-
teries and thrombus formation [255]. Vulnerable plaques are charac-
terized by thin and narrow fibrous caps (30–50 %), activated 
macrophages, and degradation of the ECM [256]. When these plaques 
rupture, thrombogenic components are released, leading to platelet 
activation, activation of the coagulation cascade, formation of thrombi, 
and embolization of atherosclerotic debris downstream. This process 
results in the necrosis of myocytes, with the extent of vascular occlusion, 
duration of occlusion, the establishment of collateral circulation, and the 
impact of reperfusion determining the severity of the lesion [257]. In 
essence, an imbalance between myocardial oxygen supply and demand 
is the underlying cause of MI, with the fundamental principles in the 
treatment of MI focusing on restoring normal oxygen balance and 
reducing myocardial cell apoptosis.

6.1.2. EViH for cardiac regeneration
Conventional therapies currently available lack the essential capa-

bility to efficiently repair and regenerate damaged cardiac muscle. 

Fig. 10. Schematic representation of the mechanism by which hUCSCs-sEVs promote cartilage regeneration. © 2020 The Author(s).
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Recent research has emphasized the critical role of EVs in various pro-
cesses, such as inhibiting post-infarction cardiomyocyte apoptosis 
[258], reducing scar formation [259], and promoting angiogenesis 
[260]. Moreover, the unique structure and importance of heart tissue 
present challenges in using specific scaffold materials for cardiac 

regeneration. Hydrogel emerges as the optimal choice for this purpose 
due to its resemblance to ECM properties. Consequently, EViH harnesses 
the advantageous properties of both hydrogels and EVs, leading to 
widespread adoption in the field of cardiac regeneration.

Alginate-based hydrogels serve as a notable example in this field. 

Table 2 
The application of EViH for bone and cartilage regeneration.

Disease EVs species Composite 
hydrogel type

Hydrogel 
loading

Crosslinking 
mode

Release Kinetics Biological effects References

Bone 
defects

Exosomes of 
hUCSCs

HA-ALG Pre-gel 
loading

Schiff base 
reaction

71.20 ± 2.64 % in 14 days Repairs bone defects via promoting 
neovascularization

[204]

Exosomes of 
UCSCs

HA Pre-gel 
loading

Photo- 
crosslinking

Not mentioned Promotes bone regeneration by 
upregulating the NOTCH1/DLL4/VEGFA 
pathway

[89]

Exosomes of 
ADSCs

GNPs Pre-gel 
loading

Schiff base 
reaction

Over 7 days Promotes bone regeneration by promoting 
macrophage polarization towards the M2 
phenotype

[211]

FEEs of MSCs Alginate Pre-gel 
loading

Photo- 
crosslinking

Approximately 80 % of EVs 
were retained within the 
hydrogel for 1 week

Continuous osteoinduction by enhancing 
BMP2 signaling cascades

[91]

TSA-EVs of 
osteoblasts 
treated by TSA

GelMA-LAP Not 
mentioned

Photo- 
crosslinking

Over 7 days Exhibits the potential for bone repair [216]

Cartilage 
Defects

Exosomes of PRP Poloxamer Pre-gel 
loading

Thermo- 
crosslinking

Over 28 days Promotes cartilage repair via inhibiting 
cartilage degeneration and osteoarthritis

[236]

Exosomes of 
BMSCs

GelMA Post-gel 
loading

Photo- 
crosslinking

Approximately 80 % in 48 h Promotes cartilage repair by promoting 
ECM production and chondrocyte 
proliferation

[242]

sEVs of hUCSCs Gel-nano Pre-gel 
loading

Photo- 
crosslinking

Over 31 days Promotes cartilage repair based on the 
activation of the PTEN/AKT signaling 
pathway through the transfer of miR-23a- 
3p

[241]

Exosomes of 
hiPSC-MSCs

PIC Pre-gel 
loading

Photo- 
crosslinking

Retained inside the hydrogel 
(>90 %) in PBS for 14 days

Promotes cartilage repair [233]

Abbreviations: EVs: extracellular vesicles; hUCSCs：human umbilical cord mesenchymal stem cells; HA-ALG: hyaluronic acid-alginate; HA: hyaluronic acid; DLL4: 
Delta-like 4; ADSCs: adipose-derived mesenchymal stem cells; GNPs: gelatine nano-particles; FEEs: functionally engineered EVs; MSCs: mesenchymal stem cells; BMP: 
bone morphogenetic protein; TSA: Trichostatin A; GelMA: gelatin methacryloyl; LAP: laponite; PRP: platelet-rich plasma; BMSCs: bone marrow derived mesenchymal 
stem cells; Gel-nano: GelMa/nanoclay hydrogel; sEVs: small extracellular vesicles; hiPSC: human induced pluripotent stem cell; PIC: photoinduced imine crosslinking.

Table 3 
The application of EViH for vascularization and cardiac regeneration.

Disease EVs species Composite 
hydrogel type

Hydrogel 
loading

Crosslinking 
mode

Release Kinetics Biological effects References

MI sEVs of MSCs Alginate Pre-gel 
loading

Ionic 
crosslinking

Over 10 days Improves heart function by promoting macrophage 
polarization towards the M2 phenotype and 
increasing scar thickness and neovascularization

[243]

EVs of BMSCs GelMA Pre-gel 
loading

Photo- 
crosslinking

71 ± 10.45 % in 72 
h

Improves heart function without injection [244]

Exosomes of DC Alginate Pre-gel 
loading

Ionic 
crosslinking

Over 12 days in vitro 
and over 14 days in 
vivo

Improves heart function by activating Treg cells 
and by modifying the polarization of macrophages

[245]

ISL1-MSCs Ang-1 gel Pre-gel 
loading

Entangled 
nanofibers

Not mentioned Improves heart function through enhancing anti- 
apoptosis, proliferation, migration, and angiogenic 
capacity in HUVECs

[246]

Ischemic 
heart 
diseases

Exosomes of 
hUCSCs

PGN Pre-gel 
loading

Schiff base 
reaction

Over 22 days Improves heart function by decreasing 
inflammation, fibrosis, and apoptosis and by 
increasing angiogenesis

[247]

HF Exosomes of 
MSCs

HA Post-gel 
loading

No mentioned Sustained retention 
over 48 h in vivo

Improves heart function via iPC injection without 
kidney and liver injury

[248]

CLI Engineered-EVs 
of endothelial 
cells

MC Pre-gel 
loading

Thermo- 
crosslinking

100 % in 8 days at 
37 ◦C; 
100 % in 5 days at 
29 ◦C

Improves neovascularization, attenuates muscle 
injury, and recovers limb function by activating the 
VEGF/VEGFR pathway and autophagy-lysosomal 
pathway.

[249]

Hindlimb 
ischemia

Exosomes of 
hPMSCs

Chitosan Pre-gel 
loading

No mentioned Retained inside the 
hydrogel (>90 %) 
in PBS for 12 h

Improves hind limb ischemia via protecting 
endothelium and promoting angiogenesis

[250]

Abbreviations: EVs: extracellular vesicles; MI: myocardial infarction; sEVs: small extracellular vesicles; MSCs: mesenchymal stem cells; hUCSCs: human umbilical cord 
mesenchymal stem cells; PGN: peptide gelator-NapFF; BMSCs: bone marrow derived mesenchymal stem cells; GelMA: gelatin methacryloyl; DC: dendritic cell; HF: 
heart failure; HA: hyaluronic acid; iPC: intrapericardial; Ang-1: angiogenin-1; ISL1-MSCs: MSCs overexpressing Islet1; CLI: critical limb ischemia; Engineered-EVs: EVs 
engineered by VEGF (vascular endothelial growth factor) and TFEB (a pivotal regulator of autophagy); MC: methylcellulose; hPMSCs: human placental mesenchymal 
stem cell.
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Clinical trials have confirmed the safety and effectiveness of alginate in 
preventing ventricular remodeling, exhibiting favorable tolerability, a 
low incidence of adverse events, and the preservation of left ventricular 
function [261–264]. Lv et al. sought to boost the therapeutic potential of 

sEVs by incorporating them into alginate hydrogel to enhance their 
retention within cardiac tissue [243]. The release kinetics revealed that 
hydrogels treated with 0.5 % and 1 % calcium chloride solutions dis-
charged sEVs within approximately 10 days, while those treated with a 

Fig. 11. Prevention of HF by iPC injection of ExoGel. a) Schematic diagram of the exosomes-loaded hydrogel. b) The SEM images of HA and ExoGel. c) The diagram 
of iPC injection to the rat model. d) Images of iPC injection steps. e) Echocardiography measurement of left ventricular internal diameter end diastole (LVIDd) and 
end-systole (LVIDs), left ventricular fractional shortening (LVFS), left ventricular end-diastolic volume (LVEDV), and LV end-systolic volume (LVESV), and left 
ventricular ejection fraction (LVEF) at baseline (pre-TAC) and endpoint (28 days after TAC). f) The diagram of iPC injection to the healthy pig. (G) Biomarker analysis 
of liver and kidney injury.
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2 % calcium chloride solution discharged only about 60 % of the total 
sEVs in the same period. This disparity could be attributed to the 
increased concentration of calcium ions, which may impact the size of 
the pores within the hydrogel. Considering that MI results in immediate 
tissue damage and inflammatory infiltration within the first week, 
hydrogels treated with 0.5 % and 1 % calcium chloride may offer greater 
therapeutic benefits. Notably, the hydrogel treated with a 1 % calcium 
chloride solution displayed a G′ value of 1000 Pa, falling within the 
optimum range (400–1800 Pa) for cardiac tissue engineering [265]. 
Furthermore, the labeling of sEVs with lipophilic carbocyanine DiR 
facilitated the observation of sEVs retention in vivo, revealing higher 
retention of sEVs in the hearts treated with sEV-gel compared to free 
sEVs treatment. The combination of sEVs and hydrogel not only signif-
icantly reduced cardiomyocyte apoptosis but also promoted the shift of 
macrophages from the M1 to the M2 phenotype by the third-day 
post-MI. Additionally, the scar thickness and neovascularization 
notably increased in the fourth week following the infarction. This 
approach presented three key advantages: a sustained release of sEVs 
from the hydrogel for prolonged antiapoptotic effects, enhanced 
pro-angiogenic effects, and an improved healing response post-MI by 
reducing the overall number of CD 68+ macrophages and favoring the 
polarization of macrophages towards the M2 phenotype, which is crit-
ical for cardiac repair.

Peptide-based self-assembled hydrogels have garnered increasing 
attention in recent years due to their small pore sizes, capability to 
present epitopes, and the autonomous design potential of peptide chains 
to meet specific requirements. The PA-GHRPS peptides were synthesized 
by integrating cardiac protective peptides (GHRPS, Hisdtrp-Ala-Trp- 
Daph-Lys-NH2) along with MMP-2 biodegradable sequences (Glycine- 
Threonine-Alanine-Glycine-Leucine-Isoleucine-Glutamine, GTAGLIGQ) 
into a peptide amphiphile (PA). The combination of PA-GHRPS peptide 
and NapFF peptide led to the formation of a PGN hydrogel, in which the 
NapFF peptide exhibited remarkable self-assembly capabilities. The 
presence of the MMP-2 degradable sequence enables the hydrogels to 
degrade in the myocardial injury environment that contains high levels 
of MMP-2, thus ensuring environmentally responsive release of exo-
somes and GHRPS peptides. GHRPS, as part of the growth hormone- 
releasing peptide family, activates survival-promoting pathways while 
inhibiting cellular inflammation and fibrosis. The release kinetics indi-
cated stable release of exosomes encapsulated in PGN hydrogels for up 
to 21 days, both in vivo and in vitro, with a higher release percentage 
observed in the presence of MMP in the environment. In vivo experi-
ments demonstrated that the application of PGN hydrogels enhances the 
efficacy of exosomes in improving myocardial function [247].

The application of the cardiac patch approach described above is 
carried out through an invasive procedure that is frequently not well- 
tolerated by patients with severe heart disease. Utilizing EViH via 
minimally invasive thoracoscopically guided surgery presents a feasible 
alternative. As depicted in Fig. 11a, the study introduced an injectable 
HA hydrogel integrated with MSCs-EXOs (ExoGel) [248]. The structures 
and morphology of HA hydrogel and ExoGel were analyzed via SEM, as 
shown in Fig. 11b. ExoGel was administered through intrapericardial 
(iPC) injection into the pericardial cavity of rat models with transverse 
aortic constriction (TAC)-induced heart failure, with the injection pro-
cess illustrated in Fig. 11c and d. Echocardiographic analysis conducted 
28 days post-injection demonstrated significant protection against 
adverse cardiac remodeling in mouse hearts (Fig. 11e). Additionally, iPC 
injections were given to healthy pigs, and jugular vein blood samples 
were collected on the third day to evaluate the clinical feasibility of this 
approach (Fig. 11f). Levels of alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), and creatinine were assessed before and after 
the injection, indicating normal liver and kidney function (Fig. 11g). The 
iPC procedure, guided by thoracoscopy and noted for its minimally 
invasive nature, is a surgeon-friendly approach associated with a low 
risk of post-surgical complications like suture breakage, bleeding, and 
respiratory distress. These findings offer valuable insights for managing 

diseases such as heart failure (HF), which often lead to frequent hospi-
talizations due to recurrent symptoms.

The contents of EVs play a vital role in the microenvironment of their 
originating cells. Specifically, studies have shown that MSCs exhibiting 
elevated levels of the transcription factor Islet1 (ISL1) demonstrate 
improved cell survival in models of MI. This benefit is likely due to the 
increased secretion of paracrine factors that aid in angiogenesis, both in 
vitro and in vivo [266]. To further explore the therapeutic potential of 
ISL1-MSCs, researchers isolated and assessed genetically modified exo-
somes from ISL1-MSCs (ISL1-MSCs-Exo) in MI models [246]. Results 
indicated that ISL1-MSCs-Exo possessed properties that protect endo-
thelial cells and promote angiogenesis. Furthermore, the utilization of a 
thermosensitive hydrogel containing a short peptide derived from 
Angiogenin-1 (Ang-1) was investigated to enhance the retention of 
ISL1-MSCs-Exo within myocardial lesions, leading to significant en-
hancements in MI recovery. Ang-1 acts as a ligand for the endothelial 
cell membrane surface receptor Tie 2, influencing vessel maturation and 
supporting endothelial cell survival and adhesion. Treatment involving 
ISL1-MSCs-Exo within Ang-1 gels exhibited a more potent proangio-
genic effect on HUVECs compared to ISL1-MSCs-Exo alone. However, it 
remains uncertain whether the observed therapeutic effects in the MI 
model were solely due to the increased exosome content or the syner-
gistic interaction between exosomes and the Ang-1 hydrogel. Addi-
tionally, the authors noted that the high water content and large pore 
size of Ang-1 hydrogel continue to pose challenges in achieving sus-
tained, stable, and controlled release of small molecules from its matrix.

The immune system plays a vital role in both the inflammatory and 
repair phases following MI [267]. Excessive or persistent inflammatory 
activation can result in maladaptive healing and subsequent left ven-
tricular remodeling [268]. Exosomes derived from dendritic cells’ cul-
ture supernatant (DEXs) have displayed positive associations with 
antigen presentation, immune activation, and inhibition [269]. Previous 
studies have indicated that DEXs enhance cardiac function by stimu-
lating CD4+ cells [270] and enhance angiogenesis via miR-494–3p 
[271]. Zhang et al. recently developed an injectable drug delivery sys-
tem (DEXs-Gel) using an alginate hydrogel to investigate potential 
mechanisms for improving cardiac function after MI [245]. In vitro 
co-culture experiments were conducted to explore the interplay between 
DEXs, macrophages, and Treg cells. Flow cytometry analysis revealed 
that DEXs safeguarded cardiac function post-MI by activating Treg cells, 
which subsequently regulated macrophage polarization towards the M2 
phenotype (Fig. 12a). Furthermore, the alginate hydrogel exhibited 
prolonged retention of DEXs. Results of release kinetics indicated that 
DEXs-Gel could be sustained for 10–12 days in vitro. Subsequent in-
vestigations by the authors focused on the clearance of DEX in vivo and 
demonstrated that DEX in the DEXs-Gel injected group entered the 
clearance phase on day 14, whereas DEX in the DEX-injected group was 
completely cleared by this point. Echocardiographic results illustrated 
that the gel injection treatment effectively prevented the deterioration 
of cardiac function compared to the MI group (Fig. 12b). Moreover, the 
application of DEXs-Gel improved cardiac function, underscoring the 
hydrogel’s capability not only to extend DEXs retention but also to 
enhance treatment efficacy. Further in vivo studies showed that 
DEXs-Gel reduced infarct size and improved cardiac function. Never-
theless, the specific mechanisms through which DEXs activate Treg cells 
and how Treg cells modulate macrophage polarization still necessitate 
clarification.

Various hydrogels have been used as carriers to improve the reten-
tion of EVs in the lesion. However, administering them through multi- 
site intramyocardial injection can cause additional tissue damage and 
potential dysfunction of cardiac tissue [272,273]. Addressing this issue, 
Tang et al. proposed an innovative method for delivering EVs by uti-
lizing a cardiac patch with in situ cross-linking ability, eliminating the 
need for injection [244]. They achieved EVs encapsulation within a 
cross-linked GelMA hydrogel network by spraying a mixture of GelMA 
precursor, EVs, and photoinitiators onto the target area and then 
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exposing it to visible light for 30 s. The release kinetics indicated that 
39.11 ± 9.27 % of EVs were released from the GelMA species within the 
first 6 h, gradually increasing to 71 ± 10.45 % at 72 h. This release 
pattern was attributed to early hydrogel degradation by enzymes in an 
enzymatic environment, with enzyme activity diminishing over time, 
thus delaying the release of the remaining EVs. Moreover, the use of 
visible light during hydrogel preparation helped prevent damage to EVs 
and cardiac tissue. Notably, the application of GelMA hydrogel loaded 
with EVs led to a substantial enhancement in heart function in mice with 
MI. In conclusion, this injection-free delivery strategy offers a promising 
and innovative approach to MI treatment.

6.2. EViH for peripheral arterial disease treatment

Peripheral arterial disease (PAD) is a consequence of chronic 
atherosclerosis, with a worldwide prevalence of up to 10 %, rising to 
almost 30 % in individuals aged 50 years and older. The clinical 
symptoms of PAD include reduced walking capacity, intermittent clau-
dication, and critical limb ischemia (CLI). CLI represents the most severe 
form of the condition, capable of causing limb loss or even death if not 
promptly addressed. This section focuses on the utilization of EViH in 
managing CLI.

Traditional treatment methods, such as stent implantation, often fall 
short of meeting the needs of the majority of patients with CLI due to 
their invasiveness and associated surgical risks [274]. In response to this 
challenge, Zhang et al. explored a promising strategy to improve the 
retention and stability of exosomes isolated from PMSCs to enhance 
their therapeutic potency both in vitro and in vivo by combining these 
exosomes with chitosan hydrogel [250]. Through the use of Gaussia 
luciferase imaging, the study illustrated the integral role of chitosan 
hydrogels in enhancing the stability of proteins and microRNAs within 
exosomes and prolonging their retention within an in vivo environment. 
In the context of single-component hydrogels, the polymer concentra-
tion is frequently a critical determinant in controlling the rate at which 
EVs are released. This system demonstrated significant potential in 
safeguarding endothelial cells and fostering angiogenesis, ultimately 
facilitating improved recovery of ischemic hind limbs.

In addition to their therapeutic role, EVs serve as nanoscale carriers 
derived from natural tissues. For example, a study illustrated that miR- 
675 can combat aging by targeting the TGF-β/p21 pathway. Subse-
quently, miR-675 was integrated into exosomes encapsulated in silk 
fibroin to counteract aging-induced vascular dysfunction in the hin-
dlimbs of mice [275]. However, the study did not account for the po-
tential impact of exosomes themselves on the treatment efficacy for CLI. 

Fig. 12. The application of DEXs-Gel in the treatment of MI via activating Treg cells and regulating macrophage polarization. a) Flow cytometric images of different 
treatments and the proportions of CD206+iNOS− cells, CD206+F4/80+ cells, iNOS+F4/80+ cells, iNOS+CD206− cells in different groups: macrophages treated by IL- 
4/IL-13; macrophages co-cultured with DEXs; macrophages co-cultured with Treg cells. b) Echocardiographic images of MI animals with different treatments and the 
analysis of LVEF, LVFS, LVIDd, and LVIDs. These figures have been reproduced from Ref. [245] with permission.
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Additionally, Zheng et al. successfully engineered a sophisticated 
hydrogel loaded with modified EVs expressing both VEGF and the 
transcription factor EB (TFEB). Release kinetics revealed that 99.9 % of 
the EVs were discharged from the hydrogel within 5 days at 29 ◦C, and 
100 % were released within 7 days in vitro [249]. This 
temperature-responsive release behavior could be attributed to the 
disruption of hydrophobic bonds at lower temperatures, enhancing the 
contact surface between the hydrogel and the release medium to facil-
itate EVs release in CLI-related limb hypothermia lesions. This innova-
tive system aimed to address CLI by leveraging the anti-inflammatory 
effects of endothelial cell-derived EVs (EC-EVs), the pro-angiogenic ca-
pabilities of VEGF, the autophagy-regulating functions of TFEB, and the 
temperature-sensitive properties of the methylcellulose-based hydrogel. 
The outcomes demonstrated that the combination of engineered EVs and 
temperature-responsive hydrogels effectively suppressed inflammation, 
promoted angiogenesis, and protected muscle tissue by activating the 
VEGF/VEGFR pathway and the autophagy-lysosomal pathway.

7. Neuronal regeneration

Neuronal regeneration is a complex process in which damaged or 
injured neurons in the central nervous system (CNS) or peripheral ner-
vous system (PNS) attempt to self-repair and regain their functionality. 
Unlike many other cell types in the body, neurons have limited regen-
erative capabilities due to their intricate structure and the inhibitory 
microenvironment. CNS neurons, particularly, face significant chal-
lenges in regeneration due to factors like the presence of inhibitory 
molecules, lack of growth-promoting signals, and the formation of glial 
scars. This section will focus on the regeneration of CNS neurons, spe-
cifically addressing injuries caused by spinal cord injury (SCI) and 
ischemic stroke (IS).

7.1. Spinal cord injury

SCI is recognized as the primary cause of neurological damage within 
the CNS, impacting around 27 million individuals worldwide and 

leading to enduring disabilities such as urinary, digestive, and motor 
impairments [276]. The annual incidence of new SCI cases can reach up 
to 180,000 [277]. An overview of nerve injury repair after SCI will 
follow.

7.1.1. The pathophysiology of SCI
The pathological mechanisms underlying SCI can be categorized as 

primary damage caused by mechanical injury and secondary damage 
resulting from cellular and biological responses to the initial injury 
[278]. The primary injury triggers the accumulation of free radicals, 
ischemia, and hypoxia in the local microenvironment, leading to 
glutamate excitotoxicity, lipid peroxidation, Ca2+ influx, edema, and 
cellular damage. The secondary injury results in axonal demyelination, 
glial cell proliferation, and neuronal disconnection, hampering nerve 
regeneration and repair (Fig. 13). After SCI, the affected site can be 
divided into three main regions: a non-neural lesion core, an astrocytic 
scar surrounding the lesion core, and the remaining neural tissue with 
active metabolism. Cellular responses, which are crucial in SCI patho-
physiology, exhibit temporal and spatial dimensions. The pathogenesis 
of SCI will be further elucidated at the cellular and molecular levels.

Immune cells, such as microglia, neutrophils, monocyte macro-
phages, and lymphocytes, impact the prognosis of SCI by releasing pro- 
inflammatory and immunomodulatory factors [278]. Nonetheless, the 
specific functions of these immune cells remain controversial. Microglia, 
inflammatory cells present in the spinal cord, demonstrate two primary 
phenotypes: M1 and M2. The M1 phenotype is linked to 
pro-inflammatory effects, while the M2 phenotype exerts 
anti-inflammatory effects. Upon SCI, microglia mostly switch to the 
pro-inflammatory phenotype, aiding in debris clearance and further 
contributing to secondary injury. However, recent studies have 
emphasized the crucial involvement of microglia in nerve regeneration. 
Notably, research using a neonatal mouse model of SCI has shown that 
the spinal cord can heal without scarring. Interestingly, in the absence of 
microglia, scar formation occurs, impeding axonal regeneration [279].

Astrocytes, as parenchymal cells in the CNS, play a critical role in 
maintaining CNS homeostasis [280]. After SCI, astrocytes undergo 

Fig. 13. The pathophysiological mechanism of SCI. Copyright © 2020, The Author(s).
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significant morphological and functional changes, transforming into 
reactive astrocytes. These reactive astrocytes have a dual role in con-
trolling excessive inflammatory cell infiltration and creating neuroglial 
scars that act as physical obstacles to nerve regeneration.

Oligodendrocytes, primarily found in the CNS, are localized near the 
perinuclear bodies in the cortex and intercalated among nerve fibers, 
forming myelin sheaths around axons in the white matter. After SCI, 
apoptosis of oligodendrocytes is detected within 24 h, peaking on the 
8th day [281]. Oligodendrocyte precursor cells (OPCs), also referred to 
as NG2 cells, can differentiate into mature oligodendrocytes (MOL) 
[282]. Upon SCI, OPCs are activated to differentiate into oligodendro-
cytes and Schwann cells, promoting axonal regeneration and contrib-
uting to astrocytic scar formation [283]. Genetic fate mapping studies 
have shown the ability of endogenous OPCs to spontaneously repair 
myelin sheaths post-SCI [284]. However, the regenerative potential of 
OPCs is constrained by an unfavorable microenvironment characterized 
by scar-associated chondroitin sulfate proteoglycans (CSPGs), microglial 
activation, and neuregulin 1 (Nrg-1) [285].

In conclusion, the precise cellular and molecular modulation 
described above shows promising potential as a strategy for SCI 

treatment.

7.1.2. EViH for SCI treatment
Intrinsic regenerative processes naturally occur within nerves and 

surrounding tissues, but their capacity is limited. Hence, external in-
terventions play a crucial role in enhancing nerve regeneration. Current 
standard clinical treatments include decompression surgery, aimed at 
restoring spinal stability, and high-dose intravenous methylpredniso-
lone sodium succinate (MPSS) administration during the acute phase of 
injury (≤8 h) [286]. However, both approaches have shown inefficacy 
in promoting neuronal regeneration. Currently, EViH exhibits excep-
tional effectiveness in neuronal regeneration, excelling in both the 
method of administration and overall efficacy.

Effective modulation of unfavorable microenvironments is essential 
in facilitating neural regeneration. In a recent study, researchers inves-
tigated the synergistic effect of integrating human MSCs-Exos with 
adhesion peptide-modified HA hydrogels (pGel) for targeted therapy 
(Fig. 14a) [287]. Aldehyde-modified HA (HA-CHO) and 
hexanedihydrazide-modified HA (HA-ADH) were synthesized and used 
to create self-crosslinked hydrogels through Schiff base reactions. To 

Fig. 14. a) The illustration of Exo combined with pGel therapy for SCI. b) The image of z-stack scanning by CLSM and the exosomes were labeled by CM-Dil (red). 
Copyright © 2020, American Chemical Society.
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improve exosome adhesion, an adhesive peptide, PPFLMLLKGSTR, was 
incorporated into the HA hydrogels, resulting in a significant enhance-
ment in adhesion efficacy, illustrated in Fig. 14b. Specifically, when 
labeled with CM-DiI (red), exosomes adhered to the porous structure 
within the pGel, rather than the HA hydrogel (Gel). Within the EViH 
system, controlled and sustained exosome release was achieved through 
the incorporation of Schiff bases and adhesion peptides. The release 
kinetics indicated that over 90 % of exosomes were consistently released 
from the 3D pGel for approximately 11 days, without aggregation or 
structural disruption within 3 days. This sophisticated approach effec-
tively facilitated nerve regeneration and preserved urinary tissue by 
alleviating oxidative stress and inflammatory responses in the patho-
logical microenvironment.

Ischemia presents a significant challenge in the pathological micro-
environment of SCI, impeding neural repair within the damaged spinal 
cord. Previous studies have highlighted the critical role of functional 
neovascularization in this process [288,289]. ANGPTL3, a liver-specific 
secreted factor, has demonstrated potential in the modulation of blood 
vessel formation [290]. In a study by Cao et al., a novel approach was 
explored where exosomes encapsulating ANGPTL3 were incorporated 
into a hydrogel to facilitate neurological recovery [291]. In vitro ex-
periments revealed that these exosomes effectively promoted angio-
genesis by activating the PI3K/AKT pathway, underscoring the pivotal 
involvement of ANGPTL3 in this mechanism. Notably, the exosomes 
were observed to transport ANGPTL3 across the blood-brain barrier 
(BBB) to the site of injury, fostering neurological recovery through 
enhanced angiogenesis. The study further assessed the role of exosomes 
in restoring damaged spinal cord blood vessels post-SCI using 3D angi-
ography via SRμCT and immunostaining. The findings demonstrated 
that USC-Exo, enriched with ANGPTL3, significantly contributed to the 
regeneration of blood vessels in the injured spinal cord. However, it is 
noteworthy that the specific type of hydrogel utilized in this study was 

not specified. The researchers primarily employed it as a delivery 
vehicle, without delving into its potential therapeutic effects.

The mechanical properties of biomaterials play a crucial role in tis-
sue regeneration and repair [292,293]. Past research has suggested that 
hydrogels with slightly softer characteristics are more conducive to the 
differentiation of neural stem cells toward neuronal phenotypes [294]. 
In this study, HA methacrylate hydrogels with varying mechanical 
properties were synthesized to assess the release efficiency of exosomes 
and their consequent therapeutic impact on SCI [295]. The results 
demonstrated that softer hydrogels exhibited superior effects on nerve 
repair, attributed to the suppression of inflammatory cell expression and 
pro-inflammatory factor secretion facilitated by the rapid release of the 
hydrogel. However, the use of hydrogels alone is constrained by their 
lack of electrical conductivity, limiting their capacity to modulate the 
function of excitable cells [296]. To overcome this limitation, conduc-
tive hydrogels integrating hydrophilic properties with conductive 
components have been developed, showing promising outcomes in 
recruiting endogenous neural stem cells (NSCs) and fostering neuronal 
differentiation in SCI treatment. Nonetheless, the exclusive use of 
conductive hydrogels may trigger an immune rejection response from 
the host, potentially exacerbating early inflammation post-SCI. The 
incorporation of exosomes mitigates the unfavorable immune response 
from the host and synergistically enhances the therapeutic effect of the 
conductive hydrogel, thereby promoting neurological recovery. The 
recruitment of NSCs and the regeneration of neurons and axons were 
facilitated when a dual-network conductive hydrogel, composed of 
GelMA hydrogel (GM hydrogel) and polypyrrole (PPy) hydrogel (GMP 
hydrogel), was implanted at the injury site [297]. However, this 
hydrogel exacerbated inflammation, which hindered the regeneration of 
neurons. By introducing exosomes, the hybrid hydrogel (GMPE) was 
able to inhibit inflammation by modulating the M1/M2 phenotypic 
polarization through the NF-κB signaling pathways (Fig. 15a). In this 

Fig. 15. a) (i) Mechanism of GMPE hydrogel to promote nerve regeneration diagram; (ii) Illustration of GMPE hydrogel synthesis steps. b) (i) Graphical repre-
sentation of GMPE hydrogels affecting multidirectional differentiation of NSCs; (ii) RT-qPCR results of relative gene expression; (iii) Immunofluorescence images of 
the differentiation effect of NSCs after 7 days of hydrogel treatment. Red IF represents the neuron marker Tuj-1, astrocyte marker glial fibrillary acidic protein 
(GFAP), or oligodendrocyte marker myelin basic protein (MBP), respectively. Scale bars: 100 μm. c) GMPE hydrogel enhanced NSCs differentiation towards the 
neuronal and oligodendrocyte and promoted axonal growth through the activation of PTEN/PI3K/AKT/mTOR pathway. © 2022 The Authors. Advanced Science 
published by Wiley-VCH GmbH.
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study, GMPE hydrogels were observed to be well-suited for soft nerve 
tissue engineering, demonstrating an energy storage modulus of 1056.0 
± 133.1 Pa, closely matching the mechanical properties of neural tissue 
(600–3000 Pa). Additionally, the conductivity of GMPE hydrogel 
resembled that of normal tissue (ranging from 5 × 10− 5 to 1.6 × 10− 3 S 
cm− 1), indicating its advantageous effects in promoting tissue regen-
eration. NSCs, being pluripotent stem cells capable of differentiating 
into astrocytes, oligodendrocytes, and neurons, play a crucial role in this 
process [298]. The regeneration of oligodendrocytes is particularly 
beneficial for facilitating rapid and efficient action potential propaga-
tion and functional recovery through their promotion of myelin regen-
eration [299,300]. The findings showed that both GMP and GMPE 
hydrogels supported NSC differentiation towards neurons and oligo-
dendrocytes while suppressing astrocyte differentiation. Compared to 
GMP hydrogel, GMPE had a more pronounced effect on promoting 
oligodendrocyte differentiation due to the addition of exosomes 
(Fig. 15b). Moreover, the hydrogel enhanced neuronal and oligoden-
drocyte differentiation of NSCs and facilitated axonal growth by acti-
vating the PTEN/PI3K/AKT/mTOR pathway, as illustrated in Fig. 15c.

7.2. Ischemic stroke

Stroke is the primary cause of chronic disability globally and ranks as 
the second leading cause of death. Due to the aging global population, 
the incidence of stroke is rising, with IS being the most common type, 
accounting for over 85 % of cases.

7.2.1. The pathophysiology of IS
In the realm of IS, occlusion of cerebral arteries leads to a cessation of 

blood flow, leading to an insufficient delivery of oxygen and glucose to 
neurons and other brain cells. This insufficiency subsequently results in 
the disruption of ATP synthesis, energy deprivation, impaired ionic 
homeostasis, and acid-base imbalance. This discussion will elaborate on 
the diverse pathophysiological alterations linked to IS, encompassing 
glutamate excitotoxicity, neuroinflammation, BBB disruption, oxidative 
stress, and cell death [301].

Glutamate serves as a vital excitatory neurotransmitter within the 
CNS and plays a crucial role in regulating synaptic transmission. During 
IS, decreased ATP production in neurons results in energy depletion. 
This depletion impairs the functioning of Na+/K+-ATPase (NKA), Na+/ 
Ca2+ exchanger (NCX), and Ca2+-ATPase in both the plasma membrane 
and intracellular organelle membranes. Consequently, the disrupted 
ionic gradient leads to increased glutamate release and inhibits gluta-
mate reuptake, thereby disrupting glutamate metabolism. Additionally, 
this imbalance causes intracellular Ca2+ overload, intensifying gluta-
mate release and activating Ca2+-dependent enzymes. The accumulated 
glutamate in the synaptic space excessively stimulates the N-methyl-D- 
aspartic acid receptor (NMDAR) on the postsynaptic membrane, ulti-
mately resulting in cell death. Furthermore, the heightened NMDAR 
excitation elevates intracellular Ca2+ levels, thereby exacerbating cell 
demise.

Oxidative stress arises from the disruption of intracellular redox re-
actions, leading to an overproduction of free radicals [302]. Ische-
mia/reperfusion (I/R)-induced oxidative stress can compromise the BBB 
integrity and prompt the release of inflammatory substances from neural 
and peripheral cells during an IS, thereby exacerbating reperfusion 
injury. Incidents like linear bursts of ROS, Ca2+ overload, excitotoxicity, 
and brain I/R injury can catalyze structural and functional flaws within 
mitochondria and spark off mitochondrial autophagy. The relationship 
between oxidative stress and mitochondria is profoundly interlinked in 
IS. Notably, oxidative stress has a crucial impact on mitochondrial 
function, subsequently impairing cell viability and operation. 
Conversely, mitochondrial dysfunction may also contribute to oxidative 
stress, as the oxidative phosphorylation process in mitochondria is a 
significant source of free radicals [303]. Therefore, a detrimental feed-
back loop emerges between oxidative stress and mitochondria that 

intensifies cellular damage and mortality, exacerbating the condition of 
IS.

The BBB structural framework comprises ECs with interconnected 
tight junctions (TJs), pericytes, astrocyte endfeet, and diverse ECM 
components [304]. During an IS event, the BBB undergoes significant 
compromise, as indicated by structural disorganization and increased 
permeability of TJs. This increased paracellular and intercellular 
permeability, along with substantial endothelial damage, allows various 
substances such as cells, chemicals, and fluids to breach the BBB and 
enter brain tissue, disrupting the water and ion balance and causing 
brain edema. Furthermore, the infiltration of leukocytes exacerbates the 
inflammatory response, further contributing to brain damage [301].

Overall, understanding the pathophysiology of IS is essential for the 
development of effective treatment strategies aimed at preserving brain 
tissue, restoring blood flow, and reducing neurological deficits in stroke 
patients.

7.2.2. EViH for IS treatment
The treatment of IS primarily involves mechanical thrombectomy or 

intravenous thrombolysis using recombinant tissue-type plasminogen 
activator to restore blood flow. However, the narrow time window for 
intervention limits the efficacy and safety of these treatments. Phar-
macological approaches for IS, such as reperfusion and neuroprotective 
strategies, are crucial for neuroprotection and the restoration of cerebral 
function. Nevertheless, these treatments face challenges due to poor 
solubility, short half-life, high toxicity, and low bioavailability. Given 
the complex pathophysiology of IS, monotherapies are often inadequate, 
leading to the recognition of EViH as a potentially effective treatment 
option.

NSCs can differentiate into neurons or glial cells and release EVs that 
play a crucial role in post-ischemic healing by reducing apoptosis and 
oxidative stress, promoting neovascularization and neurogenesis. 
Research indicates that the usage of NSCs-derived exosomes (NSCs- 
Exos) is more effective in enhancing neural regeneration than NSCs 
themselves [305,306]. Challenges like low survival rates and rapid 
clearance hinder the efficient application of exosomes via the circulatory 
system. Gu et al. successfully isolated NSCs-Exos through ultracentri-
fugation and enhanced their bioactivity and retention efficiency by 
utilizing HA hydrogels [117]. The release profile demonstrated that Exos 
were consistently delivered from the hydrogel for 28 days in vitro and 
were still detectable at the injection site on day 28 in vivo. Tests 
including NTA, WB, and TEM confirmed that NSCs-Exos released from 
hydrogels preserved their biological activity without alterations in size, 
morphology, or surface proteins compared to pre-release NSCs-Exos. 
The integration of hydrogels reduces the frequency of administration 
compared to free NSCs-Exos application. In vivo experiments revealed 
that NSCs-Exos incorporated into hydrogels promoted cell proliferation 
in ischemic regions, facilitated angiogenesis, and mitigated inflamma-
tory responses, consequently enhancing cerebral infarction recovery and 
neurological functions.

As outlined in section 5.2, 3D-EVs have been employed in the 
context of BTR with notable benefits, while hydrogels, due to their 
excellent biocompatibility and cell adhesion properties, are extensively 
utilized in 3D cell culture. Notably, the application of 3D-EVs has shown 
promise in the treatment of IS. Han et al. conducted a study where they 
cultured MSCs in GelMA hydrogels in a 3D manner, and subsequently 
isolated 3D exosomes (3D-Exos) to investigate their therapeutic poten-
tial for IS in comparison to 2D exosomes (2D-Exos) [307]. The findings 
revealed that the 3D culture environment led to increased MSC survival 
rates and exosome production compared to traditional 2D cultures. 
Importantly, 3D-Exos, being smaller in size than 2D-Exos, are more 
readily phagocytosed by target cells and exhibit enhanced neuro-
protective effects. In vivo experimentation demonstrated that 3D-Exos 
could selectively accumulate in ischemic cerebral regions, dampen 
neuroinflammation, and stimulate angiogenesis, possibly due to the 
improved ability of 3D-Exos to traverse the BBB. This study primarily 
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utilized hydrogels as a platform for cells to secrete EVs. It is suggested 
that the direct secretion of EVs by cells into hydrogels to form in-situ 
EViH holds promise for future investigations. The EViH developed 
through this innovative approach offers multiple advantages: firstly, 
enabling synergistic interactions between cells and EVs; secondly, 
incorporating other bioactive substances secreted by cells that enhance 
their regulatory functions; and thirdly, facilitating the bypassing of the 
BBB, thereby enhancing the localization efficiency of EVs at the injury 
site.

In conclusion, we summarized that EViH provides a new perspective 
for solving the puzzle of neuronal regeneration (Table 4).

8. Liver and kidney regeneration

The liver is the only solid organ that utilizes regenerative mecha-
nisms to maintain the liver-to-body weight ratio necessary for homeo-
stasis in the body. This unique regenerative capacity of the liver is 
crucial for the functioning of most organisms, as it ensures the appro-
priate liver function. Hepatocytes in the normal liver tissue environment 
have practically unlimited regenerative capacity. However, chronic loss 
of hepatocytes and activation of hematopoietic stem cells (HSC) can lead 
to an abnormal tissue environment, resulting in chronic compensatory 
regeneration of hepatocytes that can lead to negative outcomes, 
including the development of tumors. Chronic liver injury (CLI) is a 
significant health concern characterized by abnormal liver structure, 
inflammation, portal hypertension, fibrosis, inflammatory damage, loss 
of metabolic capacity, and cell death [311]. Orthotopic liver trans-
plantation (OLT) is currently the most effective treatment for CLI, but it 
is limited by factors such as organ donor availability, immune rejection, 
and post-operative complications. To overcome these limitations, re-
searchers are exploring the use of MSCs and EVs for treating acute and 
chronic liver injuries [312,313]. Maintaining an effective concentration 
of EVs at the site of injury is crucial for achieving therapeutic results. 
Since the liver has a propensity to accumulate EVs following systemic 
administration [22,314,315], creating a reservoir for sustained release 
of EVs in vivo is feasible. Researchers have developed an in-situ 
gel-forming, biodegradable hydrogel for the sustained release of EVs 

[310]. By injecting this hydrogel into the peritoneal cavity, a continuous 
release of EVs over a month was achieved. This approach resulted in a 
50 % increase in liver regeneration in an animal model compared to the 
injection of free EVs. Controlled-release systemic delivery of EVs via 
hydrogel presents a viable option for sites where topical delivery is not 
practical, leveraging the propensity for drug accumulation in the body. 
EViH offers a promising avenue for treating liver injuries and has the 
potential to overcome the limitations associated with traditional ther-
apies like OLT.

The kidney, in comparison to the liver, is an organ with relatively 
low cellular regeneration potential. Despite the kidneys’ baseline 
limited regenerative capacity, renal tubular epithelial cells display a 
remarkable ability to proliferate following injury. There is still no 
consensus on which specific cells are accountable for the regeneration of 
the tubular epithelium post-injury. Several hypotheses have been sug-
gested concerning the regenerative potential within renal tissue, with 
most studies attributing this potential to either the dedifferentiation of 
mature renal tubular epithelium or the presence of a resident pool of 
progenitor cells in the renal tissue. EVs show great promise in kidney 
tissue repair. Self-assembled peptides (SAPs), nanostructures created 
from the self-assembly of natural amino acids to form hydrogels [316], 
present distinct advantages in drug delivery due to their exceptional 
accessibility and biocompatibility [317]. In efforts to address kidney 
injury induced by I/R, an MMP-2-sensitive SAP hydrogel (KMP2) was 
employed to locally deliver EVs [309]. This approach was grounded on 
the observation of significantly increased MMP-2 levels in the affected 
region [318]. The EVs were enclosed within nanofibers of the KMP2 
hydrogel without compromising the structure. Release kinetics revealed 
that the KMP2 hydrogel displayed reduced efficacy in releasing EVs 
when in a PBS solution (less than 18 % of EVs released in 168 h), while it 
exhibited faster EVs release in the presence of MMP-2 in a 
dose-dependent manner (approximately 28 % and 60 % of EVs released 
in 168 h by the 0.4 and 4 mg/ml MMP-2 groups, respectively). Experi-
mental findings showcased the successful fabrication of the KMP2-EVs 
hydrogel, demonstrating excellent responsiveness to MMP-2 and 
resulting in a notable decrease in apoptosis, anti-inflammatory effects, 
and enhanced functionality of microvascular endothelial cells [309].

Table 4 
The application of EViH for neuronal regeneration, and liver and kidney regeneration.

Disease EVs species Composite 
hydrogel type

Hydrogel 
loading

Crosslinking mode Release 
Kinetics

Biological effects References

SCI Exosomes of 
hPMSCs

pGel Pre-gel 
loading

Schiff base reaction 90 % in 11 
days

Regulation of the pathological microenvironment 
of CNS diseases and tissue traumas

[287]

 Exosomes of USCs Not mentioned Not 
mentioned

Not mentioned Not 
mentioned

Promotes angiogenesis by activating the PI3K/ 
AKT signaling pathway and enhances 
neurological recovery

[291]

 Exosomes of MSCs HAMA Pre-gel 
loading

Photo-crosslinking Not 
mentioned

Soft water gel is better for nerve repair [295]

 Exosomes of 
BMSCs

GM/PPy Post-gel 
loading

Photo-crosslinking 90 % in 14 
days

Promotes nerve regeneration and functional 
repair through the activation of PTEN/PI3K/ 
AKT/mTOR pathway

[297]

 Exosomes of Flos 
Sophorae 
Immaturus

pDA-Gel Not 
mentioned

Schiff base reaction Not 
mentioned

Promotes nerve regeneration by ameliorating the 
inflammatory and oxidative condition

[308]

IS Exosomes of NSCs HAD hydrogel Pre-gel 
loading

Photo-crosslinking Over 28 
days

Improves cerebral infarction via promoting cell 
proliferation angiogenesis and reducing 
inflammatory effects

[117]

I/R 
injury

EVs of MSCs KMP2 Pre-gel 
loading

Self-assembling 60 % in 168 
h

Improved renal function via reduction of 
apoptosis, anti-inflammation, and improvement 
of microvascular endothelial cells

[309]

CLI EVs of MSCs PEG Pre-gel 
loading

Michael addition 
between thiol and 
maleimide groups

Over 1 
month

Continuous systemic drug delivery for liver injury [310]

Abbreviations: EVs: extracellular vesicles; SCI: Spinal cord injury; hPMSCs: human placental mesenchymal stem cells; pGel: peptide-modified HA (hyaluronic acid) 
hydrogel; CNS: central nervous system; USCs: urine stem cells; MSCs: mesenchymal stem cells; HAMA: hyaluronic acid methacrylate; BMSCs: bone marrow derived 
mesenchymal stem cells; GM/PPy: gelatin methacrylate hydrogels and polypyrrole hydrogels; pDA-Gel: polydopamine modified hydrogel; NSCs: neural stem cells; 
HAD: hyaluronic acid; I/R: ischemia-reperfusion; KMP2: matrix metalloproteinases-2 (MMP-2)-sensitive self-assembled peptides (SAP) hydrogel; CLI: chronic liver 
injury; PEG: polyethylene glycol.
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In contrast, EViH has been relatively understudied in the realms of 
liver and kidney regeneration despite demonstrating efficacy similar to 
that of other systems. Looking ahead, substantial progress is anticipated 
for EViH in these domains. An overview of the use of EViH systems for 
liver and kidney regeneration is also presented in Table 4.

9. Conclusions and perspectives

The pursuit of tissue regeneration is a prevalent and crucial goal 
among researchers and medical professionals. The EViH therapy serves 
as a potent tool for achieving this goal by leveraging the unique prop-
erties of EVs and hydrogels. EVs, small membrane-bound particles, play 
a pivotal role in ECM interaction, immunoregulation, regulation of 
sentence and proliferation, and angiogenesis. Hydrogels, 3D polymers 
closely resembling the natural ECM, exhibit high biocompatibility and 
act as a scaffold for encapsulating and delivering EVs. The EViH system 
optimally combines the strengths of EVs and hydrogels, mitigating the 
individual weaknesses of EVs or hydrogels alone. This article elaborates 
on the benefits and characteristics of EViH, enhancing the understand-
ing and recognition of its potential.

This comprehensive review presents a detailed overview of recent 
advancements in utilizing EViH for tissue regeneration across various 
domains, including wound healing, bone and cartilage repair, vascu-
larization, cardiac restoration, neuronal regeneration, as well as liver 
and kidney revitalization. Each section outlines the pathological pro-
cesses of tissue damage, the physiological mechanisms of tissue regen-
eration and repair, and discusses the distinct properties of EViH in the 
context of specific tissue regeneration processes. The meticulous design 
and development of these strategies are anticipated to yield significant 
clinical outcomes and propel the field of tissue regeneration forward.

Despite the initial progress in regenerative medicine achieved 
through the utilization of EViH, several unresolved issues necessitate 
further investigation and discussion. Primarily, the methods employed 
for isolating EVs significantly influence their quantity, quality, purity, 
specificity, and the integrity of their outer membrane components. 
While ultracentrifugation and density gradient flotation are recom-
mended techniques for EVs extraction in analytical and experimental 
settings, they fail to meet the requirements for large-scale production 
and clinical isolation of EVs. Therefore, there is an urgent need for 
robust and scalable bioproduction programs and suitable EVs isolation 
methods.

Secondly, the selection of properties and types of hydrogels is critical 
for different pathological contexts. The characteristics of hydrogels, 
such as their mechanical properties, degradability, and stress distribu-
tion, play a crucial role in optimizing the retention and release patterns 
of EVs. Furthermore, emphasis should be placed on preserving the 
viability and biological functions of EVs during hydrogel synthesis and 
EViH application. Nevertheless, the impact of various types of hydrogels 
on the activity of EVs has not been systematically studied, impeding the 
further advancement of EViH.

Additionally, although numerous studies have showcased the 
regenerative potential of non-cellular therapies utilizing EVs as an 
alternative to cellular therapies, a direct comparison regarding the 
therapeutic effectiveness of EViH and stem cell-loaded hydrogels in 
facilitating tissue repair remains elusive. Further investigations are 
required to assess and compare the outcomes of these two approaches. 
Furthermore, enhanced with various advantages and disadvantages, 
different sources of EVs require thorough consideration in determining 
the most suitable option to employ.

Lastly, regulatory-approved healthcare applications for EViH are 
currently non-existent. The potential increase in bio-productivity asso-
ciated with the complexity of the EViH system poses a significant 
challenge for the clinical translation of EViH. It remains uncertain 
whether this complexity will lead to enhanced bio-productivity.

In conclusion, the incorporation of hydrogels and EVs presents sig-
nificant potential in the realm of regenerative medicine. Despite existing 

challenges, it is plausible to anticipate the surmounting of these obsta-
cles in due course, facilitating the clinical application of this strategy. 
The enduring impact of this review on the advancement of EViH as a 
pivotal modality for tissue restoration and rejuvenation is assured.
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[27] C. Théry, K.W. Witwer, E. Aikawa, M.J. Alcaraz, J.D. Anderson, 
R. Andriantsitohaina, A. Antoniou, T. Arab, F. Archer, G.K. Atkin-Smith, D. 
C. Ayre, J.M. Bach, D. Bachurski, H. Baharvand, L. Balaj, S. Baldacchino, N. 
N. Bauer, A.A. Baxter, M. Bebawy, C. Beckham, A. Bedina Zavec, A. Benmoussa, 
A.C. Berardi, P. Bergese, E. Bielska, C. Blenkiron, S. Bobis-Wozowicz, E. Boilard, 
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Valero, C. Gardiner, K. Gärtner, R. Gaudin, Y.S. Gho, B. Giebel, C. Gilbert, 
M. Gimona, I. Giusti, D.C. Goberdhan, A. Görgens, S.M. Gorski, D.W. Greening, J. 
C. Gross, A. Gualerzi, G.N. Gupta, D. Gustafson, A. Handberg, R.A. Haraszti, 
P. Harrison, H. Hegyesi, A. Hendrix, A.F. Hill, F.H. Hochberg, K.F. Hoffmann, 
B. Holder, H. Holthofer, B. Hosseinkhani, G. Hu, Y. Huang, V. Huber, S. Hunt, A. 
G. Ibrahim, T. Ikezu, J.M. Inal, M. Isin, A. Ivanova, H.K. Jackson, S. Jacobsen, S. 
M. Jay, M. Jayachandran, G. Jenster, L. Jiang, S.M. Johnson, J.C. Jones, A. Jong, 

T. Jovanovic-Talisman, S. Jung, R. Kalluri, S.I. Kano, S. Kaur, Y. Kawamura, E. 
T. Keller, D. Khamari, E. Khomyakova, A. Khvorova, P. Kierulf, K.P. Kim, 
T. Kislinger, M. Klingeborn, D.J. Klinke 2nd, M. Kornek, M.M. Kosanović, 
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[77] S. Rieu, C. Géminard, H. Rabesandratana, J. Sainte-Marie, M. Vidal, Exosomes 
released during reticulocyte maturation bind to fibronectin via integrin 
alpha4beta1, Eur. J. Biochem. 267 (2) (2000) 583–590, https://doi.org/10.1046/ 
j.1432-1327.2000.01036.x.

[78] A. Clayton, A. Turkes, S. Dewitt, R. Steadman, M.D. Mason, M.B. Hallett, 
Adhesion and signaling by B cell-derived exosomes: the role of integrins, Faseb. J. 
18 (9) (2004) 977–979, https://doi.org/10.1096/fj.03-1094fje.

[79] T.H. Vu, Z. Werb, Matrix metalloproteinases: effectors of development and 
normal physiology, Genes Dev. 14 (17) (2000) 2123–2133, https://doi.org/ 
10.1101/gad.815400.

L. Liu et al.                                                                                                                                                                                                                                       Bioactive Materials 44 (2025) 283–318 

312 

https://doi.org/10.1038/mtna.2013.28
https://doi.org/10.1038/mtna.2013.28
https://doi.org/10.1371/journal.pone.0121123
https://doi.org/10.1158/0008-5472.Can-04-1800
https://doi.org/10.1158/0008-5472.Can-04-1800
https://doi.org/10.1371/journal.pone.0110641
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.3402/jev.v5.32945
https://doi.org/10.3402/jev.v5.32945
https://doi.org/10.1038/ki.2012.256
https://doi.org/10.1016/j.clinbiochem.2013.10.020
https://doi.org/10.1016/j.clinbiochem.2013.10.020
https://doi.org/10.3402/jev.v3.23430
https://doi.org/10.3402/jev.v3.23430
https://doi.org/10.1021/pr800225z
https://doi.org/10.1016/j.nano.2015.01.003
https://doi.org/10.1016/j.nano.2015.01.003
https://doi.org/10.1021/nn405016y
https://doi.org/10.1021/nn405016y
https://doi.org/10.1039/c5lc01117e
https://doi.org/10.1021/nn506538f
https://doi.org/10.1021/nn506538f
https://doi.org/10.1093/nar/gkp857
https://doi.org/10.1111/acel.13337
https://doi.org/10.1111/acel.13337
https://doi.org/10.7150/thno.35305
https://doi.org/10.1016/j.bioactmat.2023.06.011
https://doi.org/10.1016/j.bioactmat.2023.06.011
https://doi.org/10.1038/s41392-021-00765-3
https://doi.org/10.1002/jev2.12124
https://doi.org/10.1016/j.biopha.2024.116224
https://doi.org/10.7150/thno.68895
https://doi.org/10.1016/j.bioactmat.2023.11.021
https://doi.org/10.1126/scitranslmed.abb0202
https://doi.org/10.1080/20013078.2020.1790874
https://doi.org/10.1080/20013078.2020.1790874
https://doi.org/10.14336/ad.2020.1221
https://doi.org/10.1038/s41419-021-04363-7
https://doi.org/10.1038/s41419-021-04363-7
https://doi.org/10.1186/s12974-020-1725-8
https://doi.org/10.1186/s12974-020-1725-8
https://doi.org/10.1002/adhm.201600308
https://doi.org/10.1002/adhm.201600308
https://doi.org/10.1016/j.bioactmat.2021.10.021
https://doi.org/10.1016/j.bioactmat.2021.10.021
https://doi.org/10.3389/fchem.2022.863364
https://doi.org/10.1111/jcpe.13798
https://doi.org/10.1111/jcpe.13798
https://doi.org/10.3390/ijms21114072
https://doi.org/10.3390/ijms21114072
https://doi.org/10.1038/nm0598-594
https://doi.org/10.3389/fimmu.2020.00013
https://doi.org/10.3389/fimmu.2020.00013
https://doi.org/10.7150/thno.62046
https://doi.org/10.3389/fimmu.2014.00608
https://doi.org/10.1046/j.1432-1327.2000.01036.x
https://doi.org/10.1046/j.1432-1327.2000.01036.x
https://doi.org/10.1096/fj.03-1094fje
https://doi.org/10.1101/gad.815400
https://doi.org/10.1101/gad.815400


[80] G. Kasper, N. Dankert, J. Tuischer, M. Hoeft, T. Gaber, J.D. Glaeser, D. Zander, 
M. Tschirschmann, M. Thompson, G. Matziolis, G.N. Duda, Mesenchymal stem 
cells regulate angiogenesis according to their mechanical environment, Stem Cell. 
25 (4) (2007) 903–910, https://doi.org/10.1634/stemcells.2006-0432.

[81] N. Ozeki, M. Mogi, N. Hase, T. Hiyama, H. Yamaguchi, R. Kawai, K. Nakata, 
Polyphosphate-induced matrix metalloproteinase-13 is required for osteoblast- 
like cell differentiation in human adipose tissue derived mesenchymal stem cells, 
Biosci. Trends 10 (5) (2016) 365–371, https://doi.org/10.5582/bst.2016.01153.

[82] K. Holmbeck, P. Bianco, J. Caterina, S. Yamada, M. Kromer, S.A. Kuznetsov, 
M. Mankani, P.G. Robey, A.R. Poole, I. Pidoux, J.M. Ward, H. Birkedal-Hansen, 
MT1-MMP-deficient mice develop dwarfism, osteopenia, arthritis, and connective 
tissue disease due to inadequate collagen turnover, Cell 99 (1) (1999) 81–92, 
https://doi.org/10.1016/s0092-8674(00)80064-1.

[83] J.H. Distler, A. Jüngel, L.C. Huber, C.A. Seemayer, C.F. Reich 3rd, R.E. Gay, B. 
A. Michel, A. Fontana, S. Gay, D.S. Pisetsky, O. Distler, The induction of matrix 
metalloproteinase and cytokine expression in synovial fibroblasts stimulated with 
immune cell microparticles, Proc. Natl. Acad. Sci. U. S. A. 102 (8) (2005) 
2892–2897, https://doi.org/10.1073/pnas.0409781102.

[84] A. Medina, A. Ghahary, Transdifferentiated circulating monocytes release 
exosomes containing 14-3-3 proteins with matrix metalloproteinase-1 stimulating 
effect for dermal fibroblasts, Wound Repair Regen. 18 (2) (2010) 245–253, 
https://doi.org/10.1111/j.1524-475X.2010.00580.x.

[85] L. Simon, V. Lapinte, M. Morille, Exploring the role of polymers to overcome 
ongoing challenges in the field of extracellular vesicles, J. Extracell. Vesicles 12 
(12) (2023) e12386, https://doi.org/10.1002/jev2.12386.

[86] G.D. Nicodemus, S.J. Bryant, Cell encapsulation in biodegradable hydrogels for 
tissue engineering applications, Tissue Eng. Part B-Rev. 14 (2) (2008) 149–165, 
https://doi.org/10.1089/ten.teb.2007.0332.

[87] Y. Shen, G. Xu, H. Huang, K. Wang, H. Wang, M. Lang, H. Gao, S. Zhao, Sequential 
release of small extracellular vesicles from bilayered thiolated alginate/ 
polyethylene glycol diacrylate hydrogels for scarless wound healing, ACS Nano 
15 (4) (2021) 6352–6368, https://doi.org/10.1021/acsnano.0c07714.

[88] R. Dimatteo, N.J. Darling, T. Segura, In situ forming injectable hydrogels for drug 
delivery and wound repair, Adv. Drug Deliv. Rev. 127 (2018) 167–184, https:// 
doi.org/10.1016/j.addr.2018.03.007.

[89] Y. Zhang, Y. Xie, Z. Hao, P. Zhou, P. Wang, S. Fang, L. Li, S. Xu, Y. Xia, Umbilical 
mesenchymal stem cell-derived exosome-encapsulated hydrogels accelerate bone 
repair by enhancing angiogenesis, ACS Appl. Mater. Interfaces 13 (16) (2021) 
18472–18487, https://doi.org/10.1021/acsami.0c22671.

[90] V. Thomas, M.M. Yallapu, B. Sreedhar, S.K. Bajpai, Breathing-in/breathing-out 
approach to preparing nanosilver-loaded hydrogels: highly efficient antibacterial 
nanocomposites 111 (2008) 934–944.

[91] C.C. Huang, M. Kang, S. Shirazi, Y. Lu, L.F. Cooper, P. Gajendrareddy, 
S. Ravindran, 3D Encapsulation and tethering of functionally engineered 
extracellular vesicles to hydrogels, Acta Biomater. 126 (2021) 199–210, https:// 
doi.org/10.1016/j.actbio.2021.03.030.

[92] M. Nie, D. Huang, G. Chen, Y. Zhao, L. Sun, Bioadhesive microcarriers 
encapsulated with IL-27 high expressive MSC extracellular vesicles for 
inflammatory bowel disease treatment, Adv. Sci. 10 (32) (2023) e2303349, 
https://doi.org/10.1002/advs.202303349.

[93] A. Mandal, J.R. Clegg, A.C. Anselmo, S. Mitragotri, Hydrogels in the clinic, 
Bioeng. Transl. Med. 5 (2) (2020) e10158, https://doi.org/10.1002/btm2.10158.

[94] S. Cascone, G. Lamberti, Hydrogel-based commercial products for biomedical 
applications: a review, Int. J. Pharm. 573 (2020) 118803, https://doi.org/ 
10.1016/j.ijpharm.2019.118803.

[95] Y. Ma, S. Dong, A.J. Grippin, L. Teng, A.S. Lee, B.Y.S. Kim, W. Jiang, Engineering 
therapeutical extracellular vesicles for clinical translation, Trends Biotechnol. 
(2024), https://doi.org/10.1016/j.tibtech.2024.08.007.

[96] T. Lener, M. Gimona, L. Aigner, V. Börger, E. Buzas, G. Camussi, N. Chaput, 
D. Chatterjee, F.A. Court, H.A. Del Portillo, L. O’driscoll, S. Fais, J.M. Falcon- 
Perez, U. Felderhoff-Mueser, L. Fraile, Y.S. Gho, A. Görgens, R.C. Gupta, 
A. Hendrix, D.M. Hermann, A.F. Hill, F. Hochberg, P.A. Horn, D. De Kleijn, 
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[132] A. Armulik, G. Genové, C. Betsholtz, Pericytes: developmental, physiological, and 
pathological perspectives, problems, and promises, Dev. Cell 21 (2) (2011) 
193–215, https://doi.org/10.1016/j.devcel.2011.07.001.

[133] T. Asahara, T. Murohara, A. Sullivan, M. Silver, R. Van Der Zee, T. Li, 
B. Witzenbichler, G. Schatteman, J.M. Isner, Isolation of putative progenitor 
endothelial cells for angiogenesis, Science 275 (5302) (1997) 964–967, https:// 
doi.org/10.1126/science.275.5302.964.

[134] O.M. Tepper, J.M. Capla, R.D. Galiano, D.J. Ceradini, M.J. Callaghan, M. 
E. Kleinman, G.C. Gurtner, Adult vasculogenesis occurs through in situ 
recruitment, proliferation, and tubulization of circulating bone marrow-derived 
cells, Blood 105 (3) (2005) 1068–1077, https://doi.org/10.1182/blood-2004-03- 
1051.

[135] P. Martin, Wound healing–aiming for perfect skin regeneration, Science 276 
(5309) (1997) 75–81, https://doi.org/10.1126/science.276.5309.75.

[136] G. Donati, E. Rognoni, T. Hiratsuka, K. Liakath-Ali, E. Hoste, G. Kar, M. Kayikci, 
R. Russell, K. Kretzschmar, K.W. Mulder, S.A. Teichmann, F.M. Watt, Wounding 
induces dedifferentiation of epidermal Gata6(+) cells and acquisition of stem cell 
properties, Nat. Cell Biol. 19 (6) (2017) 603–613, https://doi.org/10.1038/ 
ncb3532.

[137] M. Takeo, W. Lee, M. Ito, Wound healing and skin regeneration, Cold Spring 
Harb. Perspect. Med. 5 (1) (2015) a023267, https://doi.org/10.1101/ 
cshperspect.a023267.

[138] C. Huang, L. Dong, B. Zhao, Y. Lu, S. Huang, Z. Yuan, G. Luo, Y. Xu, W. Qian, Anti- 
inflammatory hydrogel dressings and skin wound healing, Clin. Transl. Med. 12 
(11) (2022) e1094, https://doi.org/10.1002/ctm2.1094.

[139] Q. Li, S. Gong, W. Yao, Z. Yang, R. Wang, Z. Yu, M. Wei, Exosome loaded genipin 
crosslinked hydrogel facilitates full thickness cutaneous wound healing in rat 
animal model, Drug Deliv. 28 (1) (2021) 884–893, https://doi.org/10.1080/ 
10717544.2021.1912210.

[140] V.T. Nooshabadi, M. Khanmohamadi, E. Valipour, S. Mahdipour, A. Salati, Z. 
V. Malekshahi, S. Shafei, E. Amini, S. Farzamfar, J. Ai, Impact of exosome-loaded 
chitosan hydrogel in wound repair and layered dermal reconstitution in mice 
animal model, J. Biomed. Mater. Res. 108 (11) (2020) 2138–2149, https://doi. 
org/10.1002/jbm.a.36959.

[141] Y. Zhou, X.-L. Zhang, S.-T. Lu, N.-Y. Zhang, H.-J. Zhang, J. Zhang, J. Zhang, 
Human adipose-derived mesenchymal stem cells-derived exosomes encapsulated 
in pluronic F127 hydrogel promote wound healing and regeneration, Stem Cell 
Res. Ther. 13 (1) (2022), https://doi.org/10.1186/s13287-022-02980-3.

[142] S. Shafei, M. Khanmohammadi, R. Heidari, H. Ghanbari, V. Taghdiri Nooshabadi, 
S. Farzamfar, M. Akbariqomi, N.S. Sanikhani, M. Absalan, G. Tavoosidana, 
Exosome loaded alginate hydrogel promotes tissue regeneration in full-thickness 
skin wounds: an in vivo study, J. Biomed. Mater. Res. 108 (3) (2020) 545–556, 
https://doi.org/10.1002/jbm.a.36835.

[143] D. Zhao, Z. Yu, Y. Li, Y. Wang, Q. Li, D. Han, GelMA combined with sustained 
release of HUVECs derived exosomes for promoting cutaneous wound healing and 
facilitating skin regeneration, J. Mol. Histol. 51 (3) (2020) 251–263, https://doi. 
org/10.1007/s10735-020-09877-6.

[144] G. Kwak, J. Cheng, H. Kim, S. Song, S.J. Lee, Y. Yang, J.H. Jeong, J.E. Lee, P. 
B. Messersmith, S.H. Kim, Sustained exosome-guided macrophage polarization 

using hydrolytically degradable PEG hydrogels for cutaneous wound healing: 
identification of key proteins and MiRNAs, and sustained release formulation, 
Small 18 (15) (2022) e2200060, https://doi.org/10.1002/smll.202200060.

[145] C. Wang, C. Liang, R. Wang, X. Yao, P. Guo, W. Yuan, Y. Liu, Y. Song, Z. Li, X. Xie, 
The fabrication of a highly efficient self-healing hydrogel from natural 
biopolymers loaded with exosomes for the synergistic promotion of severe wound 
healing, Biomater. Sci. 8 (1) (2019) 313–324, https://doi.org/10.1039/ 
c9bm01207a.

[146] J. Yang, Z. Chen, D. Pan, H. Li, J. Shen, Umbilical cord-derived mesenchymal 
stem cell-derived exosomes combined pluronic F127 hydrogel promote chronic 
diabetic wound healing and complete skin regeneration, Int. J. Nanomed. 15 
(2020) 5911–5926, https://doi.org/10.2147/IJN.S249129.

[147] N. Xu, L. Wang, J. Guan, C. Tang, N. He, W. Zhang, S. Fu, Wound healing effects 
of a Curcuma zedoaria polysaccharide with platelet-rich plasma exosomes 
assembled on chitosan/silk hydrogel sponge in a diabetic rat model, Int. J. Biol. 
Macromol. 117 (2018) 102–107, https://doi.org/10.1016/j. 
ijbiomac.2018.05.066.

[148] L. Xu, Y. Liu, L. Tang, H. Xiao, Z. Yang, S. Wang, Preparation of recombinant 
human collagen III protein hydrogels with sustained release of extracellular 
vesicles for skin wound healing, Int. J. Mol. Sci. 23 (11) (2022), https://doi.org/ 
10.3390/ijms23116289.

[149] S. Ma, H. Hu, J. Wu, X. Li, X. Ma, Z. Zhao, Z. Liu, C. Wu, B. Zhao, Y. Wang, 
W. Jing, Functional extracellular matrix hydrogel modified with MSC-derived 
small extracellular vesicles for chronic wound healing, Cell Prolif. 55 (4) (2022), 
https://doi.org/10.1111/cpr.13196.

[150] Y. Xiong, L. Chen, P. Liu, T. Yu, C. Lin, C. Yan, Y. Hu, W. Zhou, Y. Sun, A. 
C. Panayi, F. Cao, H. Xue, L. Hu, Z. Lin, X. Xie, X. Xiao, Q. Feng, B. Mi, G. Liu, All- 
in-One: multifunctional hydrogel accelerates oxidative diabetic wound healing 
through timed-release of exosome and fibroblast growth factor, Small 18 (1) 
(2022) e2104229, https://doi.org/10.1002/smll.202104229.

[151] A. Sergeeva, N. Feoktistova, V. Prokopovic, D. Gorin, D. Volodkin, Design of 
porous alginate hydrogels by sacrificial CaCO3Templates: pore formation 
mechanism, Adv. Mater. Interfac. 2 (18) (2015), https://doi.org/10.1002/ 
admi.201500386.

[152] F.S. Rezaei, F. Sharifianjazi, A. Esmaeilkhanian, E. Salehi, Chitosan films and 
scaffolds for regenerative medicine applications: a review, Carbohydr. Polym. 273 
(2021), https://doi.org/10.1016/j.carbpol.2021.118631.

[153] Z. Han, M. Yuan, L. Liu, K. Zhang, B. Zhao, B. He, Y. Liang, F. Li, pH-Responsive 
wound dressings: advances and prospects, Nanoscale Horiz (2023), https://doi. 
org/10.1039/d2nh00574c.

[154] V. Kant, A. Gopal, D. Kumar, N.N. Pathak, M. Ram, B.L. Jangir, S.K. Tandan, 
D. Kumar, Curcumin-induced angiogenesis hastens wound healing in diabetic 
rats, J. Surg. Res. 193 (2) (2015) 978–988, https://doi.org/10.1016/j. 
jss.2014.10.019.

[155] S.K. Kota, L.K. Meher, S. Jammula, S.K. Kota, S.V. Krishna, K.D. Modi, Aberrant 
angiogenesis: the gateway to diabetic complications, Indian J. Endocrinol. Metab. 
16 (6) (2012) 918–930, https://doi.org/10.4103/2230-8210.102992.

[156] J.L. Monaco, W.T. Lawrence, Acute wound healing an overview, Clin. Plast. Surg. 
30 (1) (2003) 1–12, https://doi.org/10.1016/s0094-1298(02)00070-6.

[157] M.G. Tonnesen, X. Feng, R.A. Clark, Angiogenesis in wound healing, J. Invest. 
Dermatol. Symp. Proc. 5 (1) (2000) 40–46, https://doi.org/10.1046/j.1087- 
0024.2000.00014.x.

[158] T.A. Wynn, A. Chawla, J.W. Pollard, Macrophage biology in development, 
homeostasis and disease, Nature 496 (7446) (2013) 445–455, https://doi.org/ 
10.1038/nature12034.

[159] H. Kim, S.Y. Wang, G. Kwak, Y. Yang, I.C. Kwon, S.H. Kim, Exosome-guided 
phenotypic switch of M1 to M2 macrophages for cutaneous wound healing, Adv. 
Sci. 6 (20) (2019) 1900513, https://doi.org/10.1002/advs.201900513.

[160] M. Monavarian, S. Kader, S. Moeinzadeh, E. Jabbari, Regenerative scar-free skin 
wound healing, Tissue Eng. Part B-Rev. 25 (4) (2019) 294–311, https://doi.org/ 
10.1089/ten.TEB.2018.0350.

[161] Y. Long, H. Wei, J. Li, G. Yao, B. Yu, D. Ni, A.L. Gibson, X. Lan, Y. Jiang, W. Cai, 
X. Wang, Effective wound healing enabled by discrete alternative electric fields 
from wearable nanogenerators, ACS Nano 12 (12) (2018) 12533–12540, https:// 
doi.org/10.1021/acsnano.8b07038.

[162] Y. Li, J. Zhang, J. Shi, K. Liu, X. Wang, Y. Jia, T. He, K. Shen, Y. Wang, J. Liu, 
W. Zhang, H. Wang, Z. Zheng, D. Hu, Exosomes derived from human adipose 
mesenchymal stem cells attenuate hypertrophic scar fibrosis by miR-192-5p/IL- 
17RA/Smad axis, Stem Cell Res. Ther. 12 (1) (2021) 221, https://doi.org/ 
10.1186/s13287-021-02290-0.

[163] J.Q. Coentro, E. Pugliese, G. Hanley, M. Raghunath, D.I. Zeugolis, Current and 
upcoming therapies to modulate skin scarring and fibrosis, Adv. Drug Deliv. Rev. 
146 (2019) 37–59, https://doi.org/10.1016/j.addr.2018.08.009.

[164] C.C. Finnerty, M.G. Jeschke, L.K. Branski, J.P. Barret, P. Dziewulski, D. 
N. Herndon, Hypertrophic scarring: the greatest unmet challenge after burn 
injury, Lancet 388 (10052) (2016) 1427–1436, https://doi.org/10.1016/s0140- 
6736(16)31406-4.

[165] G. Grabowski, M.J. Pacana, E. Chen, Keloid and hypertrophic scar formation, 
prevention, and management: standard review of abnormal scarring in 
orthopaedic surgery, J. Am. Acad. Orthop. Surg. 28 (10) (2020) e408–e414, 
https://doi.org/10.5435/jaaos-d-19-00690.

[166] J.P. Boyle, A.A. Honeycutt, K.M. Narayan, T.J. Hoerger, L.S. Geiss, H. Chen, T. 
J. Thompson, Projection of diabetes burden through 2050: impact of changing 
demography and disease prevalence in the U.S, Diabetes Care 24 (11) (2001) 
1936–1940, https://doi.org/10.2337/diacare.24.11.1936.

L. Liu et al.                                                                                                                                                                                                                                       Bioactive Materials 44 (2025) 283–318 

314 

https://doi.org/10.1016/j.matdes.2021.109580
https://doi.org/10.1016/j.addr.2013.12.010
https://doi.org/10.1016/j.addr.2013.12.010
https://doi.org/10.20517/evcna.2022.37
https://doi.org/10.5966/sctm.2016-0275
https://doi.org/10.1021/acsnano.9b03656
https://doi.org/10.1021/acs.nanolett.0c00929
https://doi.org/10.1038/nature07039
https://doi.org/10.1038/nature07039
https://doi.org/10.1016/j.addr.2018.12.014
https://doi.org/10.1089/wound.2012.0383
https://doi.org/10.1089/wound.2012.0383
https://doi.org/10.1016/s0002-9610(03)00296-4
https://doi.org/10.1016/s0002-9610(03)00296-4
https://doi.org/10.1016/j.devcel.2011.07.001
https://doi.org/10.1126/science.275.5302.964
https://doi.org/10.1126/science.275.5302.964
https://doi.org/10.1182/blood-2004-03-1051
https://doi.org/10.1182/blood-2004-03-1051
https://doi.org/10.1126/science.276.5309.75
https://doi.org/10.1038/ncb3532
https://doi.org/10.1038/ncb3532
https://doi.org/10.1101/cshperspect.a023267
https://doi.org/10.1101/cshperspect.a023267
https://doi.org/10.1002/ctm2.1094
https://doi.org/10.1080/10717544.2021.1912210
https://doi.org/10.1080/10717544.2021.1912210
https://doi.org/10.1002/jbm.a.36959
https://doi.org/10.1002/jbm.a.36959
https://doi.org/10.1186/s13287-022-02980-3
https://doi.org/10.1002/jbm.a.36835
https://doi.org/10.1007/s10735-020-09877-6
https://doi.org/10.1007/s10735-020-09877-6
https://doi.org/10.1002/smll.202200060
https://doi.org/10.1039/c9bm01207a
https://doi.org/10.1039/c9bm01207a
https://doi.org/10.2147/IJN.S249129
https://doi.org/10.1016/j.ijbiomac.2018.05.066
https://doi.org/10.1016/j.ijbiomac.2018.05.066
https://doi.org/10.3390/ijms23116289
https://doi.org/10.3390/ijms23116289
https://doi.org/10.1111/cpr.13196
https://doi.org/10.1002/smll.202104229
https://doi.org/10.1002/admi.201500386
https://doi.org/10.1002/admi.201500386
https://doi.org/10.1016/j.carbpol.2021.118631
https://doi.org/10.1039/d2nh00574c
https://doi.org/10.1039/d2nh00574c
https://doi.org/10.1016/j.jss.2014.10.019
https://doi.org/10.1016/j.jss.2014.10.019
https://doi.org/10.4103/2230-8210.102992
https://doi.org/10.1016/s0094-1298(02)00070-6
https://doi.org/10.1046/j.1087-0024.2000.00014.x
https://doi.org/10.1046/j.1087-0024.2000.00014.x
https://doi.org/10.1038/nature12034
https://doi.org/10.1038/nature12034
https://doi.org/10.1002/advs.201900513
https://doi.org/10.1089/ten.TEB.2018.0350
https://doi.org/10.1089/ten.TEB.2018.0350
https://doi.org/10.1021/acsnano.8b07038
https://doi.org/10.1021/acsnano.8b07038
https://doi.org/10.1186/s13287-021-02290-0
https://doi.org/10.1186/s13287-021-02290-0
https://doi.org/10.1016/j.addr.2018.08.009
https://doi.org/10.1016/s0140-6736(16)31406-4
https://doi.org/10.1016/s0140-6736(16)31406-4
https://doi.org/10.5435/jaaos-d-19-00690
https://doi.org/10.2337/diacare.24.11.1936


[167] C. Liu, H.M. Ge, B.H. Liu, R. Dong, K. Shan, X. Chen, M.D. Yao, X.M. Li, J. Yao, R. 
M. Zhou, S.J. Zhang, Q. Jiang, C. Zhao, B. Yan, Targeting pericyte-endothelial cell 
crosstalk by circular RNA-cPWWP2A inhibition aggravates diabetes-induced 
microvascular dysfunction, Proc. Natl. Acad. Sci. U. S. A. 116 (15) (2019) 
7455–7464, https://doi.org/10.1073/pnas.1814874116.

[168] A.J. Boulton, L. Vileikyte, G. Ragnarson-Tennvall, J. Apelqvist, The global burden 
of diabetic foot disease, Lancet 366 (9498) (2005) 1719–1724, https://doi.org/ 
10.1016/s0140-6736(05)67698-2.

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

[170] R. Xu, G. Luo, H. Xia, W. He, J. Zhao, B. Liu, J. Tan, J. Zhou, D. Liu, Y. Wang, 
Z. Yao, R. Zhan, S. Yang, J. Wu, Novel bilayer wound dressing composed of 
silicone rubber with particular micropores enhanced wound re-epithelialization 
and contraction, Biomaterials 40 (2015) 1–11, https://doi.org/10.1016/j. 
biomaterials.2014.10.077.

[171] J. Zhang, T. Yuan, J.H. Wang, Moderate treadmill running exercise prior to 
tendon injury enhances wound healing in aging rats, Oncotarget 7 (8) (2016) 
8498–8512, https://doi.org/10.18632/oncotarget.7381.

[172] T. Yuan, S.C. Guo, P. Han, C.Q. Zhang, B.F. Zeng, Applications of leukocyte- and 
platelet-rich plasma (L-PRP) in trauma surgery, Curr. Pharmaceut. Biotechnol. 13 
(7) (2012) 1173–1184, https://doi.org/10.2174/138920112800624445.

[173] S.C. Guo, S.C. Tao, W.J. Yin, X. Qi, T. Yuan, C.Q. Zhang, 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 (1) (2017) 81–96, 
https://doi.org/10.7150/thno.16803.

[174] P.M. Crapo, Y. Wang, Small intestinal submucosa gel as a potential scaffolding 
material for cardiac tissue engineering, Acta Biomater. 6 (6) (2010) 2091–2096, 
https://doi.org/10.1016/j.actbio.2009.10.048.

[175] W. Wang, X. Zhang, N.N. Chao, T.W. Qin, W. Ding, Y. Zhang, J.W. Sang, J.C. Luo, 
Preparation and characterization of pro-angiogenic gel derived from small 
intestinal submucosa, Acta Biomater. 29 (2016) 135–148, https://doi.org/ 
10.1016/j.actbio.2015.10.013.

[176] S.A. Castleberry, B.D. Almquist, W. Li, T. Reis, J. Chow, S. Mayner, P. 
T. Hammond, Self-assembled wound dressings silence MMP-9 and improve 
diabetic wound healing in vivo, Adv. Mater. 28 (9) (2016) 1809–1817, https:// 
doi.org/10.1002/adma.201503565.

[177] P.R. Cavanagh, B.A. Lipsky, A.W. Bradbury, G. Botek, Treatment for diabetic foot 
ulcers, Lancet 366 (9498) (2005) 1725–1735, https://doi.org/10.1016/s0140- 
6736(05)67699-4.

[178] S.L. Wong, M. Demers, K. Martinod, M. Gallant, Y. Wang, A.B. Goldfine, C. 
R. Kahn, D.D. Wagner, Diabetes primes neutrophils to undergo NETosis, which 
impairs wound healing, Nat. Med. 21 (7) (2015) 815–819, https://doi.org/ 
10.1038/nm.3887.

[179] J. Wang, X.Y. Chen, Y. Zhao, Y. Yang, W. Wang, C. Wu, B. Yang, Z. Zhang, 
L. Zhang, Y. Liu, X. Du, W. Li, L. Qiu, P. Jiang, X.Z. Mou, Y.Q. Li, pH-switchable 
antimicrobial nanofiber networks of hydrogel eradicate biofilm and rescue stalled 
healing in chronic wounds, ACS Nano 13 (10) (2019) 11686–11697, https://doi. 
org/10.1021/acsnano.9b05608.

[180] K. Zhang, Q. Feng, Z. Fang, L. Gu, L. Bian, Structurally dynamic hydrogels for 
biomedical applications: pursuing a fine balance between macroscopic stability 
and microscopic dynamics, Chem. Rev. 121 (18) (2021) 11149–11193, https:// 
doi.org/10.1021/acs.chemrev.1c00071.

[181] L. Zhou, Y. Xi, M. Chen, W. Niu, M. Wang, P.X. Ma, B. Lei, A highly antibacterial 
polymeric hybrid micelle with efficiently targeted anticancer siRNA delivery and 
anti-infection in vitro/in vivo, Nanoscale 10 (36) (2018) 17304–17317, https:// 
doi.org/10.1039/c8nr03001d.

[182] T. Yu, M. Gao, P. Yang, D. Liu, D. Wang, F. Song, X. Zhang, Y. Liu, Insulin 
promotes macrophage phenotype transition through PI3K/Akt and PPAR-γ 
signaling during diabetic wound healing, J. Cell. Physiol. 234 (4) (2019) 
4217–4231, https://doi.org/10.1002/jcp.27185.

[183] X. Li, S. Li, H. Qi, D. Han, N. Chen, Q. Zhan, Z. Li, J. Zhao, X. Hou, X. Yuan, 
X. Yang, Early healing of alveolar bone promoted by microRNA-21-loaded 
nanoparticles combined with Bio-Oss particles, Chem. Eng. J. 401 (2020), 
https://doi.org/10.1016/j.cej.2020.126026.

[184] C. Yan, J. Chen, C. Wang, M. Yuan, Y. Kang, Z. Wu, W. Li, G. Zhang, H. 
G. Machens, Y. Rinkevich, Z. Chen, X. Yang, X. Xu, Milk exosomes-mediated miR- 
31-5p delivery accelerates diabetic wound healing through promoting 
angiogenesis, Drug Deliv. 29 (1) (2022) 214–228, https://doi.org/10.1080/ 
10717544.2021.2023699.

[185] X. Li, H. Qi, W. Cui, Z. Wang, X. Fu, T. Li, H. Ma, Y. Yang, T. Yu, Recent advances 
in targeted delivery of non-coding RNA-based therapeutics for atherosclerosis, 
Mol. Ther. 30 (10) (2022) 3118–3132, https://doi.org/10.1016/j. 
ymthe.2022.07.018.

[186] X. Bao, Z. Qin, T. Zhou, J. Deng, In-situ generation of gold nanoparticles on MnO 
(2) nanosheets for the enhanced oxidative degradation of basic dye (Methylene 
Blue), J. Environ. Sci. (China) 65 (2018) 236–245, https://doi.org/10.1016/j. 
jes.2017.03.003.

[187] Y. He, B. Jiang, J. Chen, Y. Jiang, Y.X. Zhang, Synthesis of MnO(2) nanosheets on 
montmorillonite for oxidative degradation and adsorption of methylene blue, 
J. Colloid Interface Sci. 510 (2018) 207–220, https://doi.org/10.1016/j. 
jcis.2017.09.066.

[188] R.A. Carano, E.H. Filvaroff, Angiogenesis and bone repair, Drug Discov. Today 8 
(21) (2003) 980–989, https://doi.org/10.1016/s1359-6446(03)02866-6.

[189] R. Dimitriou, E. Jones, D. Mcgonagle, P.V. Giannoudis, Bone regeneration: 
current concepts and future directions, BMC Med. 9 (2011) 66, https://doi.org/ 
10.1186/1741-7015-9-66.

[190] F. Shang, Y. Yu, S. Liu, L. Ming, Y. Zhang, Z. Zhou, J. Zhao, Y. Jin, Advancing 
application of mesenchymal stem cell-based bone tissue regeneration, Bioact. 
Mater. 6 (3) (2021) 666–683, https://doi.org/10.1016/j.bioactmat.2020.08.014.

[191] M. Hinsenkamp, L. Muylle, T. Eastlund, D. Fehily, L. Noël, D.M. Strong, Adverse 
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