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A B S T R A C T

Extracellular vesicles (EVs) are a collective term for nanoscale or microscale vesicles secreted by cells that play
important biological roles. Mesenchymal stem cells are a class of cells with the potential for self-healing and
multidirectional differentiation. In recent years, numerous studies have shown that EVs, especially those secreted
by mesenchymal stem cells, can promote the repair and regeneration of various tissues and, thus, have significant
potential in regenerative medicine. However, due to the rapid clearance capacity of the circulatory system, EVs
are barely able to act persistently at specific sites for repair of target tissues. Hydrogels have good biocompatibility
and loose and porous structural properties that allow them to serve as EV carriers, thereby prolonging the
retention in certain specific areas and slowing the release of EVs. When EVs are needed to function at specific
sites, the EV-loaded hydrogels can stand as an excellent approach. In this review, we first introduce the sources,
roles, and extraction and characterization methods of EVs and describe their current application status. We then
review the different types of hydrogels and discuss factors influencing their abilities to carry and release EVs. We
summarize several strategies for loading EVs into hydrogels and characterizing EV-loaded hydrogels. Further-
more, we discuss application strategies for EV-loaded hydrogels and review their specific applications in tissue
regeneration and repair. This article concludes with a summary of the current state of research on EV-loaded
hydrogels and an outlook on future research directions, which we hope will provide promising ideas for
researchers.
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1. Introduction

Tissue repair and regeneration have long been challenging for re-
searchers to address, as the ability of human tissues to regenerate is often
quite limited. Even skin tissues, which have good regenerative capacity,
struggle to regenerate in pathological conditions; for example, severe
refractory diabetic ulcers can put patients at risk of amputation [1,2]. For
quite some time, researchers considered terminally differentiated so-
matic cells, such as cardiomyocytes and neuronal cells, nonrenewable
due to a dramatic decrease in their ability to proliferate and differentiate
in adults [3,4]. In the past, various types of tissue injuries or defects were
treated primarily by pharmacological or surgical means, often with
limited success. Certain tissue defects require surgical treatment and
autologous tissue transplantation may lead to secondary damage at the
donor site, while transplantation of prostheses or stents is associated with
complications such as immune rejection and aseptic inflammation to
varying degrees.

With the development of regenerative medicine, the emergence of
stem cell therapy has given new hope to the repair and regeneration of
tissues that were previously thought to lack these abilities [5,6].
Mesenchymal stem cells (MSCs) are pluripotent stem cells with
multi-directional differentiation potential and self-renewal ability and
have the potential to regenerate into various tissues, organs and cells [7].
MSC-related clinical research has been conducted extensively, and many
significant breakthroughs have been achieved [8,9]. In addition to being
used to restore hematopoietic function and treat autoimmune diseases,
MSCs are also widely used to repair various types of tissue damage, such
as in skin, bone and cartilage, heart and nerves [8,10–13]. However, as
stem cell research has intensified, researchers have discovered that stem
cell therapies are a double-edged sword: Although stem cells can promote
tissue repair, their indefinable, multidirectional differentiation potential
makes them potentially tumorigenic and poses a major ethical problem
[14,15].

Extracellular vesicles (EVs), which are nanoscale vesicles generated
by paracellular secretion, have been a hot research topic in the field of
regenerative medicine for several years. EVs have several advantages
over stem cells due to their low antigenicity and relative controllability as
cellular substructures [6]. Notably, MSC-derived EVs (MSC-EVs) are
believed to have similar biological functions as MSCs themselves [16].
MSC-EVs are considered to be the most promising cell-free therapeutic
strategy for tissue repair and regeneration [17–19]; however, they are
limited to some extent by the difficulties of achieving sustained slow
release of MSC-EVs at specific sites due to body fluid flow as well as
circulatory rapid clearance [5,18].

With the development of tissue engineering and biomaterials, re-
searchers have found that combining EVs with biomaterials can
compensate for the deficiencies of EVs in specific applications in tissue
repair. As a traditional and classical biomaterial, hydrogels have been
playing a prominent role in the field of tissue repair and reconstruction.
Although hydrogels themselves are relatively devoid of bioactivity, the
use of hydrogels loaded with EVs can enhance EVs stability and it helps to
deliver EVs to the defect site for sustained in situ release [20,21]. A large
number of studies have indicated that EV-loaded hydrogels have great
potential for applications in tissue repair and regeneration (Fig. 1) [19,
22–27]. It can be used in almost all types of tissue damage, including skin
[19], bone and cartilage [25,28], heart [27], central nervous system [26]
and reproductive organs [29]. In this paper, we introduce the sources,
roles, and extraction and characterization methods of EVs and summarize
their current application status. We then review the most common
polymers used in hydrogels and discuss factors that affect the loading and
release of EVs. We summarize several strategies for loading EVs into
hydrogels and describe methods for characterizing EV-loaded hydrogels.
Additionally, we discuss application strategies for EV-loaded hydrogels in
tissue regeneration and repair. Finally, we conclude with an overview of
the current state of research on EV-loaded hydrogels and an outlook on
future research directions to provide research ideas for scholars.
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2. Extracellular vesicles

2.1. Definition of EVs

EVs are secreted nanoscale vesicles widely found in extracellular
fluids, such as plasma, serum, urine, cerebrospinal fluid, and milk. In
recent years, EVs have even been extracted from plants and honey [5,31,
32]. As cellular substructures with low antigenicity, EVs include a large
number of proteins, nucleic acids, growth factors, and other contents
with a wide range of biological activities, and thus have important
research applications in tissue repair and regeneration [6,18]. In addi-
tion, due to their structural properties, EVs can be used as a system for
drug or nucleic acid delivery [33].

There are various subtypes of EVs such as endosome-origin “exo-
somes” and plasma membrane-derived “ectosomes” (microparticles/
microvesicles) or apoptotic bodies derived from the apoptotic process
[34]. Exosomes are considered to play a major function and have been
investigated in many studies [35,36]. However, according to expert
consensus from the International Society for Extracellular Vesicles (ISEV)
in 2018 (Minimal information for studies of extracellular vesicles 2018,
MISEV2018), it is not yet possible to extract purified exosomes with
current extraction and characterization techniques; therefore, it is more
appropriate to use EVs directly or use small EVs (sEVs) to mimic this
subtype [37,38]. Current studies have not been able to clarify the func-
tions possessed by each EV subtype. In other words, specific character-
ization of each subtype is not yet possible [34]. However, what is certain
is that EVs obtained from different cell sources or different cell pre-
treatment methods (such as hypoxia) have differences in biological ac-
tivity [39,40]. Pomatto et al. [40] specifically evaluated adipose
mesenchymal stem cell-EVs (ADSC-EVs) and bone marrow mesenchymal
stem cell-EVs (BMSC-EVs) and found differences in their contents. Be-
tween them, ADSC-EVs had more proangiogenic related substances.
Therefore, a full elaboration of various factors such as cell source,
advance processing method, size, and surface markers of EVs is necessary
for the scientific and reproducible nature of the study findings.

Currently, the process for isolating EVs is complex and achieves low
yield, limiting the development of EVs for clinical application. Scholars
have attempted to address this problem from three different perspectives.
The first method involves pretreating cells by physicochemical means or
creating engineered EVs to obtain more, or more biologically active, EVs
(Fig. 2A) [41]. For example, Han et al. [39] found that EVs from
hypoxia-treated ADSCs enhanced angiogenesis activity. The second
method involves loading EVs into biomaterials to prolong the retention
rate of EVs at target sites and improve their therapeutic efficacy (Fig. 2B)
[42]. EVs combined with scaffolds are considered to be important players
in the field of bone regeneration [43]. The third method involves the use
of extracellular vesicles mimetics (EVMs). Unlike true EVs, which are
secreted by cells, EVMs are obtained by physically or chemically splitting
cells into small nano-vesicles (Fig. 2C). EVM preparation methods (See
REVIEW [44] for details) can achieve yields hundreds of times higher
than those of EVs while retaining similar bioactive functions [44]. EVM
can be broadly classified into three different principles, which can be
chosen according to different needs: direct cell preparation, preparation
after removal of cytoplasm and nucleus, or fusion with cell-secreted EVs
using liposomes [44]. Different preparation methods affect the surface
markers and cargoes of EVM, depending on which of its properties the
investigators want to exploit, bioactivity or drug-carrying capacity [44].

2.2. Mesenchymal stem cell-derived EVs

MSCs are currently a major focus of regenerative medicine research
and paracrine signaling is considered a key aspect of their function. MSC-
EVs are involved in promoting tissue repair and regeneration [18]. The
proteins, mRNAs, microRNAs, long non-coding RNAs, and lipid compo-
nents encapsulated in MSC-EVs activate relevant signaling pathways by
acting directly or indirectly on target cells, which in turn exert reparative



Fig. 1. Schematic illustrations of Extracellular vesicles loaded hydrogels for tissue repair and regeneration. (A) Created with BioRender.com. (Agreement
number: WX24RSIUWC).(B) The origin, contents and biological functions of extracellular vesicles. Adapted reprinted with permission from Ref. [30] (reference
number: 221,031–022,389).

Y. Ju et al. Materials Today Bio 18 (2023) 100522
and regenerative effects [45,46]. Most biomaterial-loaded EVs are
MSC-EVs, with ADSC-EVs, BMSC-EVs, and umbilical cord mesenchymal
stem cells-EVs (UMSC-EVs) being the most common types. It has been
well documented that MSC-EVs can promote epithelial cell proliferation
and differentiation, induce angiogenesis, and promote nerve, bone,
cartilage, and cardiac repair, among other functions [17,18,47–50]. In
addition, MSC-EVs can suppress inflammation and attenuate apoptosis
[30]. Most notably, MSC-EVs loaded into hydrogels exhibit enhanced
repair capacity and pro-regenerative effects when used for tissue repair
and regeneration [42,48].
2.3. Separation of EVs

According to a survey conducted by ISEV at the end of 2015, ultra-
centrifugation is still the most common way to extract EVs [51]. This
method obtains the required components mainly based on the difference
in size and density of the components in the original solution [35,52].
However, it should be noted that the presence of fetal bovine serum in the
cell culture supernatant may lead to contamination of EVs and affect their
purity when ultracentrifugation is used [53]. The use of serum-free me-
diums may lead to changes in cell status, which in turn may affect the
quality of secreted EVs, making it necessary to select a special serum
(such as EVs/exosome-depleted fetal bovine serum) for EV isolation [53].
3

This technology is also time consuming and carries high costs. Currently,
several other methods are being used to isolate and purify EVs, such as
immunoaffinity enrichment, ultrafiltration, and size exclusion chroma-
tography [51,54]. Although many new extraction techniques have been
developed in recent years, their use has been limited by several disad-
vantages, such as low efficiency, high cost, and poor specificity [51,54].
Nonetheless, the combination of multiple extraction methods facilitates
the isolation of good quality EVs. In addition, for different sample types,
especially complex samples, a combination of density gradient centrifu-
gation, filtration, and size-exclusion chromatography is often required
[51]. Separation and purification techniques for EVs include a number of
modern techniques, as detailed in REVIEW [35] and REVIEW [54].
2.4. Enhancement of EV production

The difficulty in achieving mass production is the most important
factor limiting the development of EVs. Taking cell culture supernatant as
an example, only 1 μg of EVs (quantified as protein) may be harvested
from 1 ml of culture supernatant [55]. Tens to hundreds of milligrams of
EVs (quantified as protein) may be needed to conduct a series of animal
experiments [55]. In addition to optimizing purification methods or
developing related technologies, the simplest and most straightforward
path is to increase the cell culture area. For example, HYPERflasks or

http://BioRender.com


Fig. 2. Breakthrough points in the application of extracellular vesicle research
(A) Strategies to enhance the bioactivity of EVs and construct engineered EVs. Adapted reprinted with permission from Ref. [30] (Reference number: 221,031–022,
389). (B) EVs loaded with biomaterials. Adapted reprinted with permission from Ref. [22], Copyright © 2022, John Wiley and Sons GmbH (License number:5,440,800,
437,958). (C) Preparation strategies for EVMs. Adapted reprinted with permission from Ref. [44], Copyright © 2022 Wiley-VCH GmbH (License number:5,440,800,
929,863).

Y. Ju et al. Materials Today Bio 18 (2023) 100522
roller bottles can enhance the cell culture area and have been used to
produce monoclonal antibodies and vaccines on a large scale [56,57]. In
recent years, 3D cell culture methods have been a topic of interest for
researchers [56]. Unlike traditional 2D culture, 3D cell culture is
considered to be more compatible with the microenvironment of cell
growth in the human body. In addition to the possibility of improving the
acquisition of EVs with 3D culture, it has been shown that EVs in 3D
culture have higher activity [58]. Yan et al. [58] showed that EVs from
UMSC-based 3D cell culture have a higher osteochondral regeneration
activity than those of 2D cell culture. Not only can 3D culture of cells be
realized; bioreactors have the potential to simulate more realistic cell
growth environments by employing a certain magnetic or force field,
which in turn have greater potential [56]. De Almeida Fuzeta et al. [59]
used a microcarrier-based bioreactor to increase the yield of EVs from
three MSCs (BMSC, ADSC, UMSC) 3 to 6 times. Certain cell stimulation
modalities (e.g., physically triggered [60], hypoxic [61] etc.) have also
been shown to stimulate cells to release more EVs in the same cell culture
area. Achieving large scale production of EVs is a difficult barrier to
overcome in the EVs field (See REVIEW [56] for details on the large-scale
production of EVs).
4

2.5. Characterization of EVs

In 2018, in response to the problem of irregularities in EVs research,
the many experts in the ISEV joined together to develop MISEV2018 (an
update from the MISEV2014). In order to make EV research scientifically
rigorous and enhance the reproducibility of results, the consensus pro-
posed a minimum amount of information that needed to be disclosed for
EV research reporting and conducted a review of the current status of the
field [37]. The consensus points out that EV studies needed to disclose,
among others, the species, cell types, sample types, and experimental
conditions used in the study. With regards to EV characterization, posi-
tive and negative markers, electron micrographs, and particle size anal-
ysis needed to be included. Also, studies involving EVs from MSCs
required identification of the MSCs used as well as tri-lineage induced
differentiation.

The three most widely used methods in the characterization of EVs
are western blotting (WB), single-particle tracking (SPT), and electron
microscopy. Among the SPT techniques, nanoparticle tracking analysis
(NTA) is the most widely used approach [51]. In MISEV2018, it is noted
that there are three classes of EV markers that can be characterized using
WB or flow cytometry: transmembrane or GPI-anchored extracellular
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proteins associated with the plasma membrane and/or endosomes (e.g.,
CD63, CD81, CD82, CD47, etc.), cytosolic proteins recovered from EVs
(e.g., TSG101, HSPA8, HSPA1A, etc.), and isolated major non-EVs frac-
tions (e.g., lipoproteins, ApoA1/2, ApoB, albumin, etc.) [37]. Scanning
electron microscopy (SEM) or transmission electron microscopy (TEM)
images allow visualization of the size and bilayer lipid structure of in-
dividual EVs. In contrast, NTA can be used to quantify a large number of
EVs and analyze the particle size distribution of the extracted samples,
which are essential for characterizing EVs.

2.6. Enhancement of EV activity

As EVs are often difficult to obtain in large quantities due to limita-
tions in extraction protocols, enhancing the activity of EVs through
pretreatment methods can make up for low yields. It has been well
established that EVs obtained by pretreating cells with physicochemical
factors (e.g., hypoxia, iron nanoparticles, etc.) have stronger biological
activity [39,62]. Hypoxia-treated ADSC-EVs were found to have higher
pro-angiogenic activity due to an increase in the expression of vascular
endothelial growth factor (VEGF), vascular endothelial growth factor
receptor (VEGF-R), epidermal growth factor (EGF) and fibroblast growth
factor (FGF). Additionally, increased miR-31 and let-7 expression in
hypoxia-treated ADSC-EVs resulted in the activation of the protein kinase
A system (PKA) signaling pathway in endothelial cells, thus inducing the
expression of endogenous VEGF and VEGF-R and leading to enhanced
angiogenesis [39,63,64]. The role of hypoxic ADSC-EVs in cartilage
regeneration has also been evaluated; upregulation of
chondrocyte-related gene expression in hypoxic ADSC-EVs was found to
induce more cartilage matrix and proteoglycan production, and this
study is expected to play an important role in cartilage tissue engineering
[65]. Hypoxia is only one of the more classic pretreatment strategies, but
there are many others, such as the addition of lipopolysaccharides [66],
hydrogen peroxide [66], hydrogen peroxide [67], atorvastatin [68], and
pioglitazone [69]. EV activity can also be enhanced by engineering or
genetic strategies, including surface modifications, genetic modification,
and epigenetic reprogramming [41,70,71]. In addition, as excellent
natural carriers, EVs have been loaded with nucleic acids, growth factors,
natural drugs, and other molecules to enhance their biological activity
[72].

2.7. Administration of EVs

Currently, there are two methods of EV administration: systemic
administration and topical application. Systemic administration is often
achieved by intravenous or intraperitoneal injection. It has been shown
that EVs administered systemically are rapidly cleared in the blood cir-
culation and captured by macrophages in the reticuloendothelial system,
eventually accumulating in the liver, spleen, lungs, and gastrointestinal
organs [73]. In particular, Wiklander et al. [74] evaluated the effect of
different administration modes on the biodistribution of EVs and found
that subcutaneously administered EVs were less enriched in the liver and
spleen compared to those administered by intravenous and intraperito-
neal injections (Fig. 3A). The administration mode of EVs depends
greatly on the clinical problem to be solved. Some relatively novel
administration modalities have been proposed in recent years and are
expected to play an important role in related disease areas. Betzer et al.
[75] found that transnasal administration resulted in a large degree of
enrichment of EVs in the brain. Han et al. [76] innovated the nebulized
inhalation of EVs and found that they are almost exclusively enriched in
the lungs and not in other non-target organs, within 7 days (Fig. 3B).

In comparison with systemic administration, local application of EVs
reduces their removal by the circulatory system to some extent and also
reduces the enrichment of EVs in non-target organs. Topical application
can be achieved by local injection or direct coverage of the trauma site;
however, due to the complexity of the trauma environment, EVs are often
5

easily degraded and rendered inactive [49]. Biodegradable, sparse, and
porous hydrogels can be used to carry EVs and prevent premature
clearance. Even when only a relatively small amount of EVs is loaded,
hydrogel carriers can facilitate the production and maintenance of the
desired therapeutic effect over time [42,78]. Wang et al. [72] compared
the bioremoval rates of EVs applied directly to local wounds against those
loaded with hydrogel. The results showed that, with the same dose, the
directly applied EVs were almost completely removed within four days,
while the hydrogel-loaded EVs were still uniformly retained on day four.
Kwak et al. [77] used PEG-based hydrogels loaded with EVs for wound
and found that EVs in the hydrogel group were barely enriched to the
liver and kidneys and acted mainly on the skin compared to direct
application of EVs (Fig. 3C). Also, hydrogels can be injected locally into
the target organ or prepared as microneedle patches for topical appli-
cation to achieve a more localized and targeted delivery of EVs [79].

3. Hydrogels

3.1. Definition of hydrogels

Hydrogels are extremely hydrophilic three-dimensional network gels
formed by the physical or chemical crosslinking of hydrophilic polymers
and have been studied for more than 100 years [80]. Hydrogels can be
divided into two main categories: natural and synthetic.
Single-component hydrogels generally have their corresponding draw-
backs, and stronger physical or chemical properties can be obtained by
combining different raw materials. In addition, hydrogels can be pro-
duced in different sizes (microgels, nanogels, etc.). With advancements in
technology, stimulus-responsive hydrogels, self-healing injectable
hydrogels, strongly adhesive hydrogels, and even conductive hydrogels
for nerve injury repair have entered the crosshairs of researchers. How-
ever, the lack of biological activity has been a drawback of hydrogels as
biomaterials. Researchers have tried to enhance the function of hydrogels
loading them with various drugs and bioactive factors. For example,
Ahmadi et al. [81] showed that chitosan hydrogels alone do not have
pro-angiogenic activity but can facilitate pro-angiogenic effects when
loaded with MSCs. The development of hydrogels with higher bioactivity
and functionality is of great importance and is expected to bring new
breakthroughs in the field of tissue repair and regeneration.

3.2. Hydrogel materials

3.2.1. Natural polymers
Natural hydrogels are the earliest type of hydrogel to study because

the raw materials are natural polymer substances from living organisms,
such as polysaccharides (e.g., hyaluronic acid, sodium alginate, chitosan,
agarose) and proteins (e.g., collagen, tropocollagen, gelatin, silk fibroin).
Natural hydrogels have good biocompatibility and are considered to have
extracellular matrix (ECM)-like functions that facilitate cell growth and
differentiation. Natural polymer hydrogels are typically the types of
hydrogels widely used for EV delivery; however, due to their poor sta-
bility, mechanical properties, and tissue adhesion properties, natural
hydrogels often need to be crosslinked with other polymers.

3.2.1.1. Polysaccharides. Hyaluronic acid (HA) is a linear nonsulfated
glycosaminoglycan. It is a major component of the ECM and is found in
almost all body tissues and fluids [82]. As a major component of cartilage
tissue, HA exhibits high biocompatibility in this context, and thus, HA
hydrogels play an important role in cartilage tissue engineering [83].
During cartilage formation, HA induces the differentiation of MSCs into
chondrocytes to maintain the chondrocyte phenotype and increase the
deposition of ECM in cartilage. In addition, HA is widely present in
connective tissues, and studies have indicated that HA hydrogels can
provide sites for cell proliferation and differentiation; therefore, HA is
widely used in tissue repair and reconstruction applications [84,85].



Fig. 3. Effect of different drug delivery strategies on the biodistribution of EVs
(A)Biodistribution of EVs by different injection methods. i. v.: Intravenous injection; i. p.: Intraperitoneal Injections; s. c.: Subcutaneous Injections. Adapted reprinted
with permission from Ref. [74], based on Creative Commons Attribution-NonCommercial 4.0 International Public License (CC BY-NC 4.0) © 2015 Oscar P. B. Wiklander
et al. (B) Biodistribution of EVs for inhalation drug delivery, EVs were observed in the lungs only during a period of up to seven days. Adapted reprinted with
permission from Ref. [76], Copyright @ 2022 Elsevier B.V. All rights reserved. (License number: 5,440,810,081,513). (C) Biodistribution of topically administered EVs.
Adapted reprinted from with permission [77], Copyright @ 2022 The Authors, Small published by Wiley-VCH GmbH (License number:5,440,810,773,416).

Y. Ju et al. Materials Today Bio 18 (2023) 100522
Burak Derkus [86] used HA hydrogels loaded with human
cardiomyocyte-derived EVs and finds that they can induce the expression
of heart-related genes in MSC.

Chitosan is a common ingredient used in the preparation of natural
hydrogels [87]. Chitosan is hydrophilic, biocompatible, and biodegrad-
able by lysozyme, acid, and colonic bacteria in the human body [87].
Chitosan can be distinguished from other polysaccharides because it has
its own positively charged amine group [88]. This enables it to be used as
6

a good drug delivery system because the surface charge allows it to in-
fluence the loading and release of certain drugs. The negatively charged
phospholipid membrane of EVs can react with the positive charge on
chitosan; therefore, chitosan has considerable potential for use in the
delivery of EVs [19]. In addition, as it has its own amine group, chitosan
can react with other polysaccharides with aldehyde groups via Schiff
base reaction and is a good material for the preparation of self-healing
hydrogels [89]. However, because chitosan is soluble in acidic
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solutions, it must be modified to improve its water solubility at physio-
logical pH.

Alginate is a natural marine polysaccharide, of which the most
common extract obtained from seaweed is sodium alginate [90]. Alginate
is an abundant and readily available biopolymer with remarkable
biocompatibility, good porosity, strong water retention capacity, and
adjustable viscosity, making it a particularly suitable material for
biomedical applications [91,92]. Sodium alginate has significant pH
sensitivity and can rapidly form gels under extremely mild conditions
through ion exchange reactions with cations [92]. It is expected to be
used as a PH-responsive hydrogel for intelligent drug release in some
specific contexts [92]. However, ion exchange processes, or ion loss, may
lead to uncontrolled dissolution of the alginate polymer network, a
drawback that somewhat limits its application [93].

3.2.1.2. Proteins. Collagen, the most abundant protein in the ECM, has a
triple helix structure that provides great tensile strength. Due to the
abundance of collagen in the natural ECM, collagen-based hydrogels are
becoming increasingly popular as tissue engineering scaffolds. Among
the different collagens, type I collagen is by far the most prevalent form
and is popular in tissue engineering due to its ease of extraction and
suitability for a variety of applications [94]. In addition, the structure of
collagen allows crosslinking to form a 3D porous, fibrous mesh structure,
which facilitates the loading of EVs. One study used collagen hydrogel as
a carrier for Apis mellifera royal jelly EVs and found that it effectively
released them continuously over a period of 7 days [31], supporting the
use of collagen hydrogels for slow-release drug delivery. The authors also
found that the concentration of collagen determined the release patterns
of EVs. The concentration of 2 mg/ml is more favorable for the release of
EVs compared to 3 mg/ml of collagen.

Gelatin is a partially hydrolyzed derivative of collagen, and its
properties are highly dependent on the processing, molecular weight,
and isoelectric point of collagen [95]. In contrast, gelatin is more
biocompatible and has better thermal stability than collagen. In addition,
several methods to enhance properties of gelatin, such as hybridization
with other polymers, crosslinking strategies, and chemical modifications,
are currently being assessed [96–98]; these are likely to broaden the
scope of gelatin hydrogel applications. In 2000, Bulcke et al. synthesized
a representative hydrogel formulation, commonly known as gelatin
methacryloyl (GelMA), which is a composite enhanced version of gelatin
hydrogel [98]. GelMA, obtained by combining methacrylic anhydride
with gelatin, is a photosensitive biohydrogel material that has excellent
biocompatibility and can be cured by ultraviolet (UV) or visible light to
form a three-dimensional structure with strength suitable for supporting
cell growth and differentiation [99]. In particular, Born et al. [97]
evaluated the feasibility of GelMA hydrogels loaded withMSC-EVs for 3D
bioprinting. The results showed that experiencing 3D bioprinting and
light curing did not affect the activity of EVs, and indicated that 7%
GelMA may be a more appropriate bioink concentration.

Silk fibroin (SF), derived from natural silk, is a natural polymeric
protein polymer that is widely used in biomanufacturing. SF has high
tensile biomechanical strength and is highly biocompatible and biode-
gradable [100]. Because of its intrinsic tendency to form regular β-sheet
stacks, SF biopolymers can be processed into purely physically cross-
linked hydrogels without chemical crosslinking agents.
Cryo-self-assembled SF sponges have been developed as biodegradable
platforms for the enzyme-responsive delivery of EVs [101]. Fibroin
chains can self-assemble into silk I structures in ice-cold temperatures
conditions when annealed above the glass transition temperature; in this
context, EV release is enzyme-responsive, with rates primarily deter-
mined by the rate of enzymatic degradation of the scaffolds. During
phase separation, the EVs gradually become tightly wrapped by the
filamentous chains, making the release of EVs completely dependent on
enzymatic scaffold degradation. During this process, the sustained
release of EVs promotes cell migration and inward growth of
7

myofibroblasts. In this way, the degradation-driven sustained release of
EVs from SF sponges can be used for long-term tissue repair and regen-
eration, providing a new direction for EV-loaded hydrogel research
[101].

Polydopamine (PDA) is a biopolymer produced by the oxidative
polymerization of dopamine [102]. PDA can be produced simply and
inexpensively without toxic solvents and, therefore, has low cytotoxicity
and good biocompatibility (>80%). Furthermore, PDA has been shown
to enhance cell adhesion and proliferation [102]. In addition, PDA is
uniquely suited to biomedical applications by virtue of its hydrophilicity
and its ability to functionalize different substrates [102]. A PDA-based
mussel-like highly adhesive EV-loaded hydrogel has been shown to be
important in the repair of cartilage [103]. Because the general hydrogel
has poor adhesion on moist cartilage tissue.

3.2.2. Synthetic polymers
Synthetic hydrogels are made by crosslinking synthetic hydrophilic

polymers, commonly polyethylene glycol (PEG), polyacrylic acid and its
derivatives, polylactic acid-hydroxy acetic acid copolymer (PLGA),
polyvinyl alcohol (PVA), and phenoxyethyl methacrylate (PHEMA).
Compared with natural polymers, synthetic polymers have specific mo-
lecular weights, basic structural units, and can be pre-designed to obtain
desired properties, including specific porosity, degradation times, as well
as mechanical properties [104].

PEG, an adduct of polyethylene oxide and water, is a widely used
artificial polymer with good biocompatibility [105,106]. Chemically
crosslinked PEG hydrogels can be formed via light/UV-induced or
radiation-induced radical polymerization, and end chains can be modi-
fied with different chemical groups [105]. PEG can also be used to
generate physical crosslinked networks from various motifs, thus making
the hydrogel reversible and responsive to stimulation [107]. Moreover,
studies have confirmed that the mechanical properties and chemical
composition of PEG can be fine-tuned, allowing easy control of the
scaffold structure, making PEG an adaptable material for biomedical
applications [106]. However, PEG hydrogels are biologically inert, have
low antimicrobial properties, and exhibit more severe swelling charac-
teristics, and thus requiring the addition of other polymers to overcome
these disadvantages [108]. Kwak et al. [77] used degradable PEG
hydrogels to encapsulate EVs, the release time of EVs could be adjusted to
5–26 days by adjusting the cross-link density and sealing properties. Mol
et al. [109] constructed a supramolecular hydrogel by linking two
ureido-pyrimi-dinone (UPy) units to the main chain of PEG. The results
show that EVs can be released over a period of up to 2.5 weeks, and the
authors also demonstrate that the released EVs remain cellularly active.
The molecular weight of the PEG block within it may result in different
kinetics of release. With a PEG block of 10 kg mol�1 (UPy10 k) showed a
steadier release than UPy20 k.

3.2.3. Other polymers
Poly lactic acid (PLA) is obtained via the ring-opening polymerization

of propyl cross-ester. PLA is characterized by high thermal stability, good
cytocompatibility, and non-toxic degradation products. PLA exists in
different forms, including poly (L-lactic acid) (PLLA) and poly (D, L-lactic
acid) (PDLLA), and its degradation rate can be optimized by adjusting the
L/D ratio [110]. PLGA, which is produced via the combination of poly-
glycolic acid and PLA, is an FDA approved polymer with good biocom-
patibility and biodegradability and tunable mechanical properties. In
addition, depending on the choice of propylene cross ester monomer,
PLLA and PDLLA can generate stereoisomers that alter the hardness of
the hydrogels encapsulating MSCs [111]. These polymers are hydro-
phobic and do not have functional side groups for chemical crosslinking;
when copolymerized with hydrophilic polymers, such as PEG, their
physical properties are altered. The biphasic copolymers form micelles,
which can be adjusted by changing the molecular weight of PLA and PEG
[112,113]. The synthesis of PEG and PLA triblock copolymers (PEG--
PLA-PEG or PLA-PEG-PLA) opened the door for PLA as a material for
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hydrogel synthesis [114]. One limitation of PLA-based hydrogels is that
they are crosslinked primarily through physical interactions, which
renders them less stable for use as an implant or scaffold. Future research
on PLA-based hydrogel systems should include the development of
injectable implants that can stay in the body for at least 1 year to increase
their utility in the clinic [114]. Swanson et al. designed PLGA-PEG-PLGA
terpolymer microspheres for encapsulating MSC-EVs and combined them
with PLLA scaffolds, which can provide a good biomechanical structure
and show great value in bone injury repair [115].

Self-assembling peptides (SAPs) is a nano-biomaterial composed of
natural amino acids that can spontaneously form hydrogels in aqueous
solutions under physiological conditions [116]. Because of its nano-
material properties, it has been widely used for tissue engineering as well
as drug delivery [116,117]. The amino acid groups on the SAPs can be
functionally modified, which in turn can adjust the release rate of the
loaded drug in the SAPs [117]. Zhou et al. [23] designed a Matrix
metalloproteinases-2 (MMP2)-sensitive SAP hydrogel for the repair of
renal injury by loading BMSC-EVs. EVs were rapidly cleared within 24 h
when applied directly to the body, while EVs were still observed at 72 h
by SAP hydrogel loading.

DNA molecules have specific recognition, self-assembly, and
sequence programming abilities, and have become an excellent material
for the construction of micro- and nanostructures. Back in 2006, Soong
Ho Um et al. prepared pure DNA hydrogels under physiological condi-
tions using ligases on branching DNA, opening the door to DNA hydrogel
research [118]. There is no doubt that the introduction of DNA into
hydrogels contributes to the programmability of the material. DNA
hydrogels have received much attention because of their good biocom-
patibility and biodegradability, and the presence of designable stimulus
response units has led to their wide use in the field of tissue engineering
and regenerative medicine [119,120]. Reversible deactivation radical
polymerization (RDRP) can achieve polymerization in a physiological
environment, generating good porosity for controlled drug loading and
release [121,122]. Atom transfer radical polymerization (ATRP) is a
powerful and versatile RDRP process, which can even be used for nucleic
acid molecules such as DNA, RNA, sugars or proteins [121–123]. Yerneni
et al. [124] designed an ATRP-based hydrogel (using
cholesterol-modified DNA tethers, the lipid membrane of exosomes was
functionalized with initiators to graft polymers in the presence of addi-
tional initiators and crosslinker using photoinduced ATRP) for the
controlled release of EVs and found that the release time of EVs was
significantly prolonged up to one month. This hydrogel delivery system
showed great potential.

The ECM is the most important component of the tissue microenvi-
ronment as it is rich in a variety of biomolecules and provides the most
basic platform for cell growth and information exchange [125]. Decel-
lularized ECM (dECM) is thought to preserve bioactive components while
possessing excellent biocompatibility, making it an ideal material for the
preparation of hydrogels. As a tissue-derived material, dECM hydrogels
maintain the original microenvironment of tissues, have strong
biocompatibility, and can induce the migratory differentiation of cells;
thus, dECM hydrogels are expected to play an important role in the future
of tissue repair and regeneration therapies [126]. In addition, as a
complex mixture of proteins, ECM hydrogels contain sufficient binding
sites to facilitate binding to EVs, leading to the exertion of stronger
synergistic effects. Faust et al. [127] found that bladder ECM hydrogels
increased the survival of primary hippocampal neurons and promoted
neuronal synapse growth, with thematrix-bound vesicles in them playing
an important role. In particular, Hernandez et al. [126] evaluated the
effect of ECM hydrogels of different tissue sources on the encapsulation
and release of EVs. Interestingly, the encapsulation efficiency and release
time of EVs from ECM of different tissue sources differed, with lung ECM
having a longer encapsulation time of EVs compared to muscle and heart.
Tissue specificity affects the pore size, biomechanics and non-covalent
interactions of ECM hydrogels. In the future, EV-loaded ECM hydrogels
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may become a hot topic for research on tissue repair and regeneration.
In general, natural polymers have good biocompatibility and promote

cell adhesion and proliferation; however, they tend to be limited by low
mechanical strength, shrinkage, handling difficulties, and, in some cases,
high preparation costs [85,91,128]. While synthetic polymers have good
mechanical properties, they lack the biosignature present in natural
polymers [112]. Therefore, in order to obtain better mechanical strength
and maintain good biocompatibility, hybrid hydrogels composed of
natural and synthetic materials are attracting increasing interest [22,
129]. With their structural similarity to natural ECM, adjustable visco-
elastic and mechanical properties, high hydrogel content, and oxygen
and essential nutrient permeability, hybrid hydrogels have emerged as
promising candidates for use as tissue engineering scaffolds [111].
3.3. Types of hydrogels

3.3.1. Microgels and nanogels
Microgels (Hydrogel microspheres) and nanogels are particulate

hydrogels with sizes in the micrometer and nanometer ranges, respec-
tively [130]. Unlike macroscopic hydrogels, microgels and nanogels are
much smaller than the inner diameter of a syringe needle and can be
directly injected. In addition, their relative surface area is larger, allow-
ing for easy natural clearance and an enhanced ability to penetrate tissue
barriers. Different sizes of hydrogels are suitable for different routes of
administration [131]. For example, microgels smaller than 5 μm in
diameter are used for oral or pulmonary administration but are generally
considered unsuitable for intravascular injection due to their faster
circulating clearance rate. Nanogels 10–100 nm in size are suitable for
systemic administration because they can leave small blood vessels
through open windows in the endothelial lining, allowing extravasation
into the tissue (See REVIEW [131] for details).

Microgels (Hydrogel microspheres) can be used to load cells, drugs,
EVs, etc., and have been widely used in biomedical fields [132–137]. Gan
et al. [138] first encapsulated MSC-EVs in alginate hydrogel micro-
spheres, and the hydrogel microspheres provided a good protective
barrier to maintain the activity of MSC-EVs. To avoid damage to the
MSC-EVs microspheres from the acidic environment of the stomach, the
authors' team also wrapped gelatin around the outside of the micro-
spheres. The composite MSC-EVs microsphere structure was used in a
mouse model of inflammatory bowel disease and showed better thera-
peutic effects. Hydrogel microspheres loaded with EVs have also been
used in hair regeneration [139] and in the repair of post-infarct heart
tissue [140]. Microgels are advantageous as carriers for EVs delivery, but
there are fewer studies in this area. Oral EV-loaded microgel are expected
to be used for the repair of gastrointestinal tissues; intrapulmonary de-
livery is expected to apply EV-loaded microgel to the repair of lung tis-
sues. It should be particularly emphasized that the nanogels are similar in
size to EVs and whether they can be applied for loading of EVs or as its
delivery system has not been reported.

3.3.2. Self-healing hydrogels
Self-healing hydrogels show great potential in 3D printing and drug

delivery [141,142]. In recent years, they have also been widely used in
the field of tissue regeneration [141]. Self-repairing hydrogels are usually
prepared based on the principle of non-covalent interactions or dynamic
covalent bonding. Their self-healing ability allows these hydrogels to
adapt to defective tissues and organs, thus enabling their protection
[141]. In addition, the self-healing hydrogel has injectable properties; it
temporarily becomes fluid under high shear conditions and returns to gel
form after the stress disappears [142,143]. Importantly, the self-healing
hydrogel is physically stable in situ, which allows for a more durable
protection of the encapsulated drug and, thus, enables their slow release
[142]. The shear-thinning behavior is the result of physical crosslinking.
In contrast to covalent bonding, physical crosslinking results from dy-
namic competition between pro-assembly forces (e.g., hydrophobic
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interactions, electrostatic interactions, and hydrogen bonding) and
anti-assembly forces (e.g., solventization and electrostatic repulsion) and
is reversible [143]. Dynamic covalent bonding, on the other hand, relies
on the Diels-Alder reaction, Schiff base reaction, and thiol disulfide ex-
change reaction, among others [89,141]. The design of self-healing
hydrogels can also be based on a combination of different interactions,
such as cross-linking individual networks based on different types of
interactions to prepare double-cross-linked hydrogels or combining two
separate cross-linked networks to prepare double-networked hydrogels
[142].

3.3.3. Stimulus-responsive hydrogels
Complex tissue-specific physiology from the nano-to macro-scale,

combined with dynamic biophysical and biochemical stimuli, has
inspired research scholars to explore the design of complex hydrogel and
nanoparticle systems with stimulus-responsive properties. The combi-
nation of hydrogels and nanoparticles expands the scope of their
respective applications in the biomedical field. Moreover, by simply and
flexibly selecting different classes of nanomaterials and hydrogels or
modulating nanoparticle-hydrogel physicochemical interactions, it is
possible to obtain properties that greatly exceed those of conventional
hydrogels. We can classify stimulus-responsive hydrogels according to
the type of stimulus, which may be internal (i.e., features of normal or
diseased/injured tissues) or external (i.e., heat, light, mechanical force,
magnetic fields, or ultrasound) (see REVIEW [144] for details).

By responding to internal stimuli from the body, hydrogels can be
designed as an intelligent delivery device that can release loads of
bioactive material at specific sites. For example, HA-based hydrogel
platforms containing self-assembled nanovesicles loaded with human
recombinant insulin and glucose oxidase have been produced [145].
Specifically, in the hyperglycemic state, the local hypoxic microenvi-
ronment caused by the enzymatic oxidation of glucose promotes the
reduction of hypoxia-sensitive hyaluronic acid (HS-HA), which rapidly
triggers the dissociation of the vesicles and the release of the insulin
therein. This layered design responds effectively to the hyperglycemic
state by increasing insulin release, and insulin release decreases
dynamically as basal glucose levels are restored. Owing to this
self-regulatory feedback mechanism, the hybrid platform has exhibited
superior therapeutic performance in a mouse model of type I diabetes
compared to free insulin administration.

3.3.4. Conductive hydrogels
Bioelectrical signals are vital in regulating cellular behaviors that can

promote cytokine secretion and improve the microenvironment of
damaged tissue. Therefore, in regenerative medicine research, conduc-
tive nanomaterials (e.g., graphene, carbon nanotubes) and conductive
polymers (e.g., polyaniline, polypyrrole) are often incorporated into
hydrogel networks to construct composite conductive hydrogels [146].
Conductive hydrogels can be well adapted to the electrophysiological
properties of nerve and heart tissues and can enhance intercellular in-
formation exchange, thereby contributing to nerve injury repair and
myocardial repair after cardiac infarction [26,147]. Fan et al. [26]
designed a conductive hydrogel loaded with BMSC-EVs for spinal cord
injury (SCI) repair, which inhibited inflammation and promoted the
regeneration of neurons and myelin-associated axons, highlighting the
therapeutic potential of conductive hydrogels.

4. Underlying mechanisms affecting the loading and release of
EVs

Hydrogels are three-dimensional, polymeric, hydrophilic reticulation
structures with high water absorption capacity, and their physicochem-
ical properties can be adjusted by changing their constituent compo-
nents. Thus, we can customize hydrogels to achieve the desired load of
EVs. The influence of hydrogel physicochemical properties on the
loading and release of EVs has been extensively investigated in the
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literature [131,148–151]. Modulating the porosity, swelling rate, surface
charge, and degradation rate of hydrogels are all methods for adjusting
the loading and release of EVs.

The loose and porous three-dimensional mesh structure of hydrogels
is the structural basis for EVs loading. Mesh size depends on the polymer
and crosslinker concentrations, as well as external stimuli, such as tem-
perature and pH [131]. Large pores allow EVs to be loaded into hydrogels
easily but will cause EVs to be released in a cascading manner, which
often does not effectively prolong the retention time of EVs. Very small
pores in the mesh make EV release dependent upon the swelling of the
hydrogel that occurs during degradation [148]. Similar, certain
stimulus-responsive hydrogels also use swelling to achieve drug release
by exploiting the swelling reaction of hydrogels at different pH, tem-
peratures, and glucose concentrations as a way to achieve drug release in
specific situations [149–151].

Suitable porosity is the key for achieving effective loading and slow
release of EVs. When the mesh size is close to the drug size (rmesh/rdrug
� 1), the effect of spatial site resistance on drug diffusion gradually in-
creases and polymer chains exert significant frictional resistance to the
diffusing drug, resulting in slow or delayed drug release [152,153].
Interestingly, different hydrogel particle shapes also affect the loading
and release of EVs. Nikravesh et al. [154] compared anisotropic sheet
particles formed using the shear technique to spherical particles fabri-
cated using the vibration technique. In the study, EVs were loaded onto
two separate alginate microgel systems, and the authors observed a sig-
nificant increase in the amount of EVs released from the shear-formed
microgel suspensions compared to the spherical particles.

Moreover, the interaction between the negatively charged phospho-
lipid membranes of EVs and the charged residues of the glycocalyx,
which can react with the charge carried by the biomaterial in an
attractive or repulsive manner, is another factor affecting the loading of
hydrogels [19]. Cationic delivery systems for chitosan-based hydrogels,
for example, can adsorb EVs via electrostatic forces and prolong the
loading time. In addition, adhesion molecules, such as α integrins,
expressed on the surface of EVs allow EVs to adhere to ECM matrix
components (type I collagen, fibronectin, and other derivative adhesion
peptides), and this interaction can be used to control the release of EVs
from hydrogels [155]. Using osteoinductive functionally engineered EVs
(FEEs) derived from MSCs, Huang et al. [155] experimentally found that
FEEs could bind to collagen mimetic peptides (DGEA, GFPGER) and
fibronectin mimetic peptides (RGD). The binding of FEEs to the mimetic
peptides resulted in the extended retention of FEE in hydrogels for up to 7
days, twofold longer than that observed in controls lacking mimetic
peptides. Ma et al. [156] designed a fusion peptide to allow the binding
of EVs to peptide sequences, thereby enhancing the ability of hydrogels
to load EVs. The fusion peptide was designed by linking the
collagen-binding domains of type I/III collagen to the exosome capture
peptide CP05 (CRHSQMTVTSRL) either directly or via a rigid linker
(EAAAK). According to the literature [157], the peptide sequence CP05
specifically recognizes and captures EVs tagged with CD63. In vitro ex-
periments demonstrated that the fusion peptide had a positive effect in
promoting osteogenic differentiation of EVs in BMSCs. In addition, the
adhesive peptides, PPFLMLLKGSTR and RGD, which can bind to integ-
rins on the surfaces of EVs, have been used to design and construct
peptide-modified hydrogels to improve the time and efficiency of EV
loading and their biological activity [158,159]. In addition, Man et al.
[160] analyzed the ability of mixed hydrogels with different ratios of
chitosan and type I collagen to load EVs. The results showed that EV
release was strongly correlated with collagen concentration (R2 > 0.94),
while CD63 enzyme-linked immunosorbent assay (ELISA) results
revealed a significant increase in EV release from chitosan-containing
gels (p � 0.001). Compared to pure collagen gels, pure chitosan hydro-
gels significantly improved the compressive modulus (2.48-fold) and
osteogenic differentiation capacity (3.07-fold) while reducing the num-
ber of gels (2.09-fold) [160].

The incorporation of nanoclay has also emerged in recent years as a
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way to modulate the drug release pattern of hydrogels [161]. Laponite is
a promising nanomaterial that has been investigated to enhance the ca-
pabilities of hydrogels [162]. Several studies have reported that the
addition of Laponite can enhance the retention rate of EVs in hydrogels
[162,163]. The increased retention of EVs by Laponite may be due to
nanoclay-protein electrostatic interactions that promote the immobili-
zation of these EVs within the hydrogel [163]. The reduction of hydrogel
porosity after Laponite addition is also considered to be a reason for
enhancing the retention rate of EVs [164]. Laponite can also enhance the
biomechanical strength of hydrogels and induce osteogenic differentia-
tion of stem cells, thus showing great promise in bone regeneration [162,
163].

The release kinetics of EV-loaded hydrogels may play an important
role in influencing tissue repair and regeneration. Antunes et al. [165]
specifically evaluated the delivery kinetics of sEVs isolated from human
umbilical cord blood mononuclear cells that affect skin tissue repair and
regeneration. Their results showed that a single high dose (2 μg) of sEVs
promotes wound healing, whereas a single low dose (0.4 μg) does little to
promote it. Interestingly, however, multiple very low doses of sEVs (0.02
μg, 2 applications per day for 10 days) showed the strongest pro-wound
healing effect. Tissue repair and regeneration are complex processes
involving the intervention of multiple biomolecules at different times
[165]. EVs contain a variety of biologically active substances that may
play different roles at different stages; hence, prolonging the release of
EVs allows for stronger biological effects [165,166]. Taking wound
healing as an example, the healing process of a wound can be roughly
divided into three phases, the inflammatory phase (This stage lasts until
about 48 h after injury), the cell proliferation phase (2–10 days), and the
tissue remodeling phase (1–12months) [1]. If applied directly without
hydrogel loading, EVs may be removed before they can play a role in
promoting cell proliferation and tissue repair. For the preparation of
targeted EV-loaded hydrogels, the physicochemical properties of the
hydrogels themselves as well as the correlations between the constituent
components and EV loading and release dynamics must be considered.
Table 1
Summary factors influencing the release pattern of EVs for EV-loaded hydrogels.

Hydrogel components Sources of EVs Size of EVs Sustained release
time of EVsa

Type I collagen Apis mellifera
royal jelly

<150 nm 7 days

GelMA þ LAP BMSC 30–250 nm (mean ¼
130 � 51 nm)

14 days

HA-tyramine (HA-Tyr) human
cardiomyocyte

50 nm 5 days

Self-assembling peptides
(SAPs)

BMSC 120.1 � 55.4 nm 168 h

Atom transfer radical
polymerization (ATRP)

nonactivated
macrophages
J774A.1

30–150 nm up to one month

Ureido-pyrimidinone
(UPy) supramolecular

(PEG coupled to two UPy
units)

CPCs
100 nm up to 2.5 weeks

8-arm PEG Tren-SG (8P-
TS)

M2 macrophages 32.67–122.4 nm 5–26 days

porcine-derived
decellularized ECM

CPCs / 7 days

PF-127 ADSC 30–100 nm 96 h
4-arm-PEG-MAL ADSC / 20 days

Chitosan-Collagen BMSC 131.3 � 11.4 nm 7 days

Abbreviations: BMSC: Bone marrow mesenchymal stem cells; MSC: mesenchymal ste
derived mesenchymal stem cells; PEG: Polyethylene glycol; HA: Hyaluronic acid; M
matrix; 4-arm-PEG-MAL: four-armed polyethylene glycol (PEG) functionalized with m

a Notes: The EVs release time here is for reference only and is actually influenced
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We summarize some of the factors that can affect the duration of EVs
release in Table 1. For the sake of unnecessary misinformation, it is
important to state that the release time of EVs is influenced by a com-
bination of factors and the table is for reference only.

5. EV-loaded hydrogel preparations and application methods

5.1. Loading strategies

5.1.1. 00Breathing method"
Due to the high-water retention and adsorption properties of hydro-

gels, after removing excess water from a swollen hydrogel with solvent,
the voids in the hydrogel are exposed. Extracted EVs can then be directly
added to the hydrogel to obtain an EV-loaded hydrogel [152] (Fig. 4A).
This method requires large hydrogel porosity, as it is difficult to load EVs
into the hydrogel when the EV particle size is larger than the pores of the
hydrogel. However, when the pore size of the hydrogel is too large, the
release of EVs by pouring is likely to occur [152].

5.1.2. Mix and crosslink
EVs can also be mixed directly with the hydrogel precursor solution

and then crosslinked into the hydrogel by adding a crosslinking agent or
using a physical crosslinking method (Fig. 4B). For example, Qin et al.
[169] mixed BMSC-EVs with thionylated HA, gelatin, and heparin, and
then used polyethylene glycol diacrylate (PEGDA) as a gelling agent for
gel formation. This method can also involve adding polymers that can
self-assemble directly to the EV suspension. For example, when two
self-assembling polymers, HA-AD and HA-CD, were dissolved in a sus-
pension of EVs, and they rapidly assembled to form a hydrogel encap-
sulating the EVs [170].

5.1.3. In situ gel formation
In situ gel formation can be achieved by mixing EVs and polymers and

injecting them together with a crosslinking agent into the target site
Factors influencing the release pattern of EVs References

1 mg/ml: the release rate is highest on the day 3 and continues to
decrease thereafter; 2 mg/ml: sustained high release rate over seven
days;
3 mg/ml: sustained low release rate over seven days.

[31]

7% GelMAþ0.1% LAP: shows an early burst release;
7% GelMAþ0.2% LAP: more prolonged over the first 3 days. In both
cases, the release was essentially complete by 14 days.

[97]

3% HA-Tyr: retained almost half of EVs in the first 2 days, while the
cumulative release was found until nearly 5 days.

[86]

The release rate of EVs was dose-dependently accelerated in the
presence of MMP2 compared to the blank group.

[23]

The monomer-to-crosslinker ratio (molar ratio) and the crosslinking
density of the polymer networks both affect the release of EVs.

[124]

Themolecular weight of the PEG block within it may result in different
kinetics of release. With a PEG block of 10 kg mol�1 (UPy10 k) showed
a steadier release than UPy20 k.

[109]

The release time of EVs can be regulated from 5 to 26 days by
controlling the crosslinking density and tightness of hydrogel.

[77]

Different tissue sources of ECM can affect the release patterns of EVs. [126]

PF-127 concentration affects the release of EVs. [167]
The degradation rate of hydrogels can be controlled to regulate the
release of EVs.

[168]

The release of EVs from these hydrogel formulations was dependent
on chitosan/collagen ratios.

[160]

m cells; CPCs: cardiac progenitor cells. PF-127: Pluronic F-127; ADSC: Adipose
SC: mesenchymal stem cells; GelMA: Gelatin methacryloyl; ECM: extracellular
aleimide group.

by various factors.



Fig. 4. Loading strategies for EV-loaded Hydrogels
(A) “Breathing method”. (B) Mix and cross-link. (C) In situ gel formation. Created with BioRender.com. (Agreemnt number: ZW24RSLYA2).
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using a double-lumen syringe [171] (Fig. 4C). This method carries
additional risk as it requires consideration of potential toxic reactions of
the crosslinking agent in vivo; therefore, is important to select non-toxic
or low-toxic crosslinking agents [172].
5.2. Application strategies

5.2.1. Hydrogel dressings
Hydrogels are considered an ideal skin substitute and wound dressing

due to their ability to fight infection, absorb trauma exudate, maintain
water balance and gas exchange, and encapsulate, protect and deliver
bioactive molecules [173] (Fig. 5A). Trauma dressings are a common
form of wound protection used to protect damaged tissue from envi-
ronmental contaminants and bacterial infections. Ideally, dressings also
actively support the healing process by creating an optimal wound
environment and promoting wound closure [174]. Hydrogel dressings
have desirable wound dressing properties due to their porous structure,
viscoelasticity, and water content. Zhao et al. [175] developed GelMA
hydrogels as wound dressings by incorporating human umbilical vein
endothelial cell-derived EVs (HUVEC-EVs), and applied them to a full
skin wound. Both in vivo and in vitro experiments demonstrated that the
GelMA hydrogel dressing not only helped repair the wounded tissue but
also achieved sustained release of the loaded HUVEC-EVs.

5.2.2. Microneedles
Because the skin is a natural barrier, traditional hydrogels often only

achieve protection of the trauma surface and slow-release delivery of
drug activity, with limited delivery to deeper tissues (Fig. 5B). One
method for overcoming this limitation involves the use of microneedles
(MNs) [178]. The materials commonly used in the preparation of MNs
include gelatin, PLGA, PVA, and chitosan. In addition to conventional
drug delivery, researchers have also delivered EVs and EVMs using MNs
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[62,79]. The structural properties of the soluble shell and core of MNs
facilitate the deep, slow-release, phased delivery of bioactive cargo,
which synergistically promotes wound healing [62]. The general process
for the preparation of EV-loaded MNs is similar to the direct loading
method discussed in section 5.1.2 in which EVs are mixed with a
hydrogel precursor solution. After mixing, the EVs are placed into MN
molds and subjected to optical or chemical crosslinking, followed by
freeze-drying to obtain hydrogel microneedles encapsulated with EVs
[79]. In contrast, the hierarchical construction method for the prepara-
tion of loaded EV-MNs involves first encapsulating the drug in the outer
layer of the needle tip as described above, freeze-drying, encapsulating
the hydrogel containing EVs in the inner core, and freeze-drying again to
complete the construction of composite MNs [62].

5.2.3. Topical injection
Injectable hydrogels are among themost used hydrogels in the field of

tissue repair and regeneration and can be applied not only to surface
wounds but also to deep tissues and organs [141]. Active ingredients,
such as drugs, growth factors, and cells, can be loaded into hydrogels and
injected directly into the damaged area on demand; this allows for effi-
cient repair while lessening the burden on patients by reducing the need
for tedious surgical procedures. Local injection of EV-loaded hydrogels
into the injured tissue is the most commonly used method of adminis-
tration, resulting in the sustained local release of EVs to promote the
repair and regeneration of the injured tissue [141]. Injectable hydrogels
are low-viscosity fluids in a sol state that exhibit shear dilution properties
prior to administration. After the sol is injected into the target site, it
undergoes in situ gelation via a chemical or physical crosslinking reaction
[35] (Fig. 5C). In situ gelation can be achieved by directly injecting EVs,
polymers, and crosslinking agents together or by modulating ionic con-
centrations, temperatures, and pH responses in a manner that allows
gelation under physiological conditions. For example, Pape et al. [179]

http://BioRender.com


Fig. 5. Application strategies for EV-loaded Hydrogels
(A) Morphology of dry hydrogel sponge and wet hydrogel sponge dressings. Adapted reprinted with permission from Ref. [176], based on Creative Commons
Attribution License (CC BY), Copyright © 2017 Shi, Qian, Liu, Sun, Wang, Liu, Xu and Guo. (B) Optical image and SEM images of EV-loaded microneedles patch. Adapted
reprinted with permission from Ref. [62], based on CC BY License, Copyright © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH. (C) Schematic
behavior of a self-healing injectable hydrogel. Adapted reprinted from Ref. [141], based on CC BY License. (D) 3D printing of radially oriented EV-loaded hydrogel
bioink. Adapted reprinted with permission from Ref. [177], based on CC BY-NC License.
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designed a pH-responsive injectable hydrogel that can be loaded with
drugs and injected into the heart. When injected into the porcine heart in
vivo and ex vivo, pH changes caused gelation, enhanced retention time of
the loaded drug, and achieved slow release of the drug locally. Cao et al.
[180] used an injectable hydrogel loaded with EVs from human
urine-derived stem cells (USC-EVs) for intrathecal injection, which pro-
moted angiogenesis and SCI repair.

5.2.4. 3D bioprinting with bioinks
3D bioprinting using bioinks is a method for constructing hierar-

chically complex and customizable geometries by generating 3D digital
models using computer-aided design software (Fig. 5D). Bioink, an ink
that can be used in 3D printers and of which hydrogel is a common
component. Hydrogels have excellent rheological properties, and 3D
bioprinting technology can print scaffolds with fine-tuned structure,
porosity, and mechanical properties that can effectively load cells and
EVs [181]. Born et al. [97] used GelMA hydrogel bioinks containing
MSC-EVs for 3D bioprinting. The results showed that MSC-EVs main-
tained their biological activity after 3D printing and photo-crosslinking.
The data also showed that the burst release of EVs could be reduced by
optimizing the concentration of crosslinker, while the hydrogel porosity
and meshwork could be altered by altering GelMA synthesis and cross-
linking parameters, which in turn significantly affected the release of
EVs.
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5.3. Characterization of EV-loaded hydrogels

After EV-loaded hydrogels are prepared, it is imperative that they be
characterized in detail. Unlike general bioactive substances or drugs, EVs
are vesicular structures with bilayer phospholipid membranes, and their
intact encapsulation in hydrogels (rather than fragmented incorporation)
is a prerequisite for research and clinical applications. Before loading EVs
into a hydrogel, the EVs must first be characterized using electron mi-
crographs, particle size analysis, and WB (Fig. 6A). Other methods to
characterize them include flow cytometry, proteomics, and ELISA [51].
The sparse and porous microstructure of the hydrogel and the distribu-
tion of EVs therein can be observed directly using SEM; however, due to
the small particle size of EVs, observation of the specific distribution of
EVs in the pore structure of hydrogels using SEM is often challenging
[176]. In low-resolution image, we can observe the loose and porous
structure of the hydrogel, but the distribution of EVs cannot be observed
well and give the impression of coarseness and grittiness only. In the
high-resolution images, we can clearly observe the EVs particles, but the
structure of the hydrogel cannot be seen (Fig. 6B). The use of fluo-
rescently labeled EVs can facilitate the observation of EV distribution
within a hydrogel via laser scanning confocal microscopy (LSCM). It can
be clearly observed that in the hydrogel loaded with fluorescently labeled
EVs, the fluorescence signal is uniformly enhanced. This suggests that the
EVs are uniformly distributed within the loose and porous structure of
the hydrogel (Fig. 6B).



Fig. 6. Characterization of EV-loaded hydrogels. (A) Characterization of EVs. Adapted reprinted with permission from Ref. [175], Copyright @ 2020, Springer Nature
B.V. (License number: 5,441,160,193,635). (B) Detection of exosomes on the hydrogel sponge. (ⅰ & ⅱ) SEM images of hydrogel surface. The black arrows show the
exosomes; (ⅲ & ⅳ) LSCM images of the hydrogel sponge. Adapted reprinted with permission from Ref. [176], based on CC BY License, Copyright © 2017 Shi, Qian, Liu,
Sun, Wang, Liu, Xu and Guo. (C) Controlled release of EVs in GelMA hydrogels. (ⅰ) 3D image of PKH67-labeled EVs incorporated in GelMA; (ⅱ) Overlapping image; (ⅲ)
ELISA standard curve; (ⅳ) EVs releasing curve. Adapted reprinted with permission from Ref. [175], Copyright @ 2020, Springer Nature B.V. (License number: 5,441,
160,193,635). (D) (ⅰ) 3D reconstruction image of GelMA hydrogels with PKH26 labeled EVs; (ⅱ) Representative confocal images of cells that were co-cultured with
PKH26 labeled EVs (red). The nuclei were stained by DAPI (blue). (ⅲ) Representative in vivo imaging picture of retention of PKH26 labeled EVs after applied on wound
1, 2, 3, 4 days. Adapted reprinted from Ref. [72], with permission from Elsevier, Copyright© 2022 Acta Materialia Inc (License number: 5,419,380,313,323). . (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fluorescent labels commonly used for EVs are PKH26 [72], PKH67
[175], DiO [176], and Dil [168] (Fig. 6C and D). PKH26 is a highly
fluorescent lipophilic long-chain carbocyanine dye that has been applied
to the study of EVs and their functions [182]. Phagocytosis of EVs by cells
can even be monitored after fluorescent labeling of EVs using PKH26
(Fig. 6D). One particular point to note, however, is that there exists a
potential drawback when using lipophilic fluorescent markers to track
EVs; the half-life of the markers is much longer than that of the EVs [74].
This may result in the study of the biodistribution of EVs being conducted
with longer half-life fluorescent dyes rather than EVs themselves. In
addition, amphiphilic NIR-fluorescent probe [183] and nanogold [75],
among others, have been applied to tracing EVs. To achieve higher res-
olution real-time EV tracer imaging in vivo, Zhao et al. [184] designed
ultrasmall magnetically engineered Ag2Se quantum dots, which showed
good results. The selection of appropriate markers to accurately reflect
the biodistribution of extracellular vesicles in vivo is one of the more
important aspects in the development of EV-related drugs. In particular,
L�azaro-Ib�a~nez et al. [185] compared the advantages and disadvantages of
various fluorescent, bioluminescent, and radioactive tracers in the in vivo
tracing of EVs.

The release of EVs from hydrogels is often characterized using a micro
bicinchoninic acid (BCA) assay, ELISA, or fluorescent labeling. The BCA
assay can be used to determine the percentage of released EVs by mixing
the EVs with the hydrogel, placing the mixture in the upper chamber of a
24-well transwell plate, and measuring the protein concentration in the
lower chamber at different time points [167]. Similarly, a dynamic
dialysis method can be used to detect the release of EVs by placing the
EV-loaded hydrogel in a dialysis bag and placing the bag in a
constant-temperature phosphate buffered saline (PBS) solution. The
protein concentration in the PBS solution can then be measured peri-
odically using the BCA method to calculate the rate of EV release [186].
However, it is important to note that BCA cannot detect specific proteins,
which can easily cause interference when using certain protein-based
hydrogels loaded with EVs. In comparison, quantifying the release pro-
file of EVs be quantified using ELISA is a better choice (Fig. 6C) [175]. EV
transmembrane proteins, such as CD63, CD81, and CD9, are suitable
markers for EV detection [51]. Additionally, as mentioned above, PKH26
fluorescent labels have been used to quantify EV release. By placing a
hydrogel loaded with PKH26-labeled EVs in a 24-well plate filled with
PBS, the EV release rate can be calculated by measuring PKH26 fluo-
rescence in the supernatant over time [72]. In in vivo experiments,
hydrogels loaded with PKH26-labeled EVs were applied to traumatic
wound surfaces and the release rate was calculated by measuring the
fluorescence intensity of PKH26 in tissues at different time periods [72,
167]. Likewise, experiments in which EVs were labeled with DiI showed
that DiI-labeled EVs were gradually released from hydrogels with
increasing incubation time (Fig. 6D) [170].

In addition to the quantitative characterization of the EVs released
from the hydrogel, it is also very important to characterize them quali-
tatively, i.e. to prove that they still have an intact structure or are still
biologically active [77,162]. The most straightforward method is to
observe the integrity of the EVs by electron microscope or label the EVs
with fluorescence and observe using fluorescent microscope [77,162].
Released EVs can also be characterized using flow cytometry or particle
size analyzers [77]. A better approach is to indirectly demonstrate the
biological activity of the released EVs [77]. The EV-loaded hydrogels are
incubated in cell culture medium and later compared with normal cell
culture medium to observe the proliferative capacity of cells, and endo-
thelial cells are also often verified using migration assays and tube for-
mation assays [31,77]. The co-culture system is also a good option, where
the hydrogel is placed in the upper chamber of the transwell and the
lower chamber is inoculated with relevant cells to evaluate its biological
activity [162].
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6. Tissue-specific applications of EV-loaded hydrogels

6.1. Skin/wound healing

Wound healing is an important and complex process in living or-
ganisms. Local infection, oxidative stress, inflammatory responses, and
impaired angiogenesis are factors that contribute to the difficulty in
healing chronic wounds [1,187]. EVs have been extensively studied for
the cell-free treatment of wounds and can significantly promote wound
angiogenesis, collagen deposition, and fibroblast proliferation [188,
189]. Local injections of EVs often lead to premature degradation of EVs
due to the harsh environment of the trauma surface, making it difficult to
sustain their effects. As is clear by now, hydrogels can protect EVs from
the trauma environment and greatly enhance their stability and release
time [19].

Pluronic F-127 (PF-127) is a synthetic biocompatible hydrogel that
has been approved by the FDA for use in humans. Zhou et al. [167]
combined PF-127 hydrogel with human ADSC-Exosomes (hADSC-Exos)
and found that it prolonged the release of hADSC-Exos up to 72 h, leading
to the enhancement of cell proliferation, angiogenesis, collagen remod-
eling, and re-epithelialization of the wound site and ultimately acceler-
ating the wound healing process. In addition, the self-healing hydrogel
provided durable protection against bacterial or foreign body irritation,
maintained the biological activity of the EVs, and significantly promoted
wound repair. Wang et al. [172] constructed a multifunctional
FHE(F127/OHA-EPL)@exo hydrogel consisting of PF-127, oxidized hy-
aluronic acid (OHA), and Poly-ε-L-lysine (EPL). The reversible Schiff base
reaction between OHA and EPL makes the hydrogel self-healing, and the
inclusion of PF-127 renders the hydrogel thermally responsive. While
scar-free healing has been a major challenge in wound healing treatment,
Yang et al. [170] loaded MSC-EVs into shear-thinned HA hydrogels and
found that they promoted the conversion from M1-type to M2-type
macrophages, inhibited fibroblast activation, and prevented scar tissue
formation.

Diabetic wounds are difficult to treat due to hyperglycemia-induced
peripheral vascular neuropathy, oxidative stress, and ease of infection,
and patients may face a risk of amputation as a result [2]. To address this
challenge, Wang et al. [72] pretreated EVs and loaded them with VH298
to enhance pro-angiogenic activity. VH298 is a stabilizer of
hypoxia-inducible factor-1 α (HIF-1 α) designed by Ciulli et al. [190]. The
enhanced VH298-EVs were mixed with GelMA hydrogel and applied to
diabetic wounds, leading to significant wound healing by promoting
HIF-1α-mediated angiogenesis. Moreover, a stimulus-responsive hydro-
gel targeting matrix metalloproteinase (MMP) was developed by gelating
a maleimide group-functionalized four-armed PEG, a substrate peptide of
matrix metalloproteinase, a sulfhydryl-functionalized PEG chain, and
ADSC-Exos mixed at room temperature. This hydrogel significantly
inhibited the oxidative stress response at the trabecular surface, and
ADSC-Exos were released in response to MMP degradation, eventually
leading to improved cellular function and wound healing [168]. Highly
effective self-healing hydrogels in synergy with EVs have also shown a
strong effect in promoting healing of diabetic wounds [191]. Wang et al.
[191] prepared a highly efficient natural polymer-based self-healing
hydrogel based on the principle of Schiff base, which can continuously
release MSC-EVs and significantly promote the healing of diabetic
wounds. Active ingredients in Chinese medicine have also been shown to
act synergistically with EVs. Xu et al. [192] loaded both Curcuma
zedoaria polysaccharide and platelet-rich plasma EVs into hydrogels,
which could act synergistically and promote recovery of diabetic wounds
better than the two alone. In addition, to address oxidative stress and
hypoxia in diabetic wounds, Xiong et al. [193] designed a multifunc-
tional self-healing HA hydrogel loaded with exosomes derived from
M2-type macrophages, fibroblast growth factor, and an MnO2



Fig. 7. Application of EV-loaded hydrogels in wound healing
(A) Construction and application of the multifunctional self-healing HA hydrogel loaded with exosomes. Adapted reprinted with permission from Ref. [193], based on
CC BY-NC 4.0 license, Copyright © 2021 The Authors. Small published by Wiley-VCH GmbH. (B) Schematic illustrations of a composite core-shell structured MN patch for
diabetic wound healing. Adapted reprinted with permission from Ref. [62], based on CC BY License, Copyright © 2022 The Authors. Advanced Science published by
Wiley-VCH GmbH.
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nanoenzyme. The MnO2 nanoenzyme scavenges ROS from the wound
and releases oxygen, while M2-Exos synergized with fibroblast growth
factor to significantly promote trabecular angiogenesis and epithelial-
ization (Fig. 7A).

As a minimally invasive tool, MNs have received increasing attention
in recent years. Constructing hydrogel microneedle patches for trauma
treatment can deliver drugs to deeper subcutaneous tissues and improve
drug delivery efficiency compared to hydrogels alone. Yuan et al. [79]
constructed a hydrogel MN patch to achieve transdermal and controlled
release of exosomes and tazarotene. The team prepared MNs using
GelMA and PEGDA, loaded exosomes into the MNs, and grafted
β-CD-AOI2 to carry tazarotene. The unique physical properties of the MN
patch allowed it to bind tightly to the trauma surface and enable deep
drug delivery. The results of the study showed that GelMA/PEGDA MNs
effectively penetrated the skin and stably released drugs and exosomes to
efficiently promote wound healing. Moreover, Ma et al. [62] constructed
a composite core-shell structured MN patch consisting of an exo-HA
methacrylate (HAMA) shell containing PDA and an inner EVM core
containing iron nano, with a layered hierarchy that enabled phased cargo
release, providing a novel construction idea (Fig. 7B).
6.2. Bone

Repairing bone defects has long been a focus of orthopedic research,
and autologous bone grafting remains the current treatment of choice.
With the development of bone tissue engineering strategies, tissue-
engineered bone is expected to become the mainstream method of
bone repair in the future. A growing number of studies have shown that
EV-loaded hydrogels or scaffolds, alone or in combination, can signifi-
cantly promote local bone regeneration [24,25,50]. The mechanism by
which MSC-EVs promote bone repair is attributed to their pro-angiogenic
effects as well as the upregulation of osteogenic gene expression and
induction of osteoblast proliferation and differentiation [50,169].
Hydrogels can fill irregular bone defects while releasing EVs locally,
thereby promoting in situ bone tissue regeneration. Zhang et al. [194]
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used a commercial hydrogel (HyStem-HP hydrogel, Catalog: GS315,
Glycosan Biosystems, USA) loaded with UMSC-EVs for a femoral fracture
model in rats, and topical application of EV-loaded hydrogel after
intramedullary nail fixation promoted fracture healing. Man et al. [160]
developed an ECM-mimetic hydrogel composed of chitosan and type I
collagen that effectively carried BMSC-EVs and promoted proliferation
and osteogenic differentiation into BMSCs, while significantly promoting
ECM ossification of BMSCs. While Fan et al. chose EVMs as cargo, their
preparation of EVM-loaded chitosan hydrogels similarly showed excel-
lent pro-osteogenic effects [195]. Topical application of the EVM-loaded
chitosan hydrogels to calvarial defects demonstrated robust bone
regeneration.

Unfortunately, the mechanical properties, stability, and cell adhesion
of conventional hydrogels are usually weak due to their fragile network
structure, which hinders their application as bone structural materials
[88]. To overcome this limitation, hydrogels are usually modified by
chemical, physical, and biological methods to produce high-performance
hydrogels with enhanced properties [196]. Wu et al. [197] used a chi-
tosan/β-glycerophosphate hydrogel loaded with BMSC-EVs to repair
cranial defects in rats, and the results indicated good biocompatibility.

The addition of inorganic substances with mechanical strength to
conventional hydrogels can compensate for the relatively poor mechan-
ical properties of hydrogels to some extent. In a study by Hu et al. [163],
the addition of laponite nanoclay to GelMA hydrogels improved the
mechanical and biological properties of the hydrogels and allowed for
the sustained release of EVs in the presence of hydrogel degradation. In
addition, Wang et al. [198] synthesized a novel coral hydrox-
yapatite/filamentous protein/glycolic chitosan/biofunctionalized PEG
self-healing hydrogel and evaluated its therapeutic effect as a human
umbilical cord MSC-derived exosome (UMSC-Exo) carrier for femoral
condyle defects in rats. (Fig. 8A). This comprehensive hydrogel not only
had good biocompatibility but also exhibited high mechanical strength,
and the self-healing properties allowed it to tightly bind to the bone while
the EV component exerted pro-bone regenerative effects.

It is important to note that in some cases, hydrogels alone do not meet



Fig. 8. Application of EV-loaded hydrogels in Bone and cartilage
(A) Schematic illustration of UMSC-EV-loaded Self-healing hydrogel for testing in rats with induced femoral condyle defect. Adapted reprinted with permission from
Ref. [198], based on CC BY license, Copyright © 2020 Wang, Wang, Zhou, Sun, Zhu, Duan, Chen, Guo, Zhang and Guo. (B) Encapsulated UMSC-Exo in hyaluronic acid
hydrogel and combined them with customized nanohydroxyapatite/poly-ε-caprolactone scaffolds to repair cranial defects in rats. Adapted reprinted with permission
from Ref. [199], Copyright © 2021 American Chemical Society. (C) The use of 3D printed ECM/GelMA/EV scaffolds in the repair of bone cartilage defects. Adapted
reprinted with permission from Ref. [177], based on CC BY-NC License. (D) An injectable Mussel-Inspired highly adhesive hydrogel loaded EVs to facilitate cartilage
defect regeneration. Adapted reprinted with permission from Ref. [103], Copyright @ 2021 Elsevier Ltd. All rights reserved (License number: 5,441,190,459,082).
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the high biomechanical needs of a specific site [50]. When applied to
severe, large defects or a poor biomechanical environment, the me-
chanical properties of hydrogels are still not sufficient for effective injury
repair, and bioactive scaffolds based on other biomaterials remain an
important part of bone injury repair [50]. Bone tissue engineering scaf-
folds are not only bioresorbable and biodegradable but also provide
temporary mechanical support for bone at the implantation site [110]. In
addition, the scaffold has a highly porous and 3D structure that mimics
the porosity and interconnectivity of native bone [110]. This specific
structure promotes cell attachment and proliferation, providing space for
new tissue growth and vascularization. Zhang et al. [200] first demon-
strated that human induced pluripotent stem cell-MSC-derived exosomes
(hiPS-MSC-Exos) can be used with a β-tricalcium phosphate (β-TCP)
scaffold; the combination significantly promoted osteogenesis in a rat
cranial defect model. Exosomes released from hiPS-MSC-Exos/β-TCP
scaffolds internalized into human bone MSCs and stimulated the
recruitment, proliferation, and differentiation of endogenous BMSCs. In
addition, Yue et al. [201] developed an exosome-functionalized
PLGA/metal-organic backbone scaffold with a unique nanostructure,
which achieved controlled release of exosomes, thereby effectively pro-
moting osteogenesis and angiogenesis and alleviating inflammation. The
scaffold showed satisfactory repair results in rat calvarial defect model.

Biological scaffolds with goodmechanical and stability properties can
fill critical bone defects, while hydrophilic hydrogels can effectively fill
complex and irregular bone defects due to their gel-like properties;
combining the two can help to better achieve bone tissue repair and
reconstruction [50]. A recent study showed that the addition of a novel
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injectable hydrogel, PEG maleate, to a citrate-based β-TCP scaffold can
effectively enhance its composite strength and osteoinductive properties
[202]. The authors then evaluated their bone regenerative efficiency in a
rat posterolateral spinal fusion model, the results show that it can pro-
mote the fusion of the spine and also has some mechanical support
strength. However, the authors also suggested that it provides only
limited mechanical support. In addition, to enhance the sustained release
of exosomes, Swanson et al. [115] developed a PLGA-PEG-PLGA micro-
sphere as a release system by filling exosome-loaded microspheres with
PLLA scaffold; the activity of the exosomes was found to be unimpaired
and the repair of cranial defects in rats was significantly improved. Wang
et al. [199] encapsulated UMSC-Exo in hyaluronic acid hydrogel and
combined them with customized nano-
hydroxyapatite/poly-ε-caprolactone scaffolds to repair cranial defects in
rats (Fig. 8B). Biological scaffolds combined with EV-loaded hydrogels
have significant potential in repairing large bone defects. The effective
combination of hydrogel, scaffold, and EVs can maximize their respective
strengths and minimize their weaknesses and is expected to be an
important future research direction for bone defect repair and bone tissue
engineering.

6.3. Cartilage

Cartilage repair is a major clinical challenge due to a lack of self-
healing capacity. Stem cell-derived EVs hold significant potential for
cartilage regeneration, and Zhang et al. [203] demonstrated that
MSC-EVs can promote cartilage repair by enhancing cell proliferation,
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cell migration, and matrix synthesis, and by inhibiting apoptosis and
modulating immune responses. The high-water content and swelling
properties of hydrogels make them a suitable scaffold for filling cartilage
defects [204].

GelMA hydrogels have received increasing attention in tissue engi-
neering in recent years due to their injectability and UV crosslinking
properties. Guan et al. [205] introduced aldehyde-functionalized chon-
droitin sulfate (OCS) into GelMA hydrogels loaded with BMSC-Exos to
form GMOCS-Exo hydrogels. The results showed that GMOCS-Exo
hydrogels significantly promoted the synthesis of ECM via the release
of OCS, while the BMSC-Exos therein further promoted chondrocyte
anabolism by inhibiting inflammation, ultimately repairing cartilage
damage through ECM remodeling. In addition, Chen et al. [177] reported
the use of 3D printed ECM/GelMA/EV scaffolds in the repair of bone
cartilage defects, which significantly promoted cartilage regeneration
(Fig. 8C).

Recently, researchers have developed a photo-induced imine cross-
linking (PIC) hydrogel containing the o-nitrobenzyl derivative of HA
(HA-NB). HA-NB generates an aldehyde group under light irradiation,
which reacts with amino groups distributed on other partial polymers
(e.g., chitosan, gelatin) to form a hydrogel in situ on the tissue surface,
allowing seamless attachment and integration of the hydrogel with the
tissue [129,206]. The remarkable maneuverability, biocompatibility,
tissue adhesion, and integration capabilities of PIC hydrogels make them
well suited as an MSC-EVs scaffold for repairing cartilage defects. Indeed,
the scaffold was found to retain MSC-EVs in vitro and positively regulated
chondrocytes and BMSCs. Furthermore, the scaffold integrated with the
natural cartilage matrix to promote cell deposition at the site of cartilage
defects, thereby facilitating repair [28].

Because joint sites connect bone and cartilage, simultaneous defects
in both the bone and cartilage can occur at these locations, and single-
component hydrogels often cannot meet the needs of both tissues.
Nikhil et al. [207] designed a novel bilayer gel comprising a
chitosan-gelatin-chondroitin sulfate upper gel for articular cartilage and
a nanohydroxyapatite-chondroitin lower gel for subchondral bone, to
mimic the different mechanical and biological properties of bone and
cartilage. The authors evaluated the capacity of EVs from chondrocytes to
promote cartilage regeneration and proposed that the combination of the
bilayer gel structure with chondrocyte-derived EVs could be used to
repair osteochondral structures [207]. In addition, to address the poor
adhesion of hydrogels to articular cartilage surfaces, Zhang et al. [103]
designed an injectable, mussel-like, high-adhesion hydrogel with high
binding strength to wet surfaces using a crosslinked network of sodium
alginate dopamine, chondroitin sulfate, and regenerating filamentous
protein (Fig. 8D). The hydrogel was loaded with MSC-Exos and acceler-
ated the regeneration of in situ cartilage defects and ECM remodeling
following injection into cartilage injury sites, providing a promising and
minimally invasive treatment strategy for joint injuries [103].

6.4. Heart

Although the development of reperfusion therapy has significantly
reduced the mortality rate of patients with acute myocardial infarction,
the irreversible myocardial damage and cardiac remodeling that occur
following myocardial infarction can result in chronic heart failure [208].
Because adult cardiomyocytes are terminally differentiated and have a
very low proliferation rate, the cardiac regenerative capacity is extremely
limited. Stem cell therapy is considered a promising strategy for
improving myocardial function after infarction, and stem cell-derived
EVs have been shown to resist cardiomyocyte apoptosis, promote
angiogenesis, reduce scar tissue formation, reduce infarct size, and
reverse inflammation-induced injury [209,210]. However, intravenous
EVs do not achieve targeted effects and accumulate in other organs [73].
Further, because of the high hemodynamics of the cardiac site, locally
injected EVs are undetectable in the myocardium after only 3 h [211].
Therefore, EV-loaded hydrogels have become an option for cell-free
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therapy in the heart. Some research teams have utilized conventional
hydrogels, such as HA and sodium alginate hydrogels, loaded with
endothelial progenitor cell-derived EVs or other types of MSC-EVs for the
treatment of post-infarction hearts, and all have reported positive ther-
apeutic results with significant improvements in cardiac function [212,
213].

In the study by Pape et al. [179] discussed in section 5.2.2, the
pH-responsive injectable hydrogel easily passed through the catheter at
the in vitro pH, but gelled when exposed to the in vivo pH of the porcine
heart, thereby enhancing the retention time of the loaded drug and
achieving local slow release. In another study, Waters et al. developed an
injectable biocompatible hydrogel consisting of gelatin combined with
Laponite to form a shear-thinned nanocomposite hydrogel that delivered
EVs secreted by ADSCs to the peri-infarct myocardium [214]. The results
demonstrated that, in the post-infarct heart after injection, capillary
density significantly increased, scar area decreased, and cardiac function
improved. In addition, Han et al. designed the first peptide-based self--
assembled hydrogel loaded with UMSC-EVs for post-infarction treatment
[48]. They incorporated cardiac protective peptides (GHRPS,
His-DTrp-Ala-Trp-DPhe-Lys-NH2) and matrix metalloprotease-2
(MMP-2) degradable sequence Gly-Thr-Ala-Gly-Leu-Ile-Gly-Gln (GTA-
GLIGQ) into the PA and generated PA-GHRPS [48]. The PA-GHRPS
peptide protected cardiomyocytes from hydrogen peroxide damage and
the NapFF peptide enhanced the adhesion of PA-GHRPS to tissues; the
two peptides were mixed to form a peptide-based self-assembled
hydrogel that stably and released UMSC-EVs, thereby improving cardiac
function after myocardial infarction [48]. Cardiac electrophysiology is an
important factor affecting cardiac function, and the difference in elec-
trical conductivity between the post-infarct myocardium and the sur-
rounding normal myocardium affects, to some extent, the ability of the
heart to contract synchronously, leading to arrhythmias [215]. To
address this problem, Zou et al. [216] designed a conductive hydrogel
system that significantly improved intercellular interactions, promoted
cell proliferation and angiogenesis, and had a significant therapeutic
effect on myocardial infarction, providing a promising treatment for
injured myocardial tissue.

Paracardial injection of EV-loaded hydrogels into the infarcted
myocardium ensures that the EVs are applied locally and reliably at the
site of injury, but myocardial injections are associated with greater risk
due to the influence of the beating heart. Therefore, Zhu et al. proposed a
method of pericardial cavity injection that uses the pericardial cavity as a
natural “mold” to prolong the duration of action of the drug. The method
involves forming a structure in situ that matches the shape of the heart
after intrapericardial injection of biocompatible hydrogels (Fig. 9A)
[217]. The authors demonstrated that pericardial injection of EV-loaded
hydrogels was a safe and effective method to attenuate post-infarct car-
diac remodeling and improve cardiac function in rodent models of
myocardial infarction [217]. An injection-free delivery method was also
proposed by the team, in which an open-chest, direct-view cardiac
spraying technique was used [27] (Fig. 9B). Although this method
avoided the secondary damage associated with intramyocardial in-
jections, the risks associated with open-chest surgery are clearly greater.
The team also suggested the possibility of percutaneous catheter peri-
cardial puncture spraying as an alternative method; however, this is
essentially an intrapericardial cavity injection and further studies are
needed to determine whether photo-crosslinking for glue formation will
cause secondary injury to the already injured myocardium.

In conclusion, EV-loaded hydrogels for intrapericardial lumen injec-
tion may be a breakthrough technology in the treatment of myocardial
infarction as they are less invasive, relatively safe, and easy to use.
Hydrogel delivery system design must consider the shear-thinning ca-
pacity of the hydrogel as percutaneous catheter puncture intervention
requires the use of a long and thin catheter. In addition, self-healing and
electrical conductivity properties are also of great importance in the
context of cardiac therapies.



Fig. 9. Application of EV-loaded hydrogels in heart
(A) (ⅰ) Schematic illustration of pericardial cavity injection and in situ formation of cardiac patch; (ⅱ) H&E staining showing the formation of a cardiac patch 7 days
after pericardial cavity injection. Adapted reprinted with permission from Ref. [217], based on CC BY License. (B) (ⅰ) Schematic of injection-free delivery of EVs and (ⅱ)
gelation mechanism of GelMA; (ⅲ) In situ crosslinking of EVs-loaded GelMA. (ⅳ) H&E staining. Adapted reprinted with permission from Ref. [27], Copyright @ 2021
Wiley-VCH GmbH (License number: 5,441,200,952,149).
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6.5. Nerves

Damage to the nervous system caused by trauma or disease is a
difficult clinical problem. Whether adult neuronal cells can renew and
regenerate after injury is a current point of debate in the academic
community, and achieving neuronal cell regeneration has been a focus of
researchers for some time [3]. A seminal study in 2020 showed that the
corticospinal tract (CST), when stimulated by transplanted spinal
cord-derived neural progenitor cells (NPCs), can regenerate new axons
after SCI in adult mice [218]. To date, stem cell studies have provided the
most promising breakthroughs for CST repair, and extracellular vesicles
secreted by stem cells are the key to cell-free therapy. Tsintou et al. [219]
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proposed the hypothesis that EV-loaded hydrogels would play an
important role in central nerve injury (See REVIEW [219] for details).
(Fig. 10A). Faust et al. [127] investigated the role of different sources of
ECM hydrogels in SCI repair and found that all ECM hydrogels have the
ability to promote neuronal cell survival and promote neurite growth.
The authors further hypothesized that EVs derived from ECM are
essential to the success of the hydrogels. Many studies have shown that
MSC-EVs are involved in SCI. Cheng et al. [220] used GelMA hydrogel as
a delivery system for BMSC-Exos for SCI repair and showed that the use
of GelMA hydrogel enhanced the retention of BMSC-Exos and promoted
neuronal differentiation and extension. In addition, EV-loaded GelMA
hydrogel promoted neurogenesis and attenuated glial scar formation in



Fig. 10. Application of EV-loaded hydrogels
in nervous system
(A) Experimental hypothesis about a combi-
natorial hydrogel/EVs therapeutic approach.
Adapted reprinted with permission from
Ref. [219], Copyright @ 2021 Neural Regen-
eration Research (Billing Account Number:
3002152861). (B) The mechanism of
Exosomes-loaded conductive hydrogels
hydrogel promoting SCI repair. Adapted
reprinted with permission from Ref. [26],
based on CC BY License, Copyright © 2022
The Authors. Advanced Science published by
Wiley-VCH GmbH. (C) GelMA hydrogel MN
patch for application to the damaged spinal
cord site. Adapted reprinted with permission
from Ref. [224], based on CC BY License,
Copyright @ 2022 American Chemical Society.
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damaged nerve lesions. Furthermore, Liu et al. [221] specifically evalu-
ated the role of photo-crosslinked HAMA hydrogel stiffness in the
regeneration of injured nerves and found that soft hydrogels loaded with
exosomes facilitated better repair of injured peripheral nerves than did
their stiff counterparts. Soft hydrogels promote nerve repair by inhibiting
19
macrophage infiltration and downregulating the expression of
pro-inflammatory factors IL-1β and TNF-α through the rapid release of
exosomes. In addition to suppressing the inflammatory response, there is
increasing evidence that promoting spinal cord angiogenesis can also
promote injury repair [222,223]. Cao et al. [180] used hydrogel loaded
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with UMSC-Exos for intrathecal injection and found that it promoted
angiogenesis and SCI repair. Similarly, Mu et al. [223] loaded
hypoxia-stimulated exosomes into a modified HA hydrogel that was
subsequently transplanted into injured spinal cord sites for
pro-angiogenic therapy. A significant increase in hypoxia-inducible fac-
tor 1-α content in the hypoxia-treated exosomes resulted in the over-
expression of vascular endothelial growth factor in the endothelial cells
surrounding the graft. Both in vitro and in vivo experiments showed sig-
nificant angiogenesis and recovery of neurological function after injury.
Li et al. [158] constructed similarly modified HA hydrogels loaded with
MSC-EVs and showed that the microenvironment of the SCI area was
improved, resulting in reduced oxidative stress and local inflammation
and effectively promoting spinal cord regeneration and hindlimb motor
functional recovery in rats.

Conductive hydrogels are ideal materials for accelerating SCI repair
because they can match the electrophysiological and mechanical prop-
erties of neural tissues. Fan et al. [26] designed a conductive hydrogel
loaded with BMSC-EVs for SCI repair using a hydrogel network of UV
crosslinked gelatin methacrylate units (Fig. 10B). The hydrogel was
sequentially immersed into solutions containing monomer polypyrrole
(PPy) and tannic acid and ammonium persulfate to achieve in situ poly-
merization and crosslinking of the conductive PPy chains. The conduc-
tive hydrogels were loaded with BMSC-Exos, which inhibited
inflammation, enhanced the recruitment of NSCs, and promoted the
regeneration of neurons and myelin-associated axons after SCI.

In contrast to local injection, Han et al. [224] constructed a GelMA
hydrogel MN patch for application to the damaged spinal cord site. The
MNs were loaded with 3D culture-acquired MSC-Exos, which had higher
dryness and contained more anti-inflammatory and anti-apoptotic fac-
tors. The exosome-loaded GelMA hydrogel MNs showed extremely high
exosome retention and sustained release in rats with SCI, which signifi-
cantly promoted the functional recovery (Fig. 10C).
Fig. 11. Application of EV-loaded hydrogels in reproductive system
(A) Schematic overview of the development of an ADSC-Exos loaded hydrogel for
Copyright © 2021 Wiley-VCH GmbH (License number: 5,441,710,907,704). (B) Schem
hydrogel. Adapted reprinted with permission from Ref. [29], based on CC BY-NC L
polydopamine thermosensitive hydrogel for erectile dysfunction treatment. Adapted
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EV-loaded hydrogels have been shown to promote spinal cord
angiogenesis, inhibit fibrotic scar formation, enhance NSC recruitment
and differentiation, inhibit inflammation, reduce oxidative stress, and
promote neuronal cell regeneration, and thus have a promising future in
nerve injury repair [26,158,180,225]. Low-rigidity hydrogels with
conductive properties have great potential as they can be specifically
adapted for neuroelectrophysiology and biomechanics [26]. However, it
is important to note that the swelling properties of hydrogels require
special attention when applied to the central nervous system (CNS);
because CNS injuries are often accompanied by tissue edema, the high
swelling properties of hydrogels can lead to increased intracranial pres-
sure and consequent secondary injury after hydrogel injection [226].

6.6. Reproduction system

MSC-EVs also play important roles in reproductive medicine. Studies
have been performed in which EV-loaded hydrogels were used to
improve the endometrial environment, treat uterine adhesions, promote
vaginal re-epithelialization, and treat male erectile dysfunction [227,
228]. Lin et al. [227] crosslinked four-armed PEG molecules with Agþ,
relying on Agþ-S dynamic coordination, to produce an injectable
hydrogel loaded with ADSC-Exos for local injection into the endome-
trium (Fig. 11A). The results showed increased endometrial angiogenesis
and reduced local tissue fibrosis. The hydrogel significantly improved the
endometrial environment and increased the pregnancy rate of treated
mice. In addition, Xin et al. [29] used HA hydrogels loaded with
apoptotic bodies from UMSCs, and the authors found that apoptotic
bodies induced macrophage immunomodulation, cell proliferation, and
angiogenesis in vitro. In a mouse model of acute endometrial injury,
implantation of apoptotic body-loaded HA hydrogels increased endo-
metrial thickness and the number of endometrial glands, reduced
fibrosis, and promoted endometrial receptivity and fertility recovery
endometrial regeneration. Adapted reprinted with permission from Ref. [227],
atic illustration of the design and application of the apoptotic body-loaded HA

icense. (C) Corpus cavernosum intratunical injection of ADSC-exosomes loaded
reprinted with permission from Ref. [230], based on CC BY-NC License.
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[29] (Fig. 11B). Xu et al. [229] designed photo-triggered imine cross-
linked hydrogels containing sEVs from human urinary-derived stem cells
for the treatment of vaginal mucosal defects and observed epithelial
formation and angiogenesis in the vaginal mucosal of rabbits.

To treat erectile dysfunction, Liang et al. [230] prepared
PEG-Polycaprolactone (PCL) hermosensitive hydrogels containing PDA
nanoparticles for intraluminal administration of ADSC-EVs via simple in
situ polymerization (Fig. 11C). The hydrogel provided sustained release
of EVs, leading to endothelial cell and neuronal healing and increases
intraluminal pressure in animal experiments, thus restoring erectile
function. In particular, due to the good photoacoustic properties of the
PDA nanoparticles in the thermosensitive gel, the hydrogel was precisely
Fig. 12. Application of EV-loaded hydrogels in hair regeneration
(A) Schematic of the preparation and functional mechanism of OSA-EVs nanospheres.
(B) Schematic of hair loss therapy through a detachable microneedle patch system.
patch and immunofluorescence staining against surface markers of macrophage (CD
permission from Ref. [237], based on CC BY License, Copyright @ 2022 American Ch
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delivered into the white membrane under the guidance of real-time
acoustic imaging. MSC-EV-loaded hydrogels are expected to facilitate
the development of new treatment options for improving fertility and
treating sexual dysfunction.
6.7. Periodontal tissue

Periodontitis is a chronic infectious disease that leads to attachment
loss (deletion) and progressive resorption of alveolar bone. Periodontitis
is especially devastating in patients with severe disease, for whom it is
clinically difficult to achieve complete restoration of periodontal tissue
structure and function [231]. MSC-EVs can promote periodontal
Adapted reprinted with permission from Ref. [139], based on CC BY-NC License.
H&E staining of the treated mice skin at day 5 and 9 postinsertion of the HMN
68) and lymphocyte infiltration (CD3) at day 5 and 9. Adapted reprinted with
emical Society.
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regeneration [232]. Liu et al. [232] demonstrated that BMSC-EVs may be
involved in the OPG-RANKLRANK signaling pathway and participate in
regulating osteoclast function, macrophage polarization, and inflamma-
tory immune responses; thus, BMSC-EV-loaded hydrogels can signifi-
cantly promote periodontal tissue regeneration in the treatment of
periodontitis. Shen et al. [233] used chitosan hydrogel loaded with
DPSC-Exos (dental pulp stem cells derived exosomes) for the treatment of
periodontitis and showed that DPSC-Exos modulated macrophage phe-
notypes. Furthermore, the hydrogels accelerated the healing of alveolar
bone and periodontal epithelium in mice with periodontitis, while
inhibiting the development of periodontitis. In addition, Shi et al. [234]
found that DPSC-Exos pretreated with lipopolysaccharides were better
able to promote periodontal regeneration.
6.8. Hair

Hair loss is a problem faced by more than half of the global popula-
tion. First-line drugs, such as minoxidil and finasteride, have significant
side effects, and hair transplantation has certain drawbacks [235,236].
There are problems of low survival rate of the transplanted hairs and
damage to the donor site. Because of their ability to induce proliferation
and regeneration in a variety of contexts, MSC-EVs are the most prom-
ising cell-free treatment strategy for hair regrowth. Chen et al. [139]
wrapped human dermal papilla cell-derived EVs in a partial sodium ox-
alate (OSA) hydrogel for local injection, and in vivo and in vitro experi-
ments revealed that OSA-EVs significantly promoted hair stromal cell
proliferation, prolonged the primordial phase of cultured human hairs,
and accelerated the regeneration of dorsal hairs in mice after hair
removal. These effects may be due to the upregulation of hair
growth-promoting signaling molecules, such as Wnt3a and β-catenin, and
the downregulation of the inhibitory molecule BMP2 (Fig. 12A).

Because MN systems allow for deeper drug delivery and the ability to
design structures with multiple functions, several research teams have
designed EV-loaded hydrogel MN patches for hair regeneration [237,
238]. Yang et al. [237] prepared keratin hydrogel microneedles loaded
with MSC-EVs and the small molecule drug UK5099 using keratin, a
major component of hair. The experimental results demonstrated that the
device improved drug delivery efficiency and significantly promoted skin
pigmentation and hair regeneration in mice, with enhanced therapeutic
effects compared to topical application or subcutaneous injection
methods (Fig. 12B).

Alternatively, Shi et al. [238] prepared detachable MN patches con-
sisting of chitosan lactate (CL) and ADSC-Exos for hair regeneration.
After insertion of the MN into the skin, the HA substrate was rapidly
dissolved and the expandable polyvinyl alcohol tip was retained. The
ADSC-Exos continuously released from the needle tip was endocytosed
by dermal papilla cells to promote cell proliferation by activating theWnt
signaling pathway, while l-lactic acid released from CL promoted cell
growth by activating lactate dehydrogenase. CL and ADSC-Exos can
synergistically regulate hair follicle circulation and promote hair regen-
eration. In animal studies, self-administered MN patches promoted hair
regeneration more significantly and less frequently over 7 days compared
to topical minoxidil application. In conclusion, the transdermal admin-
istration of drug-free MN patched is a simple, safe, and highly effective
hair loss treatment strategy with great potential for clinical application.
6.9. Other tissues

MSC-EVs have bene applied to several other tissues. Zhang et al.
[159] prepared RGD hydrogels loaded with MSC-EVs for kidney injury
repair; the RGD peptide bound to integrins on the surfaces of MSC-EVs,
improving the hydrogel load capacity. The RGD-EV-loaded hydrogel
was used in a mouse model of acute kidney injury and significantly
improved kidney function, reduced histopathological damage, decreased
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tubular damage, and promoted cell proliferation in the early stages of the
disease. Similarly, MSC-EV-loaded hydrogels may be a promising strat-
egy for the treatment of chronic liver failure. Mardpour et al. [148]mixed
clickable PEG macromolecules with MSC-EVs to form EV-loaded PEG
hydrogels through a rapid, biocompatible click reaction. When injected
intraperitoneally into a rat model of chronic liver failure, the gradual
degradation of the hydrogel allowed for the slow release of EVs over 1
month, leading to improved anti-fibrotic, anti-apoptotic, and regenera-
tive effects. In addition, Tang et al. [239] used temperature-sensitive
chitosan hydrogels loaded with MSC-EVs in the cornea and found that
they effectively promoted the repair of damaged corneal epithelium and
stroma, downregulated the mRNA expression of the three most abundant
collagen proteins (type I α1, V α1, and V α2) in the corneal stroma, and
reduced scar formation. Silva et al. [240] loaded ADSC-EVs into a
thermo-responsive PF-127 gel that was injected locally in a porcine fis-
tula model at 4 �C and gelated at body temperature to retain EVs
throughout the fistula tract; all esophageal fistulas in animals receiving
the EV-loaded hydrogel were repaired, whereas esophageal fistulas
remained in the control group.

At the end, we had summarized the information on the use of EV-
loaded hydrogels in various tissues repair and regeneration and pro-
vided a brief overview of their key findings in Table 2.

7. Conclusions and outlook

As a cellular substructure, EVs have low immunogenicity, good
biocompatibility and almost no biosafety concerns. Although almost all
cells secrete EVs, MSC-EVs continue to be the most researched in the field
of regenerative medicine. The study of MSC-EVs presents new opportu-
nities and challenges for the development of regenerative medicine. As
we have discussed, MSC-EVs have been widely demonstrated to promote
regeneration and repair in almost all tissues, including adult terminally
differentiated neuronal cells and cardiomyocytes. Although some
mechanisms of action have been elucidated, more and deeper mecha-
nisms remain unclear. The prevailing view is that the contents encap-
sulated in MSC-EVs, including a large number of proteins, nucleic acid
molecules, and biological factors, are key to their action. MSC-EVs from
different sources differ from each other; for example, studies at the multi-
omics level have reported that ADSC-EVs contain more proteins and
miRNAs highly correlated with angiogenesis compared to BMSC-EVs.
Some scholars have focused specifically on EVs secreted by adult cells,
which can exert useful biological functions; however, adult cells are often
more difficult to obtain and their translation to the clinic is challenging.

Although EVs have many advantages, their use in the clinic is limited
by their tendency to rapidly degrade and be cleared in the circulation,
both of whichmake sustained, targeted therapy difficult. Fortunately, the
excellent biocompatibility and physicochemical properties of hydrogels
make them good carriers for EVs. Hydrogels can protect EVs from the
harsh in vivo environments, especially those associated with trauma, and
can facilitate their slow release to a variety of tissues. Multifunctional and
intelligent EV-loaded hydrogels are currently a hot research topic, and
hydrogel MN patches loaded with EVs are also being actively investi-
gated. EV-loaded hydrogels have been applied to the bone, cartilage,
heart, nervous system, reproductive system, oral cavity, hair, liver, kid-
ney, esophagus, and other tissues and organs, highlighting their great
potential for research and clinical applications in nearly all human tissues
and organs.

There are still several challenges facing the use of EV-loaded hydro-
gels in the clinic. For example, the poor mechanical properties of
hydrogels limit their applications in the field of bone and cartilage tissue
repair. Such limitations can be remedied to some degree through the
modification of natural polymers, introduction of synthetic polymers,
mixing of inorganic materials, and addition of scaffold materials; how-
ever, there is still a long way to go before widespread adoption in clinical



Table 2
Tissue-specific applications of EV-loaded hydrogels.

Tissue/organ to be
regenerated

Hydrogel Sources of EVs Application strategies Key findings Reference

Skin/Wound
healing

PF-127 ADSC Topical
administration

PF-127 hydrogel-loaded EVs can effectively promote wound
healing.

[167]

MMP-PEG smart hydrogel ADSC Topical
administration

It can target the MMP2 response and significantly promote
the recovery of diabetic wounds.

[168]

HAMA Microneedle MSC-EVM Microneedle (MN) MN patches containing EVs show the ability to deliver deep
into the skin.

[62]

Chitosan/Silk hydrogel sponge gingival MSC Wound Dressing Demonstrated the feasibility of hydrogel sponge dressings
loaded with EVs for use on wound.

[176]

HA@MnO2/FGF-2 hydrogel M2 macrophages Topical
administration

Simultaneous loading of nanoenzymes and bioactive factors
as well as EVs provides a multifunctional effect, improving all
aspects of wound healing.

[193]

Chitosan/Silk hydrogel sponge platelet-rich
plasma

Wound Dressing Combined application of active ingredients in Chinese
medicine with EVs shows great potential.

[192]

MC-CHO and CS-g-PEG MSC Topical
administration

Self-healing hydrogels can synergize with EVs to promote
wound healing.

[191]

Bone and cartilage HyStem-HP hydrogel (Catalog:
GS315, Glycosan Biosystems)

UCSC Topical
administration

EV-loaded hydrogel can promote repair from fractures. [194]

GelMA/Laponite BMSC in vitro only Nanoclay combined with hydrogel can induce stem cell bone
differentiation, showing great promise in bone repair.

[162]

PEG/MC/β-TCP BMSC Topical
administration

The composite hydrogel improves the local
microenvironment and exhibits better mechanical strength.

[202]

PLGA-PEG-PLGA microsphere/
PLLA scaffold

dental pulp stem
cells DPSC

Scaffold Polymeric microspheres loaded with EVs combined with
scaffolds can be used for the repair of skull defects.

[115]

HA/nHP scaffolds UMSC Scaffold EV-loaded hydrogel to encapsulate the nanoceramic scaffold
can be used to repair large bone defects.

[199]

CGC/HG chondrocytes Scaffold Double-layered composite scaffold structure loaded with EVs
holds promise for articular cartilage repair.

[207]

AD/CS/RSF BMSC Topical
administration

Mussel-like high adhesion hydrogel loaded EVs allows better
adhesion to cartilage tissue for better repair.

[103]

Heart Gelatin and Laponite ADSC Topical
administration

Intramyocardial injection of EV-loaded hydrogel can
contribute to the recovery of the infarcted area.

[214]

HA Conductive Hydrogel UMSC Topical
administration

EV- loaded conductive hydrogels can be adapted to the
bioelectricity of the heart and are more promising

[216]

ECM hydrogel iPS-CPCs Injection into the
pericardial cavity

Intrapericardial injection of EV-loaded hydrogel is minimally
invasive and effective.

[217]

GelMA MSC Spray drug
administration

The authors propose an injection-free delivery of EV-loaded
hydrogel to the heart.

[27]

Nerves GelMA BMSC Topical
administration

EV-loaded injectable hydrogel for minimally invasive
treatment of spinal cord
injury.

[220]

HA/GelMA MSC Topical
administration

Low-stiffness EV-loaded hydrogels showed better repair of
injured peripheral nerves.

[221]

Electroconductive hydrogels BMSC Topical
administration

EV-loaded electroconductive hydrogels match the electrical
and mechanical properties of neural tissue and promote
tissue repair after spinal cord
Injury.

[26]

GelMA Microneedle MSC (3D culture) Microneedle The authors proposed a controlled 3D-EV-loaded hydrogel
microneedle array patch to achieve spinal cord injury repair
in situ.

[224]

Reproductive
System

Ag-PEG ADSC Topical
administration

EV-loaded hydrogel improves the intrauterine environment
and promotes fertility recovery.

[227]

PDNPs-PELA thermosensitive
hydrogels

ADSC Topical
administration

EV-loaded hydrogel promotes the repair of penile corpus
cavernosum tissue and the recovery of erectile function.

[230]

Periodontal Gelatin/Laponite BMSC Topical
administration

EV-loaded hydrogel promotes periodontal tissue repair and
regeneration.

[232]

Hair OSA hydrogels Dermal papilla
cell

Topical
administration

EV-loaded hydrogel accelerates the regrowth of hair and can
be used to treat alopecia.

[139]

CL microneedle ADSC Microneedle Such transdermally administrated microneedle patches
provide a simple, safe and efficient strategy for hair
regeneration.

[238]

Liver PEG MSC Intraperitoneal
injection

EV-loaded hydrogel based on click reaction has potential for
systemic drug delivery.

[148]

Abbreviations: PF-127: Pluronic F-127; ADSC: Adipose derived mesenchymal stem cells; MMP: matrix metalloproteinase; PEG: Polyethylene glycol; HAMA: Hyaluronic
acid Methacryloyl; BMSC: Bone marrow mesenchymal stem cells; MSC: mesenchymal stem cells; HA: Hyaluronic Acid; MC-CHO: Aldehyde methylcellulose; CS-g-PEG:
chitosan-g-PEG; GelMA: Gelatin methacryloyl; LAP: Lithium Phenyl (2,4,6-trimethylbenzoyl) phosphinate; β-TCP: β-Tricalcium Phosphate; PLGA: poly (lactic-co-gly-
colic acid; PLLA: poly(L-lactic acid); nHP: nanohydroxyapatite/poly-ε-caprolactone; CGC: chitosan-gelatin-chondroitin sulfate; HG: nano-hydroxyapatite-gelatin; AD/
CS/RSF: alginate-dopamine, chondroitin sulfate, and regenerated silk fibroin; UMSC: umbilical cord mesenchymal stem cells; ECM: extracellular matrix; iPS-CPCs:
pluripotent stem cell-derived cardiac progenitors; PDNPs-PELA: Polydopamine nanoparticles incorporated poly (ethylene glycol)-poly(ε-cap-rolactone-co-lactide);
OSA: oxidized sodium alginate; CL: chitosan lactate.
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settings. In addition, the low yield of EVs makes it difficult to achieve
factory-scale mass production. Breakthroughs in EV extraction technol-
ogies are a prerequisite for establishing EV-loaded hydrogel-based ther-
apeutic strategies. Related developments in bioreactors, 3D cell culture,
and specialized sera and reagents for the extraction of EVs will facilitate
the development of EV-loaded hydrogels. The storage problem of EV-
loaded hydrogels has received little attention from researchers,
although it has shown great potential in the laboratory. EVs need to be
stored at �80� to maintain their biological activity, and repeated freeze-
thawing can lead to reduced activity or inactivation. Current studies have
largely defaulted to ready-to-use EV-loaded hydrogels, with no reports on
how they can be stored and how long their effectiveness can be main-
tained. The production, storage, transportation, and economic costs are
all issues that need to be considered for clinical translation. It is worth
mentioning that the development of hydrogel manufacturing technology
will also provide more options for EV-loaded hydrogels: microfluidic-
based hydrogel microsphere preparation technology, microneedle
patch fabrication, hydrogel-based 3D bioprinting technology, etc.

In summary, EV-loaded hydrogels are a promising tissue repair and
regeneration strategy that has been shown to work in almost all human
tissues and organs. With the continued development of biomaterials
science, EV-loaded hydrogels will open a new chapter in the field of
human tissue repair and regenerative medicine.
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