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Abstract
Extracellular vesicles have shown promising tissue recovery-promoting effects, making them increasingly sought-
after for their therapeutic potential in wound treatment. However, traditional extracellular vesicle applications 
suffer from limitations such as rapid degradation and short maintenance during wound administration. To 
address these challenges, a growing body of research highlights the role of hydrogels as effective carriers for 
sustained extracellular vesicle release, thereby facilitating wound healing. The combination of extracellular vesicles 
with hydrogels and the development of 3D bioprinting create composite hydrogel systems boasting excellent 
mechanical properties and biological activity, presenting a novel approach to wound healing and skin dressing. 
This comprehensive review explores the remarkable mechanical properties of hydrogels, specifically suited for 
loading extracellular vesicles. We delve into the diverse sources of extracellular vesicles and hydrogels, analyzing 
their integration within composite hydrogel formulations for wound treatment. Different composite methods as 
well as 3D bioprinting, adapted to varying conditions and construction strategies, are examined for their roles in 
promoting wound healing. The results highlight the potential of extracellular vesicle-laden hydrogels as advanced 
therapeutic tools in the field of wound treatment, offering both mechanical support and bioactive functions. 
By providing an in-depth examination of the various roles that these composite hydrogels can play in wound 
healing, this review sheds light on the promising directions for further research and development. Finally, we 
address the challenges associated with the application of composite hydrogels, along with emerging trends of 
3D bioprinting in this domain. The discussion covers issues such as scalability, regulatory considerations, and the 
translation of this technology into practical clinical settings. In conclusion, this review underlines the significant 
contributions of hydrogel-mediated extracellular vesicle therapy to the field of 3D bioprinting and wound healing 
and tissue regeneration. It serves as a valuable resource for researchers and practitioners alike, fostering a deeper 
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Introduction
Cutaneous wound healing is an intricately regulated 
process comprised of four continuous and overlap-
ping phases: hemostasis, inflammation, proliferation, 
and remodeling. After skin injury, injured blood vessels 
undergo reactive constriction, and a red thrombus is 
formed through the coordinated activation of platelets 
and the coagulation cascade, achieving initial hemostasis 
[1]. In the subsequent inflammatory phase, neutrophils, 
and monocytes which differentiate into M1 (pro-inflam-
matory) macrophages, engage in phagocytosis of patho-
gens and tissue debris. Concurrently, they secrete various 
chemotactic and cytokine factors, mediating localized 
immune responses [2]. The hallmark of the proliferation 
phase is characterized by accelerated angiogenesis and 
collagen deposition. M1 macrophages shift to a M2 (pro-
healing) phenotype, and facilitate fibroblast, endothelial 

cell, and keratinocyte proliferation, differentiation, and 
migration, culminating in the formation of a complete 
epithelial layer and subepidermal tissue [3]. The final 
remodeling phase is marked by collagen restructuring in 
the wound, accompanied by regression of excess vessels 
and apoptosis of surplus cells, resulting in scar formation 
[4].

However, various etiological factors such as diabetes 
and vascular diseases may lead to delayed or stalled heal-
ing processes, resulting in chronic wounds, which poses 
a significant clinical challenge [5]. Despite substantial 
research, the development of innovative wound healing 
strategies remains a top priority [6, 7]. Recent advances 
in research have led to the development of various inno-
vative approaches, with stem cell therapy, especially uti-
lizing mesenchymal stem cells (MSCs), emerging as a 
prominent choice. MSCs, known for their self-renewal 
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and differentiation capabilities, exhibit therapeutic 
potential in wound healing [8, 9]. However, extracellu-
lar vesicles (EVs), crucial components of MSC paracrine 
products, have been found to be the key mediators of 
MSC therapeutic effects [10, 11].

EVs include exosomes, microvesicles (MVs), and apop-
totic bodies. They are commonly secreted by various cell 
types within the body, and their presence is nearly ubiq-
uitous in all bodily fluids [12]. EVs constitute cell-derived 
nanoparticles surrounded by lipid bilayer membranes 
that protect their contents, including proteins, nucleic 
acids, and lipids, from environmental degradation [13]. 
Initially perceived as cellular waste disposal units, EVs 
were found to transport bioactive cargo and facilitate 
cell-to-cell communication [14–16]. Compared to stem 
cells, EVs offer advantages, including lower tumorigenic 
risk, and are anticipated to be useful in wound treatment 
[17]. Studies have highlighted their role in promoting 
wound healing through mechanisms such as fibroblast 
and keratinocyte activation, collagen deposition and 
inflammation regulation [18, 19]. Besides, EVs also play 
pivotal roles in diverse physiological and pathological 
processes, including immune modulation, angiogenesis, 
and tissue repair, offering widespread applications in the 
treatment of various organ diseases, such as those affect-
ing the brain, heart, skeletal system, liver, kidneys, and 
skin [20].

However, challenges in EV clinical use include reduced 
bioavailability and susceptibility to environmental fac-
tors. EVs through systemic intravenous injection are 
easily cleared by the liver and spleen [21] with only 
approximately 1% EVs remained at 24  h [22]. Local 
administration faces limitations due to quick elimination 
after being absorbed into the tissue and blood, necessitat-
ing multiple doses and potentially disrupting healing pro-
cesses. Besides, pH, reactive oxygen species (ROS), and 
ionic components can also impact EV stability [23].

To overcome these challenges, 3D materials, particu-
larly hydrogels, have gained attention in wound heal-
ing. Hydrogels, 3D polymer networks with high water 
content, mimic the extracellular matrix (ECM) and 
have good biocompatibility and plasticity [24, 25]. Their 
mechanical properties can be tailored for specific appli-
cations [26]. Hydrogels exhibit excellent potential as ideal 
wound dressings, maintaining a pro-healing microenvi-
ronment, and as drug delivery systems, protecting and 
controlling EV release (Fig.  1). As technology advances, 
3D bioprinting is highly anticipated in the treatment of 
wounds. 3D bioprinting is an advanced additive manu-
facturing technique [27], and can form three-dimensional 
scaffolds similar to natural human tissues [28]. Combin-
ing EVs with hydrogels through 3D bioprinting presents 
opportunities in regenerative medicine.

This review outlines recent advancements in EV-loaded 
hydrogels for wound healing, and the prospects for 3D 
bioprinting. It covers the advantages of the composite 
hydrogels, EV and hydrogel characteristics, synthesis 
methods, and the impact of the composite hydrogels on 
wound healing. The discussion includes existing chal-
lenges, future research directions, and implications in the 
field.

Advantages of extracellular vesicles-loaded 
hydrogels
Powerful EV reserve capacity
Hydrogels are composed of hydrophilic polymer net-
works that exhibit high swelling properties and can 
absorb water several thousand times their weight [29]. 
This ability makes hydrogels similar to the physical prop-
erties of normal tissues and provides hydrogels with 
excellent biocompatibility and the ability to easily encap-
sulate contents like EVs [30]. In addition, the polymer 
networks in hydrogels form many micropores [29], pro-
viding a large surface area that contributes to the load of 
EVs [31]. Hydrogels can be designed to further increase 
absorption efficiency. For example, Ma et al. added fusion 
peptides, which consisted of collagen-binding domains, 
to composite hydrogels. They genetically engineered pep-
tides that bind collagen I and III, and CP05, a polypep-
tide fragment that binds CD63, bound EVs tightly to the 
hydrogel materials. Compared with ordinary composite 
hydrogels loaded with EVs by physical adsorption, the 
engineered hydrogels with fusion peptides loaded more 
EVs, with more particles released over a longer time [32].

Protection of EVs
Owing to their swelling properties, hydrogels maintain 
a humid environment in the wound area by absorbing 
significant amounts of water, protecting EVs from exter-
nal environmental damage. Additionally, the crosslink-
ing networks of hydrogels can prevent the penetration 
of other substances such as enzymes or ions to pro-
tect EVs from premature degradation and destruction, 
which is conducive to the preservation of EV stability 
and biological functions for a long time [33]. Mardpour 
et al. designed a composite hydrogel based on clickable 
polyethylene glycol (PEG) macromeres and found effec-
tive EVs released after four weeks [34]. Wu et al. found 
that EVs, after 28-day storage in gelatin methacryloyl 
(GelMA) hydrogel at 4 °C, had similar particle numbers, 
sizes, structures, and protein levels as fresh EVs and still 
maintained the ability to promote cell proliferation and 
angiogenesis. This may be due to the slower movement of 
the EVs and a reduction in their aggregation in the hydro-
gels [35].
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Controlled release of EVs
Compared to the direct application of EVs, one of the 
major advantages of EV-loaded hydrogels is their sus-
tained release ability, which avoids multiple drug admin-
istration. This effect was based on the porous structure of 
the hydrogels. EVs can be released rapidly when the pore 
size of the hydrogel crosslinking networks is larger than 
the diameter of EVs, whereas EVs remain in situ when 
the pore size is smaller than that of EVs. With the expan-
sion and degradation of hydrogels in the tissue, the pore 
size gradually increases, releasing EVs [29]. Therefore, 
sustained release can be achieved by changing the size of 
the hydrogel pores or by adjusting the swelling properties 
and degradation rates of different hydrogels.

Hydrogels can swell, degrade spontaneously, and 
release EVs into wounds. Hydrogels can be tailored with 
diverse mechanical properties and degradation rates 
by adjusting the synthesis of their precursor materials, 
catering to various release requirements. For instance, 
Sun et al. developed cryo-self-assembled silk fibroin (SF) 
sponge hydrogels designed specifically for loading EVs. 

The degradation rate of the hydrogel could be changed 
by varying the fibroin concentration. In one study, higher 
fibroin concentration exhibited a slower degradation rate 
and a longer EV release time [36]. In addition, hydro-
gels can be designed based on the wound features. For 
example, Wang et al. established a controlled-release 
hydrogel based on the reversible Schiff base bond formed 
by oxidative hyaluronic acid (OHA) and Poly-ε-L-lysine 
(EPL). The Schiff base bond can break under weakly 
acidic conditions so that EVs can be released in the acidic 
area of wounds to achieve a specific treatment purpose 
[37]. Moreover, hydrogels can be artificially designed to 
achieve a controlled release of EVs for specific purposes. 
Sun et al. devised a composite hydrogel incorporat-
ing chitosan nanofibrous microspheres and EVs derived 
from dental pulp stem cells (DPSCs), enabling the pro-
grammed release of vascular endothelial growth factor 
(VEGF) and DPSCs-EVs. This design mimics the physio-
logical environment and tissue repair processes, offering 
therapeutic potential [38].

Fig. 1  The sources of EVs and their delivery methods. EVs exhibit diverse origins, including umbilical cord-derived cells, stem cells, immune cells, and 
platelets. Their administration in wound healing can be categorized into systemic and local delivery. Systemic administration faces challenges like quick 
clearance by liver and spleen macrophages, while local delivery risks absorption into the bloodstream or rapid EV elimination due to external factors. 
EV-loaded hydrogels can offer protection and sustained release of EVs, and exhibit biocompatibility and malleability, making them a promising strategy 
for wound healing
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Excellent wound dressing materials
Hydrogels employed for wound dressing necessitate 
excellent biocompatibility, and their degradation byprod-
ucts should be non-toxic. Currently, numerous natural or 
synthetic hydrogel biomaterials have found widespread 
application in various wound healing scenarios. This will 
be further elaborated in subsequent sections. Besides, 
ECM provides structural support and biological signal-
ing stimuli for cell growth and tissue development. In 
damaged tissues, ECM is often lost, leading to a lack of 
extracellular matrix components essential for cell com-
munication and tissue repair [39]. Hydrogels have physi-
cal and biological properties similar to those of the ECM, 
can serve as substitutes by providing extracellular matrix 
components, thereby facilitating wound healing. Some 
hydrogels used alone can promote wound healing [40].

Adjustable mechanical properties
Hydrogels can change between hydrogel and solid states 
under disparate external conditions and have a wide 
range of mechanical properties to accommodate different 
use scenarios. The stiffness of hydrogels can be adjusted 
from 0.5 kPa to 5 MPa to fix wound tissues with different 

hardness [30]. Hydrogels can be designed with shear-
thinning properties and can easily adapt to the shape 
of wounds via in situ gelation after injection [41]. Some 
hydrogels are made into microneedles to penetrate the 
skin and deliver drugs [42]. Certain hydrogels possess 
self-healing capabilities to prevent rupture under exter-
nal pressure, mitigating the risk of performance loss and 
potential infection caused by bacterial invasion from the 
external environment [43].

Easily engineered for more purposes
For example, Xiang et al. designed a multifunctional 
hydrogel with protocatechualdehyde component to 
confer antibacterial ability [44]. Xiong et al. designed 
a multifunctional hydrogel consisting of HA modified 
with a quaternary ammonium group, which endowed 
the hydrogel with antibacterial properties and the abil-
ity to promote hemostasis [45]. The OxOBand hydrogel 
designed by Shiekh et al. contained ascorbic acid in the 
polyurethane backbone and possessed good antioxidant 
capacity [46]. Thus, hydrogels can be easily engineered to 
promote wound healing.

Components of extracellular vesicles-loaded 
hydrogels
Advancements in understanding the diverse functions 
of EVs derived from various cells, along with ongoing 
research progress on different hydrogels, have led to the 
combination of multiple EV types with various hydrogel 
formulations.

Sources and features of different EVs
EVs from different sources have different secretomes, 
which affect their biological functions [47]. Table 1 sum-
maries the sources of EVs used in EV-loaded composite 
hydrogels for wound healing.

Umbilical cord cells
Cells derived from human umbilical cord are commonly 
used for this purpose. They are easier to obtain because 
the umbilical cord is considered waste after birth [48] 
and they causes less immune rejection than other cells 
[49]. Many cell types are derived from the umbilical 
cord, including human umbilical vein endothelial cells 
(HUVECs), human umbilical cord mesenchymal cells 
(hUCMSCs), and human umbilical cord blood mono-
nuclear cells (hUCB-MNCs). HUVEC-EVs promote the 
proliferation and migration of keratinocytes and FBs, 
which are important cells for wound healing [50]. hUC-
MSC-derived EVs promote angiogenesis and accelerate 
wound healing [51]. HUCB-MNC-EVs combined with 
hydrogels promoted wound healing in diabetic mouse 
models [52].

Table 1  Summary sources of EVs used in EV-loaded composite 
hydrogels for wound healing
Sources of EVs Advantages References
Human umbilical 
cord (including 
HUVECs, hUCMSCs, 
hUCB-MNCs)

Easy to obtain, causes less immune 
rejection than other cells

 [48–52]

BMSCs Commonly used, low infection rate, 
low immune rejection reactions, and 
stable cell culture and biological 
effects

 [36, 53]

ADSCs Easy to obtain, longer lifespan and 
higher proliferative capacity

 [33]

GMSCs Easy to obtain, strong proliferation 
ability and significant biological 
effects for tissue regeneration and 
immune regulation

 [54]

EPCs Can accelerate the proliferation, 
migration, and tube formation of 
HUVECs as well as the treatment of 
diabetic wound healing

 [55]

Synovium-derived 
stem cells

Tissue-specific properties, efficient 
repair of tissues and promote wound 
healing

 [56, 57]

M2 macrophages Polarization of M1 macrophages to 
the M2 phenotype, promote wounds 
to the proliferative phase

 [58]

PRP Cheap, easy to obtain, encapsulate 
many growth factors from platelets

 [59]

Royal jelly Have antibacterial and regenera-
tive properties, can stimulate MSC 
migration

 [60]

Engineered EVs Endowed with distinct characteristics 
through management

 [61, 62]
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Stem cells
Bone marrow stem cells (BMSCs) are among the most 
commonly used cell types. They originate from the bone 
marrow and thus have the advantages of a low infec-
tion rate, low immune rejection reactions, and stable 
cell culture and biological effects [53]. Therefore, they 
can be used as stable sources of EVs. The application of 
BMSC-EVs with a sustained-release platform combined 
with a SF scaffold promotes angiogenesis in nude mouse 
wounds [36].

Adipose derived stem cells (ADSCs) can be eas-
ily obtained at a high yield. Moreover, ADSCs have a 
longer lifespan and higher proliferative capacity than 
BMSCs [33] and are suitable for secreting EVs. Applica-
tions of ADSC-EVs combined with hydrogels have also 
been investigated. For example, Zhou et al. compounded 
ADSC-EVs with a Pluronic F127 hydrogel to promote 
wound healing via collagen deposition, angiogenesis and 
inflammation control [33].

Various other cells are available for EV production, 
including gingival stem cells (GMSCs) and epidermal 
stem cells (EPCs). GMSCs are easily obtained with strong 
proliferation ability and significant biological effects 
for tissue regeneration and immune regulation, and are 
reported to promote wound healing [54]. EPCs have also 
been reported to accelerate the proliferation, migration, 
and tube formation of HUVECs as well as the treatment 
of diabetic wound healing [55]. Synovium-derived stem 
cells have tissue-specific properties that lead to efficient 
repair of tissues [56], and are confirmed to aid wound 
healing [57].

Immune cells
EVs derived from immune cells have garnered significant 
attention due to their distinct characteristics, particularly 
their ability to regulate inflammation. Kwak et al. com-
bined EVs from M2 macrophages with degradable PEG 
hydrogels in wounds. These EVs induced the polarization 
of M1 macrophages to the M2 phenotype and promoted 
the transformation of wounds from the inflammatory 
to the proliferative phase, which has clear advantages in 
early wound healing [58].

Noncellular biological components
EVs derived from noncellular components are also uti-
lized. For example, EVs derived from the widely used 
platelet-rich plasma (PRP) in clinical practice are highly 
anticipated as PRP is cheap and easy to obtain, and PRP-
EVs encapsulate many growth factors from platelets. Xu 
et al. used PRP-EVs in combination with a chitosan/silk 
hydrogel and found that it effectively promoted the heal-
ing of diabetes wounds [59].

Non-human biological components
EVs from non-human sources are also an option. Ramírez 
et al. combined EVs from royal jelly with type I collagen 
hydrogels for wound healing. It has been reported that 
royal jelly has antibacterial and regenerative properties 
and can stimulate MSC migration. The composite hydro-
gel promotes the proliferation and migration of FBs [60].

Manually engineered biological components
Lastly, EVs derived from cells after special treatments 
or manually engineered EVs can be utilized. They are 
endowed with distinct characteristics through man-
agement. For example, EVs from ADSCs subjected to 
hypoxia exhibit pro-restorative properties. Hu et al. 
designed a composite GelMA hydrogel loaded with EVs 
for wound treatment, which promoted the migration 
and tube formation of HUVECs and accelerated diabetic 
wound healing through collagen deposition and angio-
genesis [61]. Synovium-derived stem cells can strongly 
promote FB proliferation but cannot promote revascular-
ization. Tao et al. transfected EVs derived from synovial 
stem cells with miR-126, which plays a role in the angio-
genic ability of endothelial progenitor cells. A chitosan 
hydrogel loaded with modified EVs promoted wound 
healing and angiogenesis [62].

Sources and features of different hydrogels
Hydrogels can be divided into natural and synthetic 
hydrogels. Natural hydrogels were the first to be studied 
and have since been widely used. They possess numerous 
advantages, including excellent biological activity and 
biocompatibility, as they are commonly found in biologi-
cal tissues, and their degradation products are predomi-
nantly non-toxic [63]. Commonly used natural-origin 
hydrogels include single ingredients such as alginate, col-
lagen, chitosan (CS), cellulose, silk fibroin, gelatin, and 
hyaluronic acid (HA), or complex ingredients such as the 
small intestinal submucosa and decellularized extracel-
lular matrix (dECM) [33]. Synthetic hydrogels are gain-
ing popularity owing to the availability of cheaper and 
more reliable raw materials with production stability. In 
addition, they can be customized with a wide range of 
physical characteristics to meet the different demands 
of wound dressing [64]. Synthetic polymers can be used 
alone or incorporated into natural hydrogels if wound 
dressings require better mechanical properties or more 
effective manufacturing capabilities [65]. Commonly 
used synthetic hydrogels include polyvinyl alcohol (PVA), 
polyurethane (PU), PEG, polycaprolactone (PCL), and 
Pluronic F127. Table 2 summaries the materials used in 
EV-loaded composite hydrogels for wound healing.

In this review, our emphasis centers on the most preva-
lent and representative natural biomaterials employed 
for 3D bioprinting bioinks, particularly polysaccharides 
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materials, and their multifaceted functionalities in wound 
healing and tissue regeneration.

Alginate
Recognized as one of the most prevalent natural bio-
polymers [74], alginate, a carbohydrate extracted from 
brown algae, stands out as an exceptional choice for 
bioink design and tissue engineering, offering distinc-
tive advantages. Resembling the extracellular matrix in 
structure, alginate facilitates efficient cellular oxygen and 
nutrient exchange, boasts biocompatibility, non-toxicity, 
low extraction cost, and ease of gelation [75]. The poly-
mer allows for a rapid, simple, and adjustable crosslink-
ing process, with careful concentration considerations for 
optimal bioink viscosity. In wound healing application, 
alginate possesses high absorbency to maintain a moist 
environment and adsorb exudates [76]. Besides, alginate’s 
ionic nature enables the formation of biologically active 
polymer complexes, particularly with chitosan, facilitat-
ing effective drug delivery [77]. However, these notable 
advantages are accompanied by certain limitations. These 
include post-printing morphological instability and rela-
tively soft mechanical properties of scaffolds [75]. Despite 
these challenges, the unique properties of alginate under-
score its significant potential and ongoing importance in 
the field of bioprinting for wound healing.

Collagen
Collagen is an abundant natural protein in the body, 
composed of self-aggregated peptide chains bound by 
hydrogen and covalent bonds [78, 79]. As a biomaterial, 
exhibits several notable advantages relevant to wound 
healing applications. Firstly, collagen dressings possess 
high water absorbency, effectively reducing the loss of 
proteins and electrolytes from wound exudates, thus 
mitigating the risk of wound dehydration [80]. Secondly, 
collagen is soluble in weakly acidic aqueous solutions and 
can undergo polymerization within 60 min at 37 °C and 
neutral pH, enabling the 3D printing of collagen scaf-
folds through precise control of pH and temperature [81]. 
Thirdly, collagen is a natural receptor for cellular adhe-
sion, promoting cell attachment. However, a drawback 
of collagen materials is the lower fidelity in maintaining 
shape [82].

Chitosan
Chitosan, derived from shellfish, exhibits high biocom-
patibility and biodegradability, accompanied by intrigu-
ing antimicrobial properties [83]. As a wound dressing, 
chitosan enhances the network structure of wound tis-
sue, promoting collagen synthesis and reinforcing tensile 
strength [84]. Modified chitosan hydrogels have dem-
onstrated efficacy in wound hemostasis [85]. Besides, 
the degradation products of chitosan are absorbable 

Table 2  Summary materials used in EV-loaded composite 
hydrogels for wound healing
Materials Advantages References
Alginate The most prevalent natural biopolymers, 

good biocompatibility, non-toxicity, low 
extraction cost, ease of gelation, high 
absorbency

 [66]

Collagen An abundant natural protein in the body, 
high water absorbency, enabling print-
ing through precise control of pH and 
temperature, a natural receptor for cellular 
adhesion

 [60]

Chitosan High biocompatibility and biodegrad-
ability, antimicrobial properties, sustaining 
cell growth and proliferation, activating 
macrophages and inducing the release 
of cytokines, suitable for 3D bioprinting 
applications

 [43, 62]

Cellulose Diverse and tunable mechanical, structural, 
chemical, and physical properties, eas-
ily obtainable and cost-effective, high 
biocompatibility, biodegradability, and 
moisturizing attributes, facilitating the 
migration and proliferation of dermal 
fibroblasts while inhibiting bacterial 
proliferation

 [43]

Silk fibroin Excellent biocompatibility and biodegrad-
ability, promoting wound cell growth, 
differentiation, and extracellular matrix 
regeneration, mimicking the mechanical 
behavior of normal tissues

 [36, 67]

Gelatin Excellent biocompatibility, non-immuno-
genicity, good cell affinity, and degrades 
completely in vivo, promoting cell adhe-
sion, thermosensitivity

 [55]

Hyaluronic 
acid

The most common component in the 
ECM, promoting cell adhesion, migration, 
and proliferation, water-soluble property, 
suitable for bioprinting

[68]

Decellular-
ized extracel-
lular matrix

Preserving the structural and functional 
features of the ECM, facilitating cellular 
processes like adhesion and proliferation

 [69]

PVA Ionic responsiveness and easily tunable 
mechanical strengths

 [70]

PU Biodegradability and highly porous cryo-
gels providing a matrix for cell migration

 [46]

PEG Great biocompatibility and 
biodegradability

 [71]

PCL Sufficient mechanical strength, easy for 3D 
bioprinting

 [72]

PF127 Biocompatible, mild inflammatory 
properties, absorbing the secretions from 
the wound surface, maintaining a moist 
environment, heat-sensitive and injectable 
properties

 [37, 73]
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by epidermal cells, sustaining their growth and prolif-
eration [86]. Chitosan has been observed to activate 
macrophages, inducing the release of cytokines such 
as transforming growth factor (TGF), platelet-derived 
growth factor (PDGF), and interleukin-1 (IL-1) [87]. 
Additionally, chitosan can effectively crosslink with other 
polyelectrolytes, particularly anionic polymers like algi-
nate or hyaluronic acid, making it suitable for 3D bio-
printing applications [88]. However, its relatively low 
mechanical properties and long gelation time pose a 
potential limitation in tissue engineering [89].

Cellulose
Cellulose, characterized by diverse and tunable mechani-
cal, structural, chemical, and physical properties, proves 
versatile for the wide-ranging application in the fabrica-
tion of biomaterials for wound healing [90, 91]. It is eas-
ily obtainable and cost-effective [92]. Besides, cellulose 
boasts high biocompatibility, biodegradability, and mois-
turizing attributes, contributing to skin regeneration, 
drug delivery, and wound healing [93]. Moreover, cellu-
lose demonstrates the ability to release various growth 
factors at the injury site, facilitating the migration and 
proliferation of dermal fibroblasts while inhibiting bacte-
rial proliferation and expediting wound healing [92].

Silk fibroin
Silk fibroin protein is derived from silk produced by silk-
worms and spiders, and has been investigated for wound 
healing applications [94]. It exhibits excellent biocompat-
ibility and biodegradability [95]. Silk fibroin can promote 
wound cell growth, differentiation, and extracellular 
matrix regeneration [96]. It provides a balance of tensile 
strength, modulus, and elongation for wound dressings, 
mimicking the mechanical behavior of normal tissues 
and facilitating tissue regeneration [97]. However, its 
drawback lies in its low viscosity, posing challenges in 
the 3D printing manufacturing of bioinks. One solution 
is the development of composite hydrogels by combining 
silk fibroin with SA for application in bioprinting [98].

Gelatin
Gelatin is obtained from partial hydrolysis of collagen. It 
exhibits excellent biocompatibility, non-immunogenicity, 
and cell affinity, and degrades completely in vivo, show-
casing substantial potential as an ideal bioink [99]. For 
wound healing, gelatin can provide cell anchoring sites 
to promote cell adhesion [100]. Notably, it demonstrates 
a thermal response, undergoing crosslinking at low tem-
peratures, and de-crosslinking as the temperature rises to 
physiological or higher levels [99]. Exploiting this prop-
erty facilitates convenient adjustment of crosslinking 
during the bioprinting process, aiding in adapting and 
maintaining the shape of bio-printed objects, such as 

conforming to wound shapes and promoting wound con-
traction [101, 102]. Furthermore, introducing chemical 
substances like metal ions can enhance the printability 
and stability of gelatin [103].

Hyaluronic acid
Hyaluronic acid, the most common component in the 
ECM, is ubiquitously distributed in the human body and 
plays a pivotal role in various biological processes. In 
wound healing, it is intricately involved in inflammation, 
tissue recovery, regeneration, maintaining ECM integrity, 
and regulating cellular functions. As a signaling molecule, 
HA can promote cell adhesion, migration, and prolifera-
tion [104]. Additionally, its water-soluble nature and high 
viscosity make it a suitable material for bioprinting, often 
employed to modulate the viscosity of other biomaterial 
solutions [105, 106]. However, native HA is gelatinous 
with poor mechanical properties and rapid degradation. 
To address these limitations, modification of HA with 
methacrylate (MA) is commonly undertaken, enabling 
photo crosslinking under UV irradiation to enhance its 
mechanical performance [107].

Decellularized extracellular matrix
Decellularized extracellular matrix is a naturally derived 
biomaterial obtained through the decellularization of 
native tissues, preserving the structural and functional 
features of the ECM, making it an excellent material for 
bioprinting applications [108]. It retains bioactive compo-
nents, such as collagen, glycosaminoglycans, and growth 
factors, which facilitate cellular processes like adhe-
sion and proliferation to promote wound healing [109]. 
For instance, 3D-printed skin using dECM from porcine 
sources exhibits a structure similar to natural skin, and 
was found to promote epithelialization in chronic wound 
healing applications [110]. However, it faces challenges 
including the potential presence of residual pathogens 
and immunogenic reactions [111].

Synthesis methods of EVs combined with 
hydrogels
To adapt to the conditions and environments of wounds, 
achieve sustained release of EVs, or meet specific thera-
peutic demands, many studies have been conducted to 
combine EVs and hydrogels for better wound-healing 
effects. Hydrogels are formed after the precursor materi-
als are crosslinked under specific conditions or through 
the action of a crosslinking agent. The manner in which 
hydrogels are crosslinked to form scaffolds, as well as 
the timing of EV integration with precursor materials or 
mature hydrogels, determines the efficacy of the binding 
methods. This part includes recent explorations of EV-
loaded hydrogels in wound treatment, and the efforts in 
the development of 3D bioprinting, tailored to specific 
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therapeutic purposes. (Fig.  2) And Table  3 summaries 
the recent studies including the synthesis methods of EVs 
combined with hydrogels for wound healing.

Combining EVs after crosslink
This method is also called the “breathing” method. The 
raw materials of the hydrogels are first crosslinked, and 
then EVs are introduced by removing the water in the 
pores of the hydrogels and immersing them in the EV 
solution so that EVs are composited into the hydrogels 
during the swelling procedure. This method involves 
simple steps. However, the disadvantage is that the pore 
size of the hydrogels needs to be larger than the size of 
EVs to absorb EVs into the hydrogels, whereas an exces-
sive pore size will lead to the acute release of EVs and 
lose the capacity for sustained release [119]. This leads to 
the requirement for a rigorous pre-design of composite 
hydrogels.

Han et al. first used ultraviolet radiation to crosslink 
raw materials to obtain a NAGA/GelMA/liponite/glyc-
erol hydrogel and then dropped a solution of EVs from 
the periosteum (P-EVs) into the hydrogel to form a 

composite hydrogel (N-acryloyl glycinamide, NAGA). 
The hydrogel significantly promoted the viability and 
migration of FBs, tube formation of HUVECs, and 
wound healing in diabetic rats [112]. Tang et al. synthe-
sized a composite hydrogel scaffold based on GelMA and 
hUCMSC-EVs. GelMA hydrogel was prepared through 
crosslinking, followed by the dropwise addition of the EV 
solution onto the hydrogel to facilitate absorption. This 
hydrogel demonstrated the capacity to modulate wound 
inflammation and promote the healing of diabetic rat 
wounds [120].

Crosslink after combining EVs
In this method, the EV solution is initially combined with 
hydrogel precursor materials and then crosslinked using 
a crosslinking agent or altering the physical conditions. 
This method allows for the preparation of composite 
hydrogels with minimized EV loss and enables precise 
control over the total amount and proportion of EVs 
and hydrogel materials. Furthermore, it offers the flex-
ibility to design smaller pore sizes, facilitating increased 
EV encapsulation. As the hydrogels undergo swelling and 

Fig. 2  The synthesis methods of EVs combined with hydrogels for wound healing. The synthetic approaches for EV-loaded hydrogels can be categorized 
as follows: (1) Combining EVs after crosslink: sequential crosslinking followed by EV absorption; (2) Crosslink after combining EVs: pre-mixing EVs with 
hydrogel precursor and subsequent crosslinking; (3) Crosslink in situ through separation of raw materials: simultaneous injection of cross-linkable precur-
sors mixed with EVs at the wound site for in-situ gelation; (4) Crosslink in situ through temperature control: injection of EVs mixed with thermosensitive 
hydrogel precursors, achieving in-situ gelation through temperature changes; (5) Crosslink in situ through shear thinning: pre-crosslinking of EVs with 
shear-thinning hydrogels, leading to hydrogel liquefaction through injection-induced shear forces to adapt to wound contours and subsequent in-situ 
gelation; (6) 3D bioprinting: formation of a bio-ink by combining EVs and hydrogel precursors, followed by 3D printing technology for composite hydro-
gel preparation
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Synthesis 
method

Sources of EV Hydrogel 
material

Detail method Result Refer-
ences

Combining 
EVs after 
crosslink

PRP Chitosan/silk 
hydrogel

EVs absorbed by cross-linked 
hydrogels

Promote diabetic wound healing, en-
hance collagen deposition and accelerate 
angiogenesis

 [59]

GMSC Chitosan/silk 
hydrogel

EVs absorbed by cross-linked 
hydrogels

Promote diabetic wound healing, enhance 
collagen deposition, accelerate angiogen-
esis and nerve regeneration

 [54]

Periosteum cells NAGA/GelMA/
Laponite/glycerol 
hydrogel

EVs absorbed by cross-linked 
hydrogels

Promote FB and HUVEC viability, prolifera-
tion, migration, tube formation and the 
expression of FGF-1; promote diabetic 
wound healing, enhance collagen deposi-
tion, accelerate angiogenesis

 [112]

Crosslink by 
agents after 
combining EVs

HUVEC GelMA The mixture of GelMA, photoinitiator 
2959 and HUVEC-EVs crosslinked 
under UV light

Promote FB and HaCaT viability, proliferation 
and migration; promote wound healing, 
enhance collagen deposition, accelerate 
angiogenesis

 [50]

ADSC alginate hydrogel The mixture of alginate and ADSC-
EVs crosslinked by adding calcium 
chloride (CaCL2) solution

Promote HUVEC viability, proliferation 
and migration; promote wound healing, 
enhance collagen deposition, accelerate 
angiogenesis

 [66]

ESC GelMA The mixture of GelMA, LAP photoini-
tiator and ESC-EVs crosslinked under 
UV light

Promote HUVEC viability, proliferation, 
migration and tube formation; promote 
diabetic wound healing, enhance collagen 
deposition, accelerate angiogenesis

 [55]

Crosslink with-
out agents 
after combin-
ing EVs

human endo-
metrial stem cell 
(hEnSCs)

chitosan/glycerol 
hydrogel

The stable hydrogel construct was 
obtained through electrostatic inter-
action between positive NH2 charg-
es of Ch and negative OH charge 
of glycerol as well as hydrogen-
bonding interactions between the 
Ch chains.

Promote FB viability, proliferation and migra-
tion; promote wound healing, enhance col-
lagen deposition, accelerate angiogenesis

 [113]

Synovium-derived 
stem cells

Chitosan hydrogel The hydrogel mixture with SMSC-EVs 
was placed at -20 °C for 2 h, and 
then NaOH solution was added and 
the mixture was kept at 4 °C for 4 h

Promote FB and HMEC-1 viability, prolifera-
tion, migration and tube formation; promote 
diabetic wound healing, enhance collagen 
deposition, accelerate angiogenesis

 [57]

royal jelly Type I collagen 
hydrogel

The hydrogel was mixed with royal 
jelly derived EVs at 4 °C and polym-
erized at 37 °C

Promote FB viability, proliferation and migra-
tion; form antibacterial biomembrane

 [60]

Crosslink in 
situ through 
shear thinning

ADSC FHE hydrogel 
(F127/OHA-EPL)

The hydrogel was injected into 
wounds after the solid-liquid transi-
tion under injection pressure and 
quickly gelated in situ

Promote HUVEC viability, proliferation, 
migration and tube formation; promote 
diabetic wound healing, enhance collagen 
deposition, accelerate angiogenesis

 [37]

ADSC FEP scaffold 
(F127-PEI/APu)

The hydrogel was injected into 
wounds after the solid-liquid transi-
tion under injection pressure and 
quickly gelated in situ

Promote HUVEC viability, proliferation, 
migration and tube formation; promote 
diabetic wound healing, enhance collagen 
deposition, accelerate angiogenesis and cell 
proliferation in wounds

 [114]

PMSCs methylcellulose-
chitosan hydrogel

The hydrogel was injected into 
wounds after the solid-liquid transi-
tion under injection pressure and 
quickly gelated in situ

Promote diabetic wound healing, enhance 
collagen deposition, accelerate angiogen-
esis and regulate the expression of Bcl-2, Bax 
and VEGF

 [115]

Table 3  Summary synthesis methods of EVs combined with hydrogels for wound healing



Page 11 of 19Zheng et al. Journal of Nanobiotechnology           (2024) 22:57 

degradation, a gradual release of EVs occurs. However, a 
potential drawback is that crosslinking conditions, such 
as ultraviolet radiation or the use of certain crosslink-
ing agents, may impact EV activity and require careful 
consideration.

Crosslink by agents after combining EVs
First, an alternative method involves using the crosslink-
ing agents to crosslink the hydrogel after combining EVs. 
The hydrogel is crosslinked by adding crosslinking agents 
to a mixed solution of EVs and the raw materials of the 
hydrogels. GelMA is a commonly used porous hydro-
gel that can be crosslinked under ultraviolet radiation 
after adding a crosslinking agent, such as a lithium acyl 
phosphinate photoinitiator (LAP) [121]. Wang et al. used 
GelMA to mix EVs derived from ESCs, and the solution 
formed cross-linked hydrogels upon exposure to ultra-
violet light for 10  s after optimizing the concentration 
of GelMA, and the activity of EVs was not affected [55]. 
Xu et al. developed a hydrogel based on recombinant 
human collagen (rhCol) III. By adding a transglutaminase 
(TGase) crosslinker to the mixture of hUCMSC-EVs and 
rhCol III, the mixture was crosslinked, and TGase tightly 
promoted EVs adhesion to the collagen surface, thus 
extending the sustained release time of EVs [122].

Crosslink without agents after combining EVs
In crosslinking without agents, specific physical condi-
tions, such as low temperatures and changes in pH, are 
used to crosslink mixed solutions of EVs and hydrogel 
precursors. For example, Kwak et al. mixed the separate 
precursor components of a degradable PEG hydrogel 
with EVs derived from M2 macrophages and controlled 
the gelation time by controlling the pH of the solution 
[58]. Ramírez et al. used a type I collagen hydrogel mixed 
with EVs from royal jelly for wound healing. The gel was 
liquid at 4 ℃ and the gel transition happened at 37 ℃; 
thus, the timing of gelation could be easily controlled by 
changing the temperature [60].

Crosslink in situ
Many applications of this method are similar to the 
method of “crosslinking after combining EVs.” However, 
in this method, the hydrogels have unique properties 
such as injectability or heat sensitivity, and crosslinking 
and gelation occur in situ to better adapt to the shapes 
of wounds or meet different demands for wound healing.

Crosslink in situ through separation of raw materials
To conduct a crosslink in situ while maintaining the sepa-
ration of raw materials, two or more precursor materials 
of the hydrogels were first mixed with EVs separately, and 
then mixed solutions were injected in situ on the wounds 

Synthesis 
method

Sources of EV Hydrogel 
material

Detail method Result Refer-
ences

Crosslink in 
situ through 
temperature 
control

hUCMSC PF-127 hydrogel The hydrogel mixture stored at 4 °C 
and the gel transition happened at 
37 ℃ on wounds

Promote HUVEC viability, proliferation and 
migration; promote diabetic wound healing, 
enhance collagen deposition, acceler-
ate angiogenesis and cell proliferation in 
wounds, and regulate the expression of 
VEGF and tgf-β

 [73]

ADSC PF-127 hydrogel The hydrogel mixture stored at 4 °C 
and the gel transition happened at 
37 ℃ on wounds

Promote wound healing, enhance collagen 
deposition, accelerate angiogenesis and cell 
proliferation in wounds, and regulate wound 
inflammation

 [116]

M2 macrophage HAh and Haaq 
hydrogel

Both hydrogel precursors were in-
jected in situ on the wounds and the 
gel transition happened by an ef-
ficient Schiff base reaction between 
the hydrazide moieties of HAh and 
the aldehyde moieties of HAaq

Promote FB and HUVEC viability, prolifera-
tion and tube formation; promote diabetic 
wound healing, enhance collagen deposi-
tion, accelerate angiogenesis and reduce 
wound ROS level

 [45]

3D bioprinting THP-1-derived 
activated macro-
phages (MΦ)

LVG-RGD/gelatin 
hydrogel

3D bioprinting was performed using 
the freeform reversible embedding 
of suspended hydrogel (FRESH) 
approach

Promoted NRCM viability, metabolic activity, 
and reduced their apoptosis

 [117]

Lyosecretome SA-SF hydrogel Printability and shape fidelity of the 
SA-SF hydrogel were assessed using 
CELLINK INKREDIBLE+, an extrusion-
based 3D bioprinter

Realize controllable EV-release kinetics with 
better EV-controlled-release effect

 [118]

Lyosecretome PCL/alginate 
hydrogel

PCL scaffolds were 3D-printed with 
the Cellink INKREDIBLE+, a pneu-
matic extrusion-based 3D bioprinter

Realize controllable EV-release kinetics with 
better EV-controlled-release effect

 [72]

Table 3  (continued) 
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at the same time so that crosslinking and gelation 
occurred automatically on the wound surface to adapt to 
the shapes of the wounds. Xiong et al. used this method 
to design multifunctional hydrogels. The two precursor 
materials, hydrazide grafted HA (HAh) and aldehyde and 
quaternary ammonium grafted HA (HAaq), were mixed 
with the EVs solution and then injected in situ through a 
dual-chamber syringe simultaneously. The hydrogel was 
formed through cross-linking of the reversible Schiff base 
bonds of HAh and HAaq [45].

Crosslink in situ through temperature control
To conduct a crosslink in situ through temperature con-
trol, temperature-sensitive liquid hydrogels mixed with 
EV solutions are applied to the wound surface. This has 
the advantages of convenient administration and auto-
matic gelation. For example, the Pluronic F127 hydrogel 
used by Yang et al. exhibits temperature sensitivity. After 
optimizing the concentration parameters, the solution 
mixed with hUCMSC-EVs was applied to the wound in 
liquid form, and the hydrogel was formed at the wound 
temperature of 37 ℃ in approximately one min [73].

Crosslink in situ through shear thinning
Some hydrogels possess shear-thinning properties, 
enabling in situ crosslinking through shear forces. The 
hydrogel networks’ structure is stabilized through non-
covalent interactions when no force is applied to the 
hydrogels. However, the interaction between networks 
is reversible and dynamic, and the crosslinking networks 
can dissociate under shear force, leading to hydrogel liq-
uefaction while returning to the solid state after the relief 
of external stress [123]. Therefore, this type of hydrogel 
can be prepared in advance in vitro, injected into wounds 
after the solid-liquid transition under injection pressure, 
and quickly gelated in situ.

For example, Wang et al. designed a bioactive antibac-
terial adaptive ultraviolet shielding nano dressing consist-
ing of a Pluronic F127 hydrogel and grafted polyethylene 
(PEI) and aldehyde pullulan (APu). Due to the large num-
ber of amino groups from PEI and aldehydes from APu, 
the hydrogel was endowed with a shear-thinning prop-
erty by hydrogen bonding and Schiff base reactions with 
the wounds. Therefore, the hydrogel mixed with ADSC-
EVs could be injected in situ through a syringe and was 
well-adapted to the size of the wound to provide antibac-
terial and ultraviolet shielding properties [114]. Wang et 
al. used a methylcellulose-chitosan hydrogel consisting 
of two raw materials: aldehyde-modified methylcellulose 
(MC-CHO) and chitosan-grafted polyethylene glycol 
(CS-g-PEG). The Schiff base reactions of the aldehyde 
groups in MC-CHO and the amino groups in the CS 
chains endowed the hydrogel with shear-thinning char-
acteristics [115].

3D bioprinting
3D bioprinting techniques include laser-assisted, inkjet, 
and extrusion-based printing. These techniques involve 
the printing of biomaterials, often combined with cells 
or bioactive substances, in the form of bioinks. The tech-
nology enables the creation of multi-layered tissue struc-
tures that mimic normal human tissue, and allows for 
the digital customization and automated printing of per-
sonalized artificial scaffolds to meet specific individual 
requirements [27].

3D bioprinting technology, compared to traditional 
hydrogel manufacturing methods, allows for the fabri-
cation of more complex tissue-mimicking bio-scaffolds 
with tunable properties [124]. Li et al. demonstrated 
the precision engineering of a composite hydrogel scaf-
fold loaded with ADSC-EVs for cartilage regeneration. 
The raw materials included GelMA, dopamine-conju-
gated HA (HA-DA), and OHA, forming a unique spatial 
hydrogel scaffold with a double network that provided 
a tissue-specific microenvironment, and the composi-
tion of various hydrogels was optimized to achieve opti-
mal mechanical properties. 3D bioprinting technology 
emerged as an ideal strategy for realizing this complex 
design [125].

In comparison to traditional methods, 3D bioprint-
ing also enhances the EV release capability of scaffolds. 
For instance, Elia et al. utilized Lyosecretome, a freeze-
dried formulation containing EVs from MSCs, added 
to SA-SF hybrid hydrogel ink, and controlled scaffold 
design parameters were employed to achieve regulated 
EV release kinetics [118]. Lyosecretome was also incor-
porated into PCL/alginate based composite hydrogels. 
The study revealed that, compared to traditional scaf-
folds that absorbed EVs via diffusion, 3D-bioprinted scaf-
folds using a mixed bioink exhibited superior EV release 
effects [72]. The versatility of 3D bioprinting technology 
provides a promising avenue for optimizing the design 
and performance of composite hydrogel scaffolds, facili-
tating controlled EV delivery for enhanced tissue regen-
eration applications.

In the context of wound healing, 3D bioprinting offers 
high precision in fabricating hydrogel materials tailored 
to the shape of the wound. For instance, Huang et al. 
developed a tissue-friendly, high-efficiency, and accurate 
3D-printed all-peptide hydrogel platform based on the 
thiol-ene click reaction. The printing accuracy and reso-
lution reached below 1 mm, allowing for rapid construc-
tion within minutes [126]. Besides, the support provided 
by 3D bioprinting for intricate scaffolds allows for the 
incorporation of various additional features into hydrogel 
dressings. This enables the display of excellent mechani-
cal properties and additional wound healing capabilities. 
For example, the addition of conductive materials can 
promote wound healing by modulating cell proliferation, 
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migration, and local inflammation levels [127]. Moreover, 
3D printing enables the customization of scaffolds with 
tissue-specificity, simulating normal tissue conditions 
for enhanced therapeutic effects.For example, Byoung 
et al. used skin derived extracellular matrix (S-dECM) 
bioink for 3D bioprinting of skins. The S-dECM bioink 
retained major ECM compositions of skin, including 
viable growth factors and cytokines, and helped to form 
a microenvironment that promoted the proliferation and 
differentiation of cells seeded on the scaffolds and facili-
tated wound healing [128].

Building upon the achievements mentioned above, 
the therapeutic application of 3D bioprinting on EV-
loaded hydrogels in wound healing is garnering increased 
attention. Zhong et al. attempted to construct a three-
dimensional scaffold hydrogel loaded with ADSC-EVs 
using Gel/dECM/Qcs (quaternized chitosan, Qcs), and 
employed the positive charge of quaternary ammo-
nium salts to anchor EVs. They confirmed the excellent 
mechanical properties, biocompatibility, and antimicro-
bial capacity of 3D hydrogel scaffolds for wound healing 
[129]. Similarly, Louis et al. developed a GelMA com-
posite hydrogel loaded with MSC-EVs, showcasing sig-
nificant promotion of angiogenesis and tissue repair and 
regeneration [130]. Letizia et al. engineered a 3D patch 
using MeHA loaded with MSC-EVs, demonstrating the 
ability to enhance wound cell proliferation, migration, 
and vascularization. Su et al. utilized PCL as an electro-
spinning material to construct a three-dimensional scaf-
fold structure. They immobilized PEI onto the scaffold’s 
porous structure, facilitating the adsorption of nega-
tively charged MSC-EVs. Animal experimental results 
indicated that this composite hydrogel could modulate 
wound inflammation levels to promote wound heal-
ing [131]. In conclusion, the combination of EV-loaded 
hydrogels with 3D bioprinting holds tremendous poten-
tial in the field of wound healing.

Effects of EV-loaded hydrogels in wounds
Promoting the proliferation and migration of wound cells
EV-loaded hydrogels facilitate wound healing and pro-
mote the biological functions of wound cells, such as 
FBs, keratinocytes, and vascular endothelial cells. These 
cells play important roles in wound healing, and their 
impaired cell proliferation or function caused by unfa-
vorable wound microenvironments may lead to pro-
longed wound healing or chronic wounds [132–135]. As 
described above, the use of EVs or hydrogels alone is con-
ducive to promoting the biological functions of wound 
cells, and this effect is strengthened when EVs and hydro-
gels are combined.

Regulating the collagen deposition and scar formation
During the proliferative phase of wound healing, actively 
proliferating FBs produce and promote collagen depo-
sition. Collagen deposition is a necessary process for 
wound healing [136]. Therefore, an increase in collagen 
deposition represents better wound healing efficiency. 
Studies have shown that both EVs and hydrogels can 
promote collagen deposition in wounds and that the 
combination of both treatments enhances this effect. For 
example, Wang et al. used MSC-EV and GelMA-DOPA-
EV hydrogels on diabetic wounds and found that colla-
gen deposition in the GelMA-DOPA-EV and EVs groups 
increased similarly on day 7, whereas the GelMA-DOPA-
EV group showed a more significant increase on day 14 
[137].

However, excessive collagen deposition is considered 
to be a key factor in scar formation [136]. In the later 
stages of wound healing, controlling excessive FB activ-
ity and inhibiting collagen deposition can suppress scar 
formation [138]. Shen et al. designed a bilayer hydrogel 
in which BMSC-EVs in the lower layer were first released, 
promoting FB function and collagen deposition at the 
early stage of wound healing. In the later stage (7 days), 
the upper layer gradually released EVs with high miR-
29b-3p expression and inhibited fibrosis-related gene 
expression and collagen deposition in the scar tissue, 
thereby reducing scar formation [139].

Facilitating angiogenesis
Angiogenesis is essential for wound healing. Injured 
blood vessels first expand to increase the blood supply 
around the wound, which contributes to the absorption 
of nutrients and growth factors as well as the migra-
tion and settlement of vascular endothelial cells, kerati-
nocytes, and FBs. Then, the secretion of growth factors 
such as TGF- β, ILs, and angiogenic factors promote fur-
ther proliferation and sprouting of local blood vessels. 
EV-loaded hydrogels can promote wound angiogenesis 
by loading EVs with effective angiogenic abilities or by 
delivering drugs that can promote vascular regenera-
tion. Hu et al. engineered GelMA-based hydrogels loaded 
EVs derived from hypoxia-treated ADSCs, revealing 
enhanced therapeutic effects in wound healing compared 
to normal EVs. The delivery of circ-Snhg11 activated the 
miR-144-3p/NFE2L2/HIF1α pathway, enhancing vascu-
lar endothelial cell survival and function and promoting 
wound healing [61].

Regulating inflammation
Macrophages are primary cells that regulate inflamma-
tion during wound recovery, playing a crucial role in 
wound healing. In the early stages, macrophage activa-
tion is induced, and a series of inflammatory responses 
occur. Activated macrophages can polarize into the M1 



Page 14 of 19Zheng et al. Journal of Nanobiotechnology           (2024) 22:57 

and M2 phenotypes. M1 phenotype macrophages mainly 
play a pro-inflammatory role, producing pro-inflamma-
tory cytokines such as tumor necrosis factor α (TNF-α) 
and IL-6, etc. Moreover, they have a strong phagocytic 
ability to clear pathogens or cell debris from wounds 
[140]. M2 macrophages usually have anti-inflammatory 
effects and can secrete anti-inflammatory cytokines, 
such as IL-10, and promote wound remodeling and heal-
ing [141]. The transition from M1 to M2 macrophages is 
crucial for efficient wound recovery, with prolonged or 
stalled transitions contributing to delayed healing and 
chronicity [5, 142]. Therefore, regulating macrophage 
polarization is an important strategy to accelerate wound 
healing, and some EV-loaded composite hydrogels effec-
tively promote M2 macrophage polarization. Kwak et 
al. used EVs derived from M2 macrophages, which can 
induce polarization from M1 to M2, thereby control-
ling wound inflammation and promoting the transition 
to the proliferative phase of wound healing. A compos-
ite microneedle hydrogel with MSC-derived EVs was 
used by Zhang et al. to regulate macrophage polariza-
tion in vitro. In vivo, the content of TNF-α significantly 
decreased after hydrogels were used in diabetic wounds 
[70].

Promoting the regeneration of hair follicles, nerves and 
other accessory organs
The effective healing of wounds involves not only the 
closure of the wound area, but also the regeneration of 
its full functions, which are closely linked to accessory 
organs such as nerves and hair follicles. For example, 
scar-formed wound healing results in the loss of normal 
skin functions, with only 80% of the skin’s strength [143] 
and no hair follicles or other accessory organs [136]. Hair 
follicles are complex appendages with complex struc-
tures and functions that are difficult to regenerate. Hair 
follicles may differentiate from epidermal cells, such as 
basal keratinocytes, during the process of wound heal-
ing [144]. Despite these difficulties, some studies have 
used composite hydrogels with EVs on wounds to achieve 
hair follicle regeneration. For example, a Pluronic F127 
hydrogel combined with hUCMSC-EVs designed by Yang 
et al. was applied to diabetic wounds, and slices of the 
wound tissues at 14 days showed hair follicle regenera-
tion, but not in the group using hydrogels or EVs alone. 
This may be due to the Wnt, Bmp, Notch, and Sonic 
hedgehog (SHH) pathways, which are involved in hair 
follicle regeneration and wound healing [145]. Nerves in 
the skin tissue are part of the peripheral nervous system, 
and many wounds are accompanied by nerve damage 
[146]. Research has confirmed that some EVs can pro-
mote nerve regeneration [147], and additional drugs can 
be added to EV-loaded hydrogels to enhance this effect. 
Qian et al. designed a composite hydrogel combining 

silver nanoparticles (AgNPs) and hUCMSC-EVs, which 
enhanced the effect of nerve regeneration by EVs [148]. 
Research has demonstrated that inflammatory cells and 
factors caused by wound infections may inhibit the repair 
of nerves [149], while AgNPs endow hydrogels with anti-
bacterial properties to suppress the inflammatory envi-
ronment and promote nerve regeneration.

Conclusions, challenges and prospects
Recently, EVs have received considerable attention in the 
exploration of new therapeutic methods for wound heal-
ing. Hydrogels have demonstrated the ability to com-
pensate for the shortcomings of EVs when applied to 
wounds. Therefore, the development of composite mate-
rials for EVs and hydrogels to promote wound regen-
eration is crucial. Subsequently, diverse combinations of 
hydrogels and EVs have been developed to endow com-
posite hydrogels with extended sustained-release ability 
and excellent pro-healing properties. The 3D bioprinting 
of EV-loaded hydrogels will provide more attractive plat-
forms for basic and translational medical applications.

However, EV-loaded hydrogels still face some poten-
tial challenges: (1) EVs: establishing a standardization of 
production, extraction, and storage methods for EVs to 
provide stable and reliable therapeutic EVs; (2) hydrogels: 
improving hydrogels with better characteristics to adapt 
to more clinical scenarios; and (3) synthesis methods: 
optimizing manufacturing strategies to reduce adverse 
effects on EVs and further improve the performance of 
the composite hydrogels.

Standardized processes must be established for the use 
of EVs in wound treatment. When used as a therapeutic 
drug delivery system, different cultivation and extraction 
methods may influence the viability of EVs or introduce 
foreign pollutants into their products. In addition, dif-
ferent characterization and counting methods affect the 
quality control of EVs [150]. Although research on EVs 
has made progress recently, a comprehensive and detailed 
understanding of EV functions and mechanisms, and the 
composition and characterization of EV subgroups is still 
lacking. Therefore, it is necessary to develop standard 
protocols for the source, collection, processing, extrac-
tion, characterization, and data analysis of EVs to estab-
lish standardized processes for EV production [151]. 
Moreover, there is currently a lack of reported preserva-
tion methods for EVs in composite hydrogels. It is gen-
erally believed that EVs need to be stored at -80 degrees 
to maintain their activity, and repeated freeze-thaw 
cycles can lead to a loss of their activity [152]. In current 
research, composite hydrogels are typically prepared and 
immediately used, with a lack of relevant experiments on 
their storage.

Another opportunity is to explore hydrogels with 
improved properties. Natural and synthetic hydrogels 
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have their own advantages; however, their disadvan-
tages cannot be ignored. For example, natural hydrogels 
lack stability, mechanical properties, and tissue adhesion 
properties [153], while synthetic hydrogels have the dis-
advantages of relatively poor biocompatibility [64], toxic 
precursors, and degradation products [154] and require 
further careful design in clinical applications. Many stud-
ies have combined natural (or modified natural) hydro-
gels with synthetic hydrogels to compensate for these 
drawbacks and reinforce the strengths of each method. 
For example, in the GelMA-SFMA composite hydrogel 
designed by Zhu et al., the good elasticity of SFMA com-
pensates for the low mechanical modulus and limited 
pore size and porosity of GelMA [155], whereas the inter-
penetrating polymer network formed by the combination 
of GelMA and SFMA further strengthens the mechanical 
properties of the hydrogels [67]. Besides, nano materi-
als can also be added to the hydrogels, such as organic 
nanomaterials to improve the mechanical strength and 
conductivity, and metal nano materials to increase their 
responsiveness to magnetism and other factors [156].

Moreover, it is very important to further optimize the 
manufacturing strategies of EV-loaded hydrogels to mini-
mize the adverse effects on EVs. The crosslinking agents 
used in the general manufacturing methods may cause 
damage to EVs. High ultraviolet light intensity or high 
temperature in 3D bioprinting techniques such as ste-
reolithography or fused deposition modeling may lead to 
the inactivation of EVs, while bioprinting based on extru-
sion is considered to remain EV viability mostly [156, 
157]. However, as research progresses, the shear stress 
in extrusion based bioprinting was found to cause cell 
death in the hydrogels [158]. After improving the manu-
facturing strategies, shear-thinning hydrogel was found 
to reduce shear stress during the extrusion process and 
reduce the impact on biomolecules [159]. Therefore, 
while improving manufacturing strategies to produce 
the composite hydrogels with excellent performance, the 
impact on scaffolds’ bioactive components also needs to 
be considered. It is essential to optimize manufacturing 
methods to attain the ideal balance between high perfor-
mance and maintenance of bioactive molecular activity. 
In recent studies, machine learning has been employed to 
construct and analyze physical models, proposing more 
innovative printing approaches and maintaining the bio-
compatibility and structural integrity in 3D-bioprinting 
processes [160, 161]. This may contribute to reducing 
the loss of bioactive components and enhancing printing 
performance and the biological effects of 3D scaffolds in 
the future.

In conclusion, EV-loaded composite hydrogels repre-
sent an effective strategy for wound healing and tissue 
regeneration with numerous advantages. In the future, 
a deeper understanding of the characteristics of EVs and 

hydrogels will aid in selecting raw materials with differ-
ent properties to meet the personalized treatment needs 
of different patients. Additionally, with the continuous 
development of technology, the integration of high-preci-
sion printing techniques will further enhance the perfor-
mance of EV-loaded hydrogels and advance their clinical 
applications. This will provide new therapeutic avenues 
in the fields of tissue repair and regenerative medicine.
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