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Abstract

Critically sized bone defects remain a global health and economic burden, and biomaterials
associated with stem cell therapy have been widely applied as a significant strategy for
bone regeneration. Due to limitations related to cell survivability, immune rejection, and
transplantation at the defective bone site, the improved therapeutic outcomes of stem
cells are achieved through paracrine actions, which involve the secretion of extracellular
vesicles (EVs) and/or other factors. Ultra-small, nano-sized exosomes (Exos) of endosomal
origin have demonstrated promising potential for bone regeneration through partially
revealed intercellular communication. However, the real-time feasibility before clinical
trials remains unknown. The current report aims to provide an overview of the various
stem cell-derived exosomes in treating bone and cartilage defects, including osteoarthritis
(OA) and osteochondral defect (OCD), and optimize the yield of Exos with enhanced tissue
engineering potentials. Additionally, the encapsulation of Exos with various bioactive
molecules to enhance therapeutic efficacy, their functionalization with biocompatible scaf-
folds to promote sustained release in the defective cellular microenvironment, and the
molecular functions of Exos were investigated.

Keywords: biocompatibility; bone repair; in vitro; exosomes; osteoarthritis; osteochondral
regeneration

1. Introduction
Bone, cartilage, and neuronal defects have a profound impact on physiological func-

tion, significantly decreasing the quality of life. Advancements in stem cell-based treatment
modalities have been applied extensively in recent decades, offering new therapeutic op-
tions for patients with musculoskeletal and neurological disorders, as well as for neuronal
repair [1–3]. Osteoarthritis (OA) is the most common chronic joint disease, characterized
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by the progressive degeneration of articular cartilage, leading to joint pain, stiffness, and
reduced mobility [4]. The therapeutic potential of MSCs is driven by their ability to migrate
to injury sites, differentiate into various cell types, and secrete growth factors and cytokines
that promote tissue maintenance and repair [5,6]. Although therapeutic options are widely
accepted, several risks have been reported, including low engraftment and viability after
injection, as well as thrombus formation and pulmonary embolism resulting from cell
accumulation in the lung [7]. Additionally, the accumulation of undifferentiated human
pluripotent stem cells (hPMSCs) in the body leads to the risk of teratoma [8]. Long-term
in vitro proliferation of MSCs can lead to genetic instability, chromosomal aberrations,
and an increased risk of malignant transformation [9]. Therefore, the establishment of
cell-free therapeutic molecules offers similar advancements to those of MSCs, which are
paramount for safer regenerative therapies. In response to this demand, Exos derived from
almost all cell types have been considered a safer and significant alternative for cell-based
therapy [10,11]. MSC-derived Exos (MSC-Exos) exhibit similar functions to MSCs, such as
tissue regeneration, inflammation modulation, and immune regulation [12]. Exos are small
extracellular vesicles (sEVs), typically 30–150 nm in diameter, released by cells through the
fusion of multivesicular bodies with the cell membrane. They have a lipid bilayer structure
that protects their contents, which include regulatory proteins, signalling lipids, nucleic
acids (e.g., miRNAs, mRNAs), and epigenetic modulators, which may vary based on the
parental cell type, differentiation profile, and microenvironmental stimuli [13,14]. Exosomes
play a critical role in intercellular communication by delivering their cargo to target cells
via membrane fusion or endocytosis [15]. Exos play crucial roles in patho-physiological
processes, including tissue regeneration, immune modulation, and cell proliferation and
differentiation [16]. They act as “molecule carriers” and have potential applications in
diagnostics, therapeutics, anti-tumour therapy, and drug delivery [17,18]. Alginate (ALG),
hyaluronic acid (HA), and fibrin glue (FG) are widely used in bone tissue engineering
(BTE) and serve as delivery systems for therapeutic agents, such as MSC-derived exosomes,
due to their high biocompatibility, improved mechanical strength, and porosity [19,20]. In
regenerative medicine, particularly in the treatment of OCD, bone defects, OA, and wound
healing, Exos are involved in processes such as tissue regeneration, immune response
regulation, soft tissue repair, dental pulp regeneration, and the treatment of periodontal dis-
ease [21]. Therefore, in this review, we discuss novel and effective therapeutic approaches
urgently needed to promote the regeneration of bone, cartilage, and osteochondral tissue.

2. The Role of Different Cell-Derived Exosomes for Bone Regeneration
2.1. Stem Cell-Derived Exos

A recent study revealed that bone marrow mesenchymal stem cell-derived exosomes
(BMSC-Exos) loaded into HA-based 3D-printed hydrogel (HG) scaffolds exhibited superior
bone regeneration potential. In vivo experiments using male adult Sprague-Dawley (SD)
rats showed that the Exos and oxygen released from the scaffold regulate the inflammatory
microenvironment by reducing pro-inflammatory factors (e.g., TNF-α, IL-1β, IL-6), promot-
ing macrophage polarization to the M2 phenotype, while calcium ions released from the
scaffold enhance the expression of osteogenic genes such as alkaline phosphatase (ALP),
Runx2, and osteocalcin (OCN), promoting the differentiation of BMSCs into osteoblasts
(OBs). This reduces chronic inflammation and improves oxygen delivery, enhancing cel-
lular metabolism and accelerating bone tissue repair [22]. A recent study concluded that
the 3D-cultured model of human periodontal ligament stem cell (hPDLSC)-derived Exos
(hPDLSCs-Exos) enhanced bone repair potential by activating YAP signalling pathways,
which boosts osteogenesis, cell proliferation, migration, and survival, ultimately leading
to effective bone regeneration compared to traditional 2D culture-derived Exos [23]. For
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instance, Xiang et al. developed the 3D-BMSC-Exo/HG scaffold, in which Exos enhance
bone regeneration by addressing hypoxia and oxidative stress in bone defects, while HG
improves the bone microenvironment and promotes osteogenesis. Oxidative stress is the
primary impediment to bone repair, underscoring the need for effective ROS scavenging
strategies. Hence, 3D-Exos were modified with superparamagnetic Iron oxide nanoparticles
(SPIONs) (3D-SExos) for enhanced reactive oxygen species (ROS) scavenging, followed
by the incorporation of bone-targeting peptide-modified GelMA (3D-SExos/DGel). 3D-
SExos/DGel reduced ROS levels in BMSC by 49% compared to the control and enhanced
OB differentiation in vitro [24]. Adipose-derived stem cell (ADSC)-derived Exos (ADSC-
Exos) cultured in a 3D environment (3D-Exos) demonstrated superior effects in enhancing
bone mineral density (BMD), bone volume (BV) fraction, and other bone-related parame-
ters compared to 2D-Exos. 3D-Exos facilitated OB differentiation and maturation, leading
to increased ALP activity, calcium nodule formation, and upregulation of osteogenesis-
related genes. It has also been identified that 3D-Exos has a distinct miRNA profile, with
upregulated miRNAs promoting osteogenesis (miR-3648) and downregulated miRNAs
inhibiting osteogenesis (let-7i-5p) related to bone development, ossification, and OB dif-
ferentiation [25]. For instance, collagen-binding peptides (targeting collagen I (COL-I)
or collagen III (COL-III)) linked with the exosomal capture peptide CP05, bound to the
small intestinal submucosa (SIS), were found to recruit Exos effectively. The engineered
recombinant peptides (SIS–P1P2-Exos) significantly enhanced the osteogenic differentiation
of BMSCs, evidenced by increased expression of OCN, ALP, bone morphogenetic protein-2
(BMP2), and osteopontin (OPN), and facilitated the activation of the PI3K/Akt signalling
pathway. In vivo studies showed that the SIS–P1P2-Exos exhibited superior bone regenera-
tion capabilities, effectively reconstructing bone defects within 12 weeks (Figure 1b) [26].
ALG-HA/MSC-Exos HG showed higher levels of ALP expression, indicating enhanced
osteogenic differentiation, BMSC engraftment, and mineralization. Additionally, the HG
facilitated tube formation by human umbilical vein endothelial cells (hUVECs), with in-
creased branching points and capillary length, and showed notably higher migration rates
of hUVECs and BMSCs. The in vivo results of ALG-HA/MSC-Exos showed the highest
bone-tissue-volume-to-total-tissue-volume (BV/TV) ratio and BMD, and highly expressed
RUNX-2 and OCN, indicating significant bone defect repair [27].

For instance, Hypoxic umbilical cord stem cell-derived Exos (Hy-UCMSC-Exos) have
high therapeutic potential and are enriched with miR-126. These Exos are more readily
taken up by endothelial cells compared to those derived under normoxic conditions. Like-
wise, exosomal miR-126 is transferred to hUVECs, where it suppresses SPRED1 expression,
activating the Ras/Erk signalling pathway and promoting endothelial cell proliferation,
angiogenesis, and migration. This enhanced angiogenesis contributes to improved vas-
cularization at the fracture site, facilitating nutrient delivery and bone regeneration [28].
Furthermore, GelMA-encapsulated BMSCs-Exos decreased the expression of IL-1β, IL-6,
and TNF-α, and increased anti-inflammatory factors IL-10 and transforming growth factor-
β (TGF-β), facilitating the formation of new chondrocytes and cartilage-like structures at
the tendon–bone interface (TBI) (Figure 1e). Although no significant differences in the
inflammatory response were observed between the two fixation methods, the interference
screw provided stronger fixation, while the suture anchor showed greater tissue regenera-
tion [29]. The therapeutic efficacy of BMSC-Exos was enhanced by reversibly binding them
with tannic acid-modified sulfonated polyetheretherketone (TA-SPEEK) implants. The
implant modulates the host immune response by promoting macrophage M2 polarization
via the NF-κB pathway to create a favourable environment for bone regeneration. The
sustained release of Exos fosters the expression of osteogenesis-related genes and proteins,
including COL-I, Runx2, OPN, and OCN. The Exos-loaded TA-SPEEK implantation in
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rat femoral drilling models demonstrated new bone formation around the implant site
and minimized fibrous tissue formation, ensuring better integration with the bone [30].
Platelet-rich plasma-derived Exos (PRP-Exos) induce changes in tendon stem/progenitor
cells (TSPCs), promoting their proliferation, migration, and differentiation into tendon and
cartilage lineages, as well as angiogenesis. The formation of new blood vessels, which
improves vascular function and nutrient delivery to the injured area, is crucial for the
healing of rotator cuff tears (RCTs). Furthermore, PRP-Exos activate the Akt/Bad/Bcl-2
pathways, regulate inflammatory responses, and deliver platelet-derived growth factor
(PDGF), vascular endothelial growth factor (VEGF), and fibroblast growth factor (FGF) to
promote tissue repair, including fibrocartilage regeneration and cellular adhesion [31]. Exos
derived from a specific subpopulation of adipose-derived chondrogenic stem/progenitor
cells (Sub-Exos) enhance chondrogenic differentiation of hBMSCs, extracellular matrix
(ECM) synthesis, and anti-inflammatory responses, thereby driving tissue repair at the TBI.
In vivo studies demonstrated improved collagen organization and subchondral bone for-
mation at the TBI, indicating superior healing in chronic RCTs [32]. Another study revealed
that PRP-exos significantly enhance the proliferation and differentiation of tendon-derived
stem cells (TDSCs), leading to increased production of tendon-specific markers, includ-
ing COL-II, SOX-9, and TIMP-1. In vivo experiments using rabbit models demonstrated
improved tissue arrangement, reduced inflammation, and accelerated healing at the TBI
following PRP-Exos treatment [33]. For instance, dermal fibroblast-derived Exos (DF-Exos)
combined with FG enhanced early mRNA expression of COL-1A1, COL-3A1, and ACAN,
which are critical for ECM and fibrocartilage formation. The in vivo study demonstrated
improved collagen fibre continuity, density, and orientation, as well as the formation of a
fibrocartilage layer, leading to a more mature bone–tendon interface structure in a rabbit
model of chronic RCT [34].

Exos derived from stem cells of human exfoliated deciduous teeth (SHED-Exos) en-
hance osteogenic differentiation and regulate the apoptosis mechanism of human periodon-
tal ligament cells (hPDLCs) to facilitate tissue regeneration. The specific miRNAs of SHED-
Exos influence signalling pathways such as MAPK and Wnt, which are involved in cell
survival, proliferation, apoptosis, and differentiation. Moreover, they modulate the mTOR,
AMPK, FoxO, and PI3K-Akt pathways, which are associated with cellular processes such
as energy expenditure, oxidative stress, and osteogenesis [35]. Three-dimensionally printed
porous Ti6Al4V scaffolds decorated with Schwann cell-derived Exos (SC-Exo) demon-
strated that Exos enhance BMSC migration, proliferation, and differentiation, improving
titanium alloy scaffold efficacy in bone repair. The report suggested that the SC-Exos
effectively promote bone regeneration and enhance the effectiveness of porous Ti6Al4V
scaffolds, offering a new therapeutic strategy for bone defects [36]. Sun et al. demonstrated
that BMP2-overexpressed Exos (BMP2-Exos) are encapsulated within a GelMA-HG, provid-
ing a porous structure that mimics the ECM and facilitating cell communication, nutrient
transport, and sustained delivery of Exos at the bone defect site. BMP2-Exos significantly
enhance the proliferation and increase the expression of ALP, COL-I, BMP2, and RUNX2.
Furthermore, BMP2-Exos-GelMA-HG promotes the formation of new bone tissue in a
mouse model of a cranial defect [37]. A recent study utilized small extracellular vesicles
(sEVs), a subset of EVs often referred to as Exos, loaded with the therapeutic genetic materi-
als, including human VEGF-A and BMP-2 mRNAs, using a track-etched membrane-based
nanoelectroporation (TM-nanoEP) system. The HG-encapsulated sEVs (HG-sEVs) were
injected into rats with critical-size femoral defects, demonstrating controlled, localized
release of therapeutic mRNAs for VEGF-A and BMP-2, which synergistically promote
angiogenesis and osteogenesis, effectively addressing critical-size bone defects [38]. For
instance, the hUCMSC-sEVs encapsulated in bio-glass (BG) scaffolds with HG coatings (BG-
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HG-sEVs) exhibited a slow, sustained release of sEVs, which are taken up by BMSCs and
hUVECs. The delivery of miR-23a-3p via sEVs to recipient cells targets the 3′UTR of PTEN,
suppressing its expression and activating the PTEN/AKT signalling pathway to promote
bone and blood vessel formation. Furthermore, the in vivo study demonstrated that the
BG-HG-sEV scaffold effectively promotes bone regeneration in critical-size calvarial bone
defects in mice. The Micro-CT and histological evaluations showed increased BV/TV, BMD,
and vascularization in the defect area, indicating high-quality bone repair [39]. Wu et al.
demonstrated a thermosensitive HG encapsulated with BMSC-sEVs (tHG-BMSC-sEVs),
which is injectable and forms a gel at body temperature. The BMSC-sEVs contain exosomal
miR-21 targeting SPRY2, a gene that negatively regulates angiogenesis, thereby enhancing
the expression of angiogenic factors such as VEGF, bFGF, and ANG-1. The released sEVs
are internalized by hUVECs and BMSCs, promoting osteogenic differentiation, cell prolif-
eration, migration, and tube formation. Furthermore, they enhance angiogenesis, which
is critical for bone regeneration. In a rat model of calvarial defects, the tHG-BMSC-sEVs
demonstrated improved bone healing and new vessel formation [40]. Given the current
therapeutic challenges and limitations, these advancements could establish miRNA-based
sEV therapies as viable and effective treatments for bone-related diseases and injuries [41].
Furthermore, electrical stimulation is recognized as a promising method to enhance os-
teogenesis and accelerate bone regeneration. However, its clinical potential is hindered
by the complexity of procedures and the need for invasive equipment [42]. For instance,
a study investigated the therapeutic efficacy of Exos derived from electrically stimulated
BMSCs (Ele-Exos) in chondroitin sulfate methacrylate (CSMA) hydrogels (CSMA + Ele-exo),
where the electrical stimulation significantly induced osteogenesis, mineralization, and
enrichment of oxidative phosphorylation, thus promoting bone regeneration. Together, the
findings suggest that electrical stimulation enhances the therapeutic potential of Exos for
bone regeneration, opening a new platform to address bone defects [43]. Although Exos
from MSCs have numerous therapeutic properties, their production yield is low. Traditional
electrical stimulation methods are costly and often damage cells due to electrolysis. To
overcome these challenges, a novel self-powered electrical system (SES) using triboelectric
nanogenerators (TENGs) was developed, increasing Exos production by up to 3.2 times
without affecting bioactivity [44]. In another report, BMSCs treated with mesoporous
bioactive glass (MBG) were found to enhance the production of Exos (MBG-Exos) and their
biological functions. MBG-Exos promoted the proliferation, osteogenic differentiation, and
mineralization of OBs in vitro. In vivo, results showed that MBG-Exos promoted vascu-
larization at the defect site and induced M2 macrophage polarization (anti-inflammatory)
while inhibiting M1 macrophage polarization (pro-inflammatory), creating a favourable
immune microenvironment in cranial defects in rats [45].

MSC-Exos demonstrated enhanced bone tissue regenerative potential by facilitating
angiogenesis and osteogenesis via the delivery of proteins, lipids, and epigenetic mod-
ulators [46]. However, insufficient therapeutic efficacy and unstable immunoregulatory
capacity are key challenges that need to be addressed. Hence, a recent attempt, shown
in MSC-Exos, was encapsulated with curcumin (Cur) in a bisphosphonate-modified HG
(CE@BP-HG) microsphere system to investigate its therapeutic efficacy. Cur, a natural
compound derived from turmeric, exhibits anti-inflammatory, antioxidant, and osteogenic
properties that effectively suppress TNF-α and IL-6 [47], which are crucial in delayed
bone repair. Moreover, Cur’s bioavailability is enhanced when it is encapsulated in Exos.
The study results indicate that the CE@BP-Gel microspheres can be effectively applied in
cartilage repair and chronic wound healing [48]. Wang et al. revealed that the hMSCs-Exos
released in the late stage of osteogenic differentiation contain high levels of osteogenesis-
related microRNAs, such as miR-21, which promote osteogenic differentiation, and show
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reduced levels of negative regulators like miR-31, miR-221, and miR-144 and ECM min-
eralization compared to the expansion stage and early differentiation, in which poor
osteogenic differentiation was recorded [49]. Additionally, the limited osteogenic potential
of MSC-Exos was enhanced by developing Exos-mimetics (Ems) by integrating osteogeni-
cally induced MSC spheroids into self-healing, injectable HGs, thereby improving bone
regeneration. The in vivo assessment revealed that the Ems-HG system alters miRNA ex-
pression related to the Wnt/β-catenin and Notch signalling pathways, thereby enhancing
calvarial bone tissue regeneration in the mouse model [50]. Wang et al. developed an
exosome-capturing scaffold (ECS) model that attracts and anchors neutrophil-derived Exos
(PMN-Exos) through electrostatic and lipophilic interactions. The PMN-Exos enriched ECS
stimulated endothelial progenitor cell (EPC) proliferation, a critical factor in vasculogenesis
and angiogenesis, through the miR455-3p/Smad4 pathway. In vivo studies demonstrated
that ECS significantly improved bone regeneration in rat and mini-pig mandibular defect
models [51].

A recent study reported that ADSC-Exos enhanced the proliferation, migration, and
osteogenic differentiation of BMSCs, as confirmed by the expression of related genes, in-
cluding RUNX2, OSX, OCN, OPN, and COL-I. Furthermore, ADSC-Exos loaded into a
gelatin sponge coated with polydopamine (GS-PDA) ensured their prolonged release. The
in vivo study in a rat femur defect model showed that the GS-PDA-Exos scaffold signif-
icantly improved BMD, BV/TV, trabecular thickness (Tb.Th), and trabecular separation
(Tb.Sp) [52]. Similarly, the controlled release of ADSC-Exos in the nHA/CS/PLGA scaffolds
increased mineralized nodule formation and ALP activity, and elevated mRNA expression
of osteogenic markers like COL-1A1 and RUNX2. In vivo studies have demonstrated that
scaffolds loaded with ADSC-Exos and BMSCs effectively repair maxillofacial bone defects
in rabbits (Figure 1d), resulting in the formation of new bone and blood vessels [53]. An-
other report revealed that the BMSC-Exos improve angiogenesis, immunoregulation, and
intercellular communication. Furthermore, they enhance myogenic differentiation of my-
ocytes and stimulate macrophage polarization toward the regenerative M2 phenotype while
reducing pro-inflammatory M1 macrophages, thereby collectively guiding bone–muscle
regeneration [54]. For instance, rat BMSC-derived osteoinductive Exos (rBMSC-OI-Exos)
contain multi-component miRNAs that target Acvr2b/Acvr1 receptors and regulate the
competitive balance between Bmpr2 and Acvr2b receptors, favouring Bmpr2-mediated
Smad1/5/9 phosphorylation, which activates the canonical BMP/Smad signalling pathway.
Moreover, the in vivo rat cranial defect model treated with the rBMSC-OI-Exos immobi-
lized MBG (rBMSC-OI-Exos-MBG) scaffold demonstrated enhanced bone formation, bone
regeneration, and upregulated BMP-2 and pSmad1/5/9 expression, confirming the activa-
tion of the BMP/Smad pathway [55]. BMSC-Exos were loaded into a porous HG, which
promoted osteogenic gene expression, including COL-I, OCN, and RUNX2, and stimulated
the expression of angiogenesis-related proteins, such as CD31 and VEGF, in hUVECs. In a
rat model of cranial defects, BMSCs-Exos-HG significantly promoted bone regeneration,
showing an increased BV/TV ratio [56].

2.2. Macrophage-Derived Exos (M-Exos)

Macrophages are versatile immune cells that play a central role in the immune sys-
tem. They exhibit functional plasticity and can polarize into different phenotypes, such
as pro-inflammatory M1 macrophages and anti-inflammatory M2 macrophages, based on
microenvironmental signals [57]. M-Exos, particularly those from M2 macrophages, play
a significant role in bone repair by promoting osteogenesis, angiogenesis, and immune
modulation due to their unique cargoes [58,59]. Their therapeutic potential stems from
their ability to deliver miRNAs that regulate cellular processes crucial to bone repair. For
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instance, M2–exosomal miRNA-26a-5p enhances the expression of ALP, RUNX-2, OPN,
and COL-II, which are essential for bone formation and repair processes. Additionally,
miRNA-26a-5p inhibits adipogenic differentiation, further supporting its role in bone
regeneration [60]. In another study, M2-Exos were engineered to express miR-365-2-5p (M2-
Exos/miR-365-2-5p) to address challenges associated with poor targeting and insufficient
therapeutic concentrations in exosomal therapy. M2-Exos/miR-365-2-5p were effectively
internalized by OBs, which significantly enhanced osteogenesis by targeting the OLFML1
gene [61]. The OLFML1 gene encodes the protein Olfactomedin-like 1, a negative regulator
of OB differentiation which inhibits the Hippo signalling pathway by suppressing the
nuclear translocation of Yes-associated protein (YAP). Knockdown of OLFML1 leads to in-
creased YAP accumulation in the nucleus, promoting OB differentiation and mineralization.
Conversely, overexpression of OLFML1 inhibits OB differentiation and mineralization [62].
A recent report demonstrated that under shear stress, M2-Exos downregulate miR-423-5p,
a negative regulator of osteogenesis that binds specifically to BMP-2, thereby suppressing
BMP-2 expression. Downregulation of miR-423-5p in Exos relieves this suppression, lead-
ing to increased BMP-2 levels and thereby promoting MMSC osteogenesis by activating
MAPK and RAS signalling pathways. This leads to upregulation of osteogenic markers,
including RUNX2, ALP, and BMP-2 [63]. A novel biomimetic periosteum, developed using
M2-Exos functionalized with BMSC-specific aptamers (PEC-Apt-NP-Exos) via coaxial elec-
trospinning, effectively promotes BMSC migration and osteogenic differentiation through
the Rap1/PI3K/AKT signalling pathway. In vivo studies reveal that M2 macrophages
were more abundant in PEC-Apt-NP-Exos (76.60 ± 5.03) than in PEC (50.60 ± 6.47). The
M2/M1 ratio in PEC-Apt-NP-Exos was 1.80 ± 0.12, indicating effective polarization and en-
dogenous BMSC recruitment, thereby promoting new bone formation in large-bone-defect
repairs [64].

Furthermore, BMP2/M-Exos integrated with a titanium nanotube (Ti-Nt) scaffold
effectively stimulate the expression of osteogenesis-related markers (ALP, BMP2, and
Runx2), promoting early OB differentiation. The scaffold activates autophagy in hBMSCs,
maintains cellular homeostasis, and increases levels of pro-osteogenic cytokines (IL-17A,
IL-19, RANTES) that support bone regeneration [65]. β-TCP bioceramic-stimulated M-Exos
contain specific miRNA cargos such as pro-osteogenic mmu-miR-330-3p and mmu-miR-338-
3p, pro-angiogenic mmu-miR-18a-5p and mmu-miR-25a-3p, and anti-inflammatory mmu-
miR-125a-5p and mmu-miR-130b-5p. The prolonged release of M-Exos from the 3D-printed
porous scaffolds regulates MAPK, NFκB, and BMP2/Smad signalling pathways, which are
critical for tissue regeneration [66]. M2-Exos promote osteogenic differentiation of MSCs
by activating the Wnt/β-catenin signalling pathway, thereby enhancing β-catenin nuclear
translocation. This process regulates the expression of Runx2, COL-I, and OPN, promoting
bone formation [67]. Furthermore, H2S-pretreated M2-Exos facilitate the polarization
of macrophages into the M2 subtype, which is anti-inflammatory and supports tissue
repair. H2S alters the protein profile of M2-Exos, significantly enriching moesin, which
facilitates Exos’ endocytosis into MSCs and enhances their uptake. Once internalized, the
Exos activate the β-catenin signalling pathway in MSCs, which is crucial for osteogenic
differentiation and bone regeneration, as represented in Figure 1a [68]. Additionally, a
lipid-metabolizing enzyme, sphingomyelin phosphodiesterase 3 (Smpd3) in bone, plays
a vital role in the bone regeneration process [69]. In certain metabolic conditions, the
bone regenerative potential is significantly low, especially in Type 2 diabetes mellitus
(T2DM) [70]. In such conditions, Exos-Smpd3@Ns enhance the osteogenic differentiation of
BMSCs by promoting autophagy and increasing osteogenic marker expression while also
shifting macrophage polarization toward an anti-inflammatory profile. Additionally, they
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reduce reactive oxygen species (ROS) levels and alleviate oxidative stress by maintaining
mitochondrial membrane potential, creating a conducive environment for bone healing [71].

2.3. OB-Exos and Osteoclast-Derived Exos (OC-Exos)

OBs play a crucial role in bone formation, and Wnt signalling is essential for OB differ-
entiation and bone development [72]. A recent study demonstrated that OB-Exos promote
MSCs’ differentiation into OBs by activating key signalling pathways, including Wnt/β-
catenin and BMP/Smad. The exosomal microRNAs, such as miR-21 and miR-214, enhance
the expression of ALPL, RUNX2, and OPN, leading to mineralization and bone matrix for-
mation. Furthermore, they promote vascularization in the bone microenvironment through
VEGF/ERK1/2 pathways and release the angiogenic factor matrix metalloproteinase-2
(MMP2). Furthermore, it influences macrophage polarization and reduces inflammation,
which is critical for bone healing [73]. For instance, the MMP2 present in MOB-Exos ac-
tivates the VEGF/Erk1/2 signalling pathway in ECs, leading to increased expression of
VEGF, phosphorylated VEGF receptor 2 (pVEGFR2), and phosphorylated extracellular
regulated protein kinases 1/2 (pErk1/2). These activations contribute to the enhanced
angiogenesis observed in ECs [74]. OB-Exos regulate OC differentiation by transferring
miR-503-3p to OC progenitor cells, thereby inhibiting osteoclastogenesis by downregulat-
ing Hpse (heparanase) expression. This mechanism highlights the role of OB-Exos in bone
remodelling and cellular communication [75]. Chen et al. demonstrated that Auto-OB-Exos
treatment in ovariectomized (OVX) mice increased bone mineral density (BMD), improved
bone microstructure, reduced OC activity, and upregulated RUNX2, OSX, Plzf, Dlx5, and
ALP. It altered the gut microbiota by increasing the abundance of Lactobacillus, which
regulates bone metabolism, and decreasing harmful bacteria such as Dubosiella and Faecal-
ibaculum. Furthermore, the Exos suppressed bilirubin production, thereby promoting OB
differentiation and bone formation, and alleviating OP progression [76]. OB-Exos inhibit
osteosarcoma (OS) cell proliferation, promote mineralization, and upregulate osteogenic
markers like osteonectin (ON), bone sialoprotein (BSP), RUNX2, and OPN while down-
regulating URG4 expression. Furthermore, OB-Exos upregulate Wnt inhibitory factor 1
(WIF1), which inhibits the Wnt/β-catenin signalling pathway, leading to decreased nuclear
accumulation of β-catenin and increased β-catenin phosphorylation, thereby suppressing
the pathway’s activity. Cyclin D1, a downstream target of the Wnt/β-catenin pathway
involved in cell proliferation, is also downregulated. These specific roles of OB-Exos make
them a potential therapeutic tool for treating OS [77]. Similarly, Kim et al. demonstrated that
the transfection of matured OB-derived EVs enriched with miR-125b, a tumour-suppressor
miRNA, into MM cells suppresses the expression of interferon regulatory factor 4 (IRF4)
and MYC, leading to MM cell apoptosis. This effect is specific to MM cells, as EVs do
not affect the viability of normal cells, such as peripheral blood mononuclear cells, bone
marrow stromal cells, or OCs. This process establishes a non-permissive niche for MM
cells in the bone marrow [78]. A recent study demonstrated that the Exos derived from
genetically modified WIF1-overexpressing MC3T3-E1 OB cells (WIF1oe-OB-Exos) promote
bone formation during the late stage of OB differentiation by suppressing β-catenin levels,
which helps regulate mineralization and OB maturation. Inhibiting Wnt signalling has
been shown to activate mitophagy, a process that maintains mitochondrial health and
promotes the secretion of EVs that contain osteogenic factors, thereby enhancing bone for-
mation. In vivo results showed that the WIF1oe-OB-Exos injection in OVX mouse models
significantly ameliorated bone loss. The Micro-CT analysis showed improved bone mass
retention, including increased BV/TV, Tb.N, and Tb.Th, along with reduced Tb.Sp. Target-
ing Wnt signalling at specific stages may offer therapeutic potential for conditions such as
OP, but further research is needed to understand the mechanisms and optimize treatment
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strategies [79]. In contrast, the long non-coding RNA (LncRNA) AW011738 in OC-Exos
inhibits OB differentiation in MC3T3-E1 cells and reduces bone formation. The mecha-
nism involves the LncRNA AW011738/miR-24-2-5p/TREM1 axis, in which AW011738
suppresses miR-24-2-5p, thereby increasing TREM1 expression. TREM1 further inhibits
OB differentiation and promotes bone loss. The report also showed that OC-Exos decrease
osteogenesis-related markers, weaken osteogenic differentiation, and exacerbate OP in
OVX mice [80]. A recent study demonstrated that under compression stress, the miRNA
profiles of OC-EXOs were altered, with miR-223-5p and miR-181a-5p downregulated and
miR-133a-3p, miR-203a-3p, miR-106a-5p, and miR-331-3p upregulated. These Exos inhib-
ited OB differentiation in human periodontal ligament stem cells (hPDLSCs). Moreover,
the altered miRNA profiles were linked to signalling pathways, including MAPK, mTOR,
and insulin signalling, which are known to regulate bone formation and remodelling [81].

 

Figure 1. (a). The preparation of the SIS–P1P2-Exos membrane for effective bone repair [26].
(b). GelMA/BMSCs-Exo insertion with an interference screw or suture anchor for treating tendon–
bone injuries in a rabbit model [29]. (c). The sequential surgical-insertion procedure of FG-PRP-Exos.
(a1) Blunt dissection of the infraspinatus tendon was performed, (a2) followed by threading of 3-0
Ethibond sutures through the tendon and (a3) creation of the insertion site and syringe needle (5mL)
to create double rows of bony tunnels at the higher tuberosity of the humerus. (a4) Passed two
sutures through the bone tunnel from inside to outside. (a5) Administered various treatments per
procedure using a double syringe. (a6) Allowed FG-PRP-Exos to get to the bone–tendon interface.
(a7) Completely covered the infraspinatus tendon with the gel formulation and (a8) conducted gross
observation after the modified Mason–Allen suture [31]. (d). Induced critical mandibular bone defect
in rabbits (A), inserted the nHA/CS/PLGA-Exos scaffolds into the defect site (B), and loaded BMSCs
into the defect cavity (C) [53]. (e). The role of H2S-modified M2-Exos in osteogenic differentiation of
MSCs. H2S promotes the polarization of macrophages into the M2 subtype and enhances the level
of exosomal protein moesin in M2 macrophages, thereby facilitating the uptake of Exos by MSCs.
The internalized Exos activate the β-catenin signalling pathway in MSCs and enhance osteogenic
differentiation, leading to improved bone regeneration [68].
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3. Exosomes for Osteoarthritis Treatment
The typical OA treatment strategy involves joint mobilization, exercise therapy, Tran-

scutaneous electrical nerve stimulation, ultrasound therapy, Infrared therapy, and lifestyle
modifications to improve blood circulation, reduce pain, and improve joint function [82,83].
However, recent investigations reveal that Exos derived from polydactyly-BMSCs (pBMSC-
Exos) stimulate chondrocyte proliferation via BMP4 signalling. The in vivo results showed
that pBMSC-Exos significantly reduced cartilage damage and improved joint health in
a collagenase-induced OA mouse model, making them a vital component of OA treat-
ment [84]. For instance, UCMSC-Exos firmly preserve the ECM of hyaline cartilage, while
significantly downregulating inflammatory markers (TNF-α, iNOS, NLRP3) and increas-
ing the expression of the anti-inflammatory marker Arg-1 in macrophages and synovial
fibroblasts. Together, the in vivo rat OA model treatment demonstrated that UCMSC-Exos
almost eliminate degenerative processes in joint tissues [85]. Notably, UCMSCs cultured
in Exos-depleted FBS exhibited better chondrogenic potential in both in vitro and in vivo
settings compared to FBS-cultured UCMSCs. This may be due to the removal of Exos from
FBS, which retains MSC characteristics and provides a more controlled environment for
chondrogenic differentiation [86]. Dental pulp stem cell-derived Exos (DPSC-Exos) promote
anti-inflammatory, tissue repair properties, attenuate subchondral bone deterioration, effec-
tively moderate temporomandibular joint osteoarthritis (TMJ-OA) progression, and protect
joint integrity in a rat TMJ-OA model. Moreover, the protective effects were enhanced when
Exos were delivered within the HG system of vinyl sulfone-modified HA (HA-VS/HG)
due to the sustained Exos release. Significant subchondral bone deterioration in the control
and HA-VS/HG group (gp), while TMJs treated with hDPSC-Exos alone and HA-VS/HG-
Exos demonstrated better maintenance of joint structure, including smoother and more
continuous condylar surfaces, as shown in Figure 2A [87]. Zhang et al. demonstrated that
the Immortalized human embryonic stem cell-derived E1-MYC 16.3 Exos (EMSC-Exos)
suppress the expression of pain-associated genes and pro-inflammatory markers, such as
IL-1β, and enhance matrix synthesis by suppressing enzymes like MMP13 and ADAMTS5,
thereby reducing matrix degradation. The in vivo micro-CT analysis demonstrated that
EMSC-Exos treatment at 2 weeks showed early attenuation of bone loss, with an increased
BV/TV compared to the PBS-treated gp, followed by increased BV/TV and Tb·Th with
decreased Tb·Sp and Tb·N in the EMSC-Exos gp after 8 weeks, as highlighted in Figure 2B.
Additionally, EMSC-Exos activate AKT, ERK, and AMPK signalling pathways to regu-
late matrix homeostasis, suppress inflammation, and enhance tissue repair, as shown in
Figure 3a. These mechanisms collectively restore joint homeostasis, alleviate TMJ degenera-
tion, and promote repair and regeneration of TMJ tissues [88]. Lin et al. found that the Exos
from human exfoliated deciduous tooth stem cells (SHED-Exos) inhibit TNF-α, IL-6, iNOS,
NO, COX-2, and PGE2, which are associated with OA progression and regulate the NF-κB
pathway, a key driver of inflammation in OA. Furthermore, they promote the synthesis of
COL-II and Aggrecan (ACAN) to restore cartilage integrity, while protecting chondrocytes
from apoptosis and promoting their survival and proliferation, thereby aiding in cartilage
repair, as represented in Figure 3b [89].

DPSC-Exos alleviate abnormal subchondral bone remodelling and reduce cortical
bone sclerosis and cartilage degradation by enhancing COL-II expression and improving
cartilage matrix metabolism. Furthermore, DPSC-Exos suppress the overexpression of
inflammatory cytokines in synovial tissues in vivo. They inhibit OC activation by suppress-
ing transient receptor potential vanilloid 4 (TRPV4)-mediated calcium influx, a crucial step
for OC differentiation [90]. Contrastingly, OA subchondral bone-derived Exos (OA-SB-
Exos) alter the phenotype of articular cartilage chondrocytes through multiple pathways,
such as suppressing glycosaminoglycan (GAG) production, reducing chondrocyte-specific
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markers, and upregulating hypertrophic and degradative markers like COL-10, MMP13,
and ADAMTS5, which affect cartilage integrity and alter the bioenergetic state by sup-
pressing oxygen levels through miR-210-5p. Targeting miR-210-5p could offer potential
therapeutic strategies for OA treatment [91]. Similarly, Wu et al. found that the synovial
Exos (Sy-Exos) isolated from RA, OA, and ankylosing spondylitis (AS) co-cultured with
macrophages expressed high levels of RANKL in RA-Exos, which enhanced OC differentia-
tion even in the absence of soluble RANKL, highlighting its critical role in bone destruction
associated with inflammatory arthritis (IA). This could indicate the role of Exos as potential
biomarkers for evaluating joint inflammation and their role in the pathogenesis of RA.
However, extensive research is recommended to explore the molecular mechanisms and
therapeutic implications of exosomal contents in IA [92].

 

Figure 2. (A). Representing the Sagittal view of the rat TMJ model (a). Sagittal and 3D view of TMJ
treated with the control, HA-VS/HG, hDPSC-Exos, and HA-VS/Exos after 1 and 2 weeks, in which
red arrows indicate the bone deterioration (b,c). MicroCT determination of BV/TV, bone surface (BS)
to volume (BS/BV, mm−1) Tb.Sp, and Tb number (Tb.N, mm−1); * p < 0.05, ** p < 0.01, **** p < 0.0001,
and ‘ns’ stands for not significant (d) [87]. (B). Micro-CT analysis of rat TMJs treated with PBS, Exos,
and sham at 2, 4, and 8 weeks. Sagittal and top view of the condyles (e,f). Representative images
(n = 6–8). (g) Ratios of BV/TV, Tb·Th, Tb.Sp, and Tb·N. * p <0.05 and ** p < 0.01 compared to OA +
PBS gp; # p < 0.05 and ## p < 0.01 compared to sham gp. n = 6–8/gp [88].
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Figure 3. Schematic diagram of MSC-Exos and their tissue engineering potential in treating os-
teoarthritis through (a) Matrix homeostasis [88], (b). activation of anti-inflammatory signalling
pathway [89], (c). improving chondrocytes proliferation, migration [93], and treating osteochondral
defect through (d). extracellular matrix synthesis [94], and (e). macrophage polarization [95]. The
figure was created using the Biorender Academic Individual License.

For instance, the Sy-Exos membrane protein Lamp2b, engineered to bind an MSC-
binding peptide E7-encapsulated kartogenin (KGN), is specifically targeted for KGN deliv-
ery to Sy-MSCs, thereby alleviating the challenges posed by KGN’s low water solubility
and its tendency to aggregate within cells. In a rat OA model, co-administration of SF-
MSCs with E7-Exo/KGN demonstrated superior cartilage regeneration, as represented in
Figure 3c [93]. Another study showed that hUCMSC-Exos are loaded with kartogenin KGN
and TGF-β1, and coated with succinylated chitosan (sCH) to create positively charged
Exos (CEKT), which are further crosslinked with oxidized chondroitin sulfate (oCS) and
Wharton’s jelly (WJ) to form an HG (HG-CEKT) that mimics the ECM of cartilage. The
HG recruits BMSCs and promotes their differentiation into chondrocytes. In vivo stud-
ies demonstrate that Gel-CEKT promotes extensive new cartilage formation, a smoother
cartilage surface, significant chondrocyte production, and seamless integration with the
subchondral bone [96]. Hypoxia-cultured ADSC-Exos (Hy-ADSC-Exos) play a signifi-
cant role in alleviating OA progression in ACLT-induced OA rats. They improved knee
weight-bearing function, preserved cartilage integrity, and increased normal matrix levels
of GAG and COL-II. They also suppressed matrix degradation enzymes, inflammatory
mediators, and markers of degenerative cartilage (COL-I) [97]. Meanwhile, BMSC-Exos
and UCMSC-Exos consistently outperformed ADSC-Exos in mitigating inflammation, pro-
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moting cartilage regeneration, and inhibiting chondrocyte apoptosis in vitro. Among the
three, BMSC-Exos exhibited the most pronounced therapeutic benefits, making them the
most promising candidate for OA treatment [98]. Although BMSC-Exos and ADSC-Exos
demonstrated promising cell-free therapeutic options for ameliorating OA, BMSCs showed
superior therapeutic effects compared to those from ADSCs, making them a better choice
for improving OA and serving as a potential disease-modifying treatment [99]. However,
Tropoelastin (TE) pretreatment with ADSC-Exos (TE-ADSC-Exos) significantly enhances
cartilage matrix synthesis and alleviates OA due to the upregulation of miR-451-5p in-
duced by TE pretreatment. Furthermore, TE-ADSC-Exos demonstrate better outcomes
in reducing cartilage damage and synovial inflammation in OA rat models compared
to ADSC-Exos [100]. For instance, a recent study showed that the circRNAs in BMSC-
Exos of postmenopausal osteoporosis (PMOP) patients influence the disease progression.
The results revealed that five circRNAs, including hsa_circ_0009127, hsa_circ_0090759,
hsa_circ_0058392, hsa_circ_0090247, and hsa_circ_0049484, were identified as potential
predictive biomarkers and therapeutic targets for PMOP. Moreover, these circRNAs are
implicated in pathways such as autophagy, PI3K-Akt signalling, FoxO signalling, and
MAPK signalling, which are associated with PMOP pathogenesis [101]. Furthermore, the
Exos release kinetics and mechanical matching for musculoskeletal repair are highlighted
in Table 1.

Table 1. Comparative table of various Exos delivery vehicles in musculoskeletal indications.

Exos Source Delivery Vehicle Tissue Targeting
Exos Release

Mechanical Matching References
In Vitro In Vivo

3D-BMSC-
Exos.

DSS6-peptide-
modified GelMA

(3D-SExos/DGel).

A mouse model
of cranial

bone defects.

At pH 7.4, 85%
were released over

15 days.

3D-Exos and 3D-SExo
were released rapidly
after 7 days, while for
3D-SExo/DGel, the

sustained release
exceeded 21 days.

The Young’s modulus
of HG is comparatively

low, indicating that
3D-SExos encapsulation
did not affect the HG.

[24]

MSC-Exos ALG-HA/MSC-
Exos HG.

Model of rat
cranial bone

defects.

After 14 days, the
HGs of ALG:HA

(5%:2.5%) released
79.20 ± 2.64% of
Exos, ALG:HA

(5%:5%) released
59.4 ± 3.24% of

Exos, and
ALG:HA (2.5%:5%)
HG released 41.81
± 4.91% of Exos.

The ALG-HA/EXOs
(50%) group showed
the highest osteogenic

and angiogenic
effects, leading to

improved
regenerative

outcomes.

The maximum Young’s
modulus was observed

for the ALG:HA
(5%:2.5%) and further

decreased with
(5%:2.5%) concentration.

Moreover, the
increasing elastic

modulus after gelation
provided physical
support for bone

regeneration.

[27]

BMSC-Exos

Different densities
of (GelMA-30 and

GelMA-60) HG.
GelMA/BMSCs-

Exos.

Rabbit TBJ model.

By the seventh day,
approximately 80%

of the Exos had
been released.

NA

After optimization over
(GelMA-30 and

GelMA-60) HG for
tendon–bone healing,
GelMA-60-HG with
higher porosity was
selected for better
encapsulation and

release of Exos.

[29]

SC-Exos Ti6Al4V/SC-Exos
scaffold

New Zealand
white rabbits with
cylindrical bone

defects created in
the lateral
femoral

epicondyle.

NA NA

3D porous Ti6Al4V
scaffolds effectively

reduce the elastic
modulus of the Ti6Al4V
implants, allowing them

to match the natural
bone tissue’s elastic
modulus and reduce

stress shielding.

[36]
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Table 1. Cont.

Exos Source Delivery Vehicle Tissue Targeting
Exos Release

Mechanical Matching References
In Vitro In Vivo

BMP2-Exos. BMP2-Exos-
GelMA-HG.

Mice cranial
defect model. NA

Osteogenic
differentiation and

new bone formation
indicate the sustained

delivery of
BMP2-Exos over

4–8 weeks.

The storage modulus
(G’) and loss modulus

(G”) remained relatively
stable with increasing

angular frequency,
indicating that Exos

encapsulation did not
alter the HG mechanical

behaviour.

[37]

ADSC-Exos. nHA/CS/PLGA
scaffolds.

Maxillofacial
bone defects.

Burst release was
observed at 3 days
(82.53 ± 17.91 µg),
and then slowed to
105.16 ± 10.00 µg

and 110.39 ±
11.75 µg on days 6
and 9, respectively.

Progressive scaffold
degradation and Exos
release were observed

over 12 weeks.

The slow degradation
rate of nHA and the

inadequate mechanical
strength of CS were

improved when
combined with PLGA,
resulting in enhanced
biocompatibility and

osteogenic bioactivity.

[53]

BMSC-Exos.

3D-printed
cartilage

ECM/GelMA
scaffold.

Chondrocytes
and

macrophages.

The scaffold
retained Exos for
14 days, with a
retention rate of

over 56%.

ECM/GelMA-HG
significantly retained

Exos for at least
7 days, attributed to

its COL fibril
D-spacing, which
helped retain Exos

within the HG.

The photo-crosslinked
ECM/GelMA-HG
exhibited proper

mechanical properties,
with a Young’s modulus

of 33.24 ± 8.8 kPa,
which is suitable for

load-bearing
applications and

effective for OCD repair.

[102]

hWJMSC-
Exos ACECM scaffolds. OCD rabbit

model. NA NA

The Young’s modulus
of repaired tissue was

higher in the hWJMSC-
Exos/ACECM

scaffold-treated group
at 3 months than in

other groups, but still
lower than that of

normal cartilage. By 6
months, the Young’s

modulus was
comparable to that of

normal cartilage.

[103]

4. The Role of Exos in Osteochondral Regeneration
Exos from UCMSCs cultured on 3D scaffolds (3D-UCMSC-Exos) promote cell-to-cell

communication, thereby significantly enhancing tissue repair, compared to those from
2D cultures (2D-UCMSC-Exos). In vitro studies showed that 3D-UCMSC-Exos enhanced
BMSC proliferation, migration, and chondrogenic differentiation compared to the 2D-Exos.
In vivo experiments demonstrate that 3D-UCMSCs-Exos, when combined with the scaf-
folds, significantly enhance cartilage repair. This may be due to the differences in miRNA
profiles between 2D-Exos and 3D-Exos, which influence cartilage repair [104]. Similarly,
3D cultures of UCMSC-Exos using a hollow-fibre bioreactor (FiberCell Systems (C2025,
Frederick, MD, USA) activate the TGF-β1-dependent Smad2/3 signalling pathway, thereby
promoting chondrocyte proliferation, differentiation, and matrix synthesis while inhibit-
ing hypertrophy and ossification. This also facilitates the upregulation of anti-apoptotic
proteins (Bcl-2, Survivin) and downregulation of pro-apoptotic proteins (Bax), collectively
contributing to cartilage repair and osteochondral regeneration [105]. The mechanical stim-
ulation of UCMSC-Exos upregulates the long non-coding RNA H19 (LncRNA H19) in the
Exos. Exosomal LncRNA H19 promoted chondrocyte proliferation and matrix synthesis,
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which are essential for cartilage repair. UCMSC-Exos with high LncRNA H19 expression
led to better cartilage defect repair, surface regularity, integration, and GAG deposition and
also alleviated pain during the early stages of cartilage repair, as shown in Figure 3d [94].
UCMSC-Exos secreted LncRNA H19 significantly promotes chondrocytes migration and
matrix secretion, and suppresses apoptosis and senescence. The exosomal LncRNA H19
acts as a competing endogenous RNA (ceRNA) to sponge miR-29b-3p, which in turn up-
regulates FoxO3 expression in chondrocytes, thereby enhancing osteochondral activity and
supporting cartilage repair both in vitro and in vivo [106]. In another study, hBMSC-Exos
loaded with miR-29a, encapsulated into a silk fibroin–chitosan (SF-CS) scaffold, mimic the
physiological structure of natural cartilage and bone. The Exos-miR-29a enhance chondro-
cyte proliferation and differentiation, as evidenced by increased expression of COL-II and
ACAN. In a full-thickness cartilage defect rat model, the scaffold loaded with miR-29a-Exos
facilitated integration with surrounding bone and cartilage tissues, promoting cartilage
tissue regeneration and subchondral bone repair [107].

The 3D-printed HG scaffold incorporates hBMSC-Exos and decellularized ECM
(dECM) derived from cartilage (DCM) and bone (DBM), effectively delivers bioactive
cargo molecules (proteins, metabolites, and nucleic acids), and promotes differentiation of
MSCs into chondrogenic and osteogenic lineages, mimicking the natural osteochondral
matrix. Exos combined with the dECM enhanced the expression of cartilage-specific genes
(e.g., ACAN, COL-II, SOX9) and bone-related genes (ALP, OCN, COL-I, RUNX2), thereby si-
multaneously promoting the formation of hyaline cartilage and subchondral bone, offering
significant potential for clinical translation in osteochondral defect repair [108]. MSC-Exos
enhance the synthesis of cartilage matrix components, such as sulfated GAG (s-GAG) and
COL-II, without compromising the chondrocytic phenotype. Exosomal CD73 converts
extracellular adenosine monophosphate (AMP) into adenosine, thereby interacting with
adenosine receptors on chondrocytes, triggering pro-survival signalling pathways such
as AKT and ERK phosphorylation, which are essential for promoting chondrocyte sur-
vival, proliferation, and migration [109]. For instance, the sustained release of MSC-Exos
from the 3D-printed cartilage ECM/GelMA scaffold restores mitochondrial function in
chondrocytes, improves energy metabolism, and reduces oxidative stress damage, which
are hallmarks of osteoarthritis. Moreover, the ECM/GelMA/Exos scaffold demonstrated
robust in vivo performance by facilitating the formation of hyaline-like cartilage in defect
areas and also enhancing the expression of cartilage matrix proteins (COL-2A1) while
reducing cartilage degradation markers (MMP13). It also promotes the generation of os-
sified tissue in subchondral bone, increasing BV and Tb.Th. Furthermore, the scaffold
polarizes macrophages toward an M2 phenotype, which supports tissue repair and reduces
inflammation [102]. For instance, BMSC-Exos encapsulation within the HG scaffold creates
a chemotactic environment that recruits endogenous BMSCs to the defect site, enhances
BMSC migration and internalization, and forms a regenerative niche. The HG ensures
the controlled release of Exos, protects their bioactivity, and promotes the differentiation
of BMSCs into chondrocytes by upregulating SOX9, COL-II, and ACAN. In an animal
OCD model, the HG accelerates hyaline-like cartilage regeneration, improves structural
integration, and restores biomechanical properties [110]. Similarly, M2-Exos reduce pro-
inflammatory cytokines such as iNOS, TNF-α, IL-1β, and CD86 in synovial tissue and
increase anti-inflammatory markers such as ARG, PPARγ, CD163, and CD206. M2-Exos in-
corporated into ACECM scaffolds enhance cartilage repair specifically in a rat OCD model,
as represented in Figure 3e [95]. For instance, icariin (ICA) encapsulated in BMSC-Exos
improves the cellular uptake of ICA, which induces chondrogenic differentiation, enhances
chondrocyte proliferation, reduces MMP13 secretion, and increases ECM production, while
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BMSC-Exos further amplify these effects by delivering ICA efficiently to cells and providing
additional anti-inflammatory properties for OA treatment and cartilage protection [111].

WNT3a, a signalling molecule known to activate the WNT-β-catenin pathway, was
loaded into conditioned medium-cultured L cell-derived Exos as a novel method for en-
hancing cartilage repair in osteochondral defects. These Exos serve as efficient carriers to
deliver WNT3a into the dense, avascular cartilage matrix, thereby activating the WNT-β-
catenin pathway in chondrocytes. The osteochondral defects created in the knee joint of an
in vivo mouse model treated with WNT3a-L-Exos showed improved osteochondral repair
compared to controls [112]. However, excessive activation and suppression of Wnt/β-
catenin signalling can negatively impact cartilage health and contribute to OA, emphasiz-
ing the importance of maintaining balanced Wnt/β-catenin activity for joint health [113].
A recent study reported that the skeletal stem cell-derived Exos (SSC-Exos) loaded in the
3D-HG scaffold significantly enhances the chondrogenic differentiation of BMSCs through
the delivery of miR-214-3p, which downregulates the jagged canonical Notch ligand 2
(JAG2), leading to the suppression of Notch signalling, thereby enhancing the chondrogenic
differentiation of BMSCs and promoting cartilage repair. Moreover, in a rat OCD model,
SSC-Exos-loaded scaffolds facilitated the simultaneous regeneration of articular cartilage
and subchondral bone [114]. A recent study revealed that the hWJMSC-Exos stimulate the
proliferation of BMSCs and chondrocytes, and induce macrophage polarization, which
reduces inflammation in the joint cavity. The exosomal miRNAs, such as miR148a and
miR29b, promote the synthesis of COL-II and proteoglycans, essential components of hya-
line cartilage. Further incorporation of hWJMSC-Exos in the acellular cartilage extracellular
matrix (ACECM) scaffolds shows enhanced osteochondral regeneration with improved
structural and mechanical properties, including a higher Young’s modulus, similar to
normal cartilage in the in vivo OCD rabbit model [103]. Contrastingly, a recent report
demonstrated that hWJ-MSCs alone showed a better therapeutic effect in treating articu-
lar cartilage defects in a rat model than hWJMSC-Exos and their combination with HA.
However, future research is strongly suggested to optimize the long-term outcomes for
effective cartilage repair strategies [115]. In another study, human embryonic mesenchymal
stem cell-derived Exos (hEMSC-Exos) were used to treat OCD in a rat model, resulting
in hyaline cartilage formation, good surface regularity, and complete subchondral bone
regeneration with no adverse inflammatory responses [116]. Moreover, the in vitro and
in vivo mechanistic pathway analysis of Exos for bone and OCD regeneration is highlighted
in Table 2.

Table 2. Various types of stem cell-derived Exos and their molecular mechanistic pathway in the
repair of bone and OCD.

Sources of Exos Cell Target Mechanism Impact Biomedical Application References

Serum-free conditioned
medium-cultured

BMSC-Exos

MSCs and vascular
endothelial cells

Promote vascularisation and
osteogenesis by upregulating

angiogenic genes such as VEGF,
ANG1, and ANG2, and by

stimulating OB differentiation in
MSCs.

Promote effective bone
regeneration. [117]

hDPSCs-Exos

Upregulate osteogenic markers like
RUNX2, osteocalcin (OCN), bone

sialoprotein (BSP), ERK
phosphorylation, and ECM secretion.

Critical-sized bone defect
repair. [118]

BMSC-Exos PDLCs

Enhanced PDL cell migration and
proliferation through adenosine

receptor-mediated activation of AKT
and ERK signalling pathways.

Cell-free treatment option
for periodontal
regeneration.

[119]
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Table 2. Cont.

Sources of Exos Cell Target Mechanism Impact Biomedical Application References

hDPSCs-Exos Bone marrow-derived
macrophages

Decrease levels of inflammatory
cytokines, such as IL-1β, TNF-α, and
IL-6, and downregulate the NF-κB

and p38 MAPK signalling pathways.

Therapeutic periodontitis. [120]

rBMSC-Exos HUVECs

Enhanced proliferation, migration,
and tube formation, upregulated

VEGF and CD31, and restored
mitochondrial function in HUVECs

exposed to high glucose.

Effective bone
regeneration in diabetic

environments.
[121]

BMSC-Exos Chondrocytes

Suppress apoptosis, downregulate
the expression of MMP-3 and

MMP-13, increase the expression of
LC3-II/LC3-I and Beclin-1, and

decrease (Drp1) expression.

Protect chondrocytes and
promote cartilage

regeneration.
[122]

CC-Exos Cartilage progenitor cells

Enhanced the expression of COL-II
and SOX-9, chondrocyte

differentiation, and matrix
maturation, and prevented

hypertrophy.

Improve cartilage
regeneration. [123]

BMSC-Exos RAW264.7 macrophages
and chondrocytes

Promote chondrocyte migration,
modulate macrophage M2

polarization, reduce inflammation,
and protect chondrocytes.

Improved articular
cartilage repair. [124]

Cartilage stem/progenitor
cell-derived Exos

(CSPCs-Exos)
Rat primary chondrocytes

Regulate pathways involved in cell
migration and spindle organization,

and reduce TNF and IL-17
production to mitigate inflammation.

OA model cartilage tissue
repair. [125]

UCMSC-EVs Chondrocytes

Upregulated SOX-9, COL-II, and
AGN, and downregulated Col-I,

which is associated with
fibrocartilage formation and

regulates oxidative stress.

Cartilage regeneration. [126]

5. The Current Progress in EV-Based Clinical Trials
Clinical translation of Exos and EV-based therapies for musculoskeletal disorders

is currently emerging. Several registered early-phase studies focused on knee OA and
investigated intra-articular (IA) delivery of MSC-derived EVs. Three ongoing phase I trials
(NCT05060107; NCT06431152; NCT06466850) evaluate allogeneic MSC-EVs and UCMSC-
EVs with dose escalation to establish safety and tolerability, and to assess improvements in
pain and function. In another report, the clinical trial NCT04223622 used ADSC-derived
secretome to treat arthritic osteochondral explants. The EVs, a key component of the
secretome, were applied ex vivo to reduce the pathological phenotype of explanted chon-
drocytes. The results showed that EVs play a crucial role in cell communication, modulate
the immune response to reduce inflammation, and are believed to contribute significantly
to the therapeutic effects of the ADSC secretome in OA. The EVs counteract chondrocyte
hypertrophy and inhibit the expression of catabolic factors. They contain factors such
as TIMPs (Tissue Inhibitors of Metalloproteinases), DKK-1, and HGF, which help protect
cartilage and reduce matrix degradation. Both soluble factors and EVs in the ADSC se-
cretome are likely responsible for its beneficial effects, including anti-inflammatory and
cartilage-protective properties [127]. For instance, a randomized triple-blind RCT of pla-
cental MSC-EVs (IRCT20210423051054N1) reported acceptable safety but no significant
superiority versus a placebo following a single IA dose [128]. Additional registered stud-
ies include a U.S.-listed OA EV product (NCT06937528) [129], and two China-registered
UCMSC-Exos for OA trials (ChiCTR2200059351; ChiCTR2500110969), indicating increas-
ing global commitment to musculoskeletal applications. Across these clinical studies,
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CMC and quality control emphasize GMP-compliant manufacturing, scalable purifica-
tion (e.g., TFF/SEC), and MISEV-aligned identity and purity markers (CD9/CD63/CD81,
TSG101/ALIX; calnexin-negative) [130], alongside release testing for sterility, particle at-
tributes, and potency assays aligned to joint repair mechanisms (e.g., IL-1β-suppressed
chondrocyte catabolism) [131,132]. Biodistribution considerations justify IA administration,
supported by preclinical evidence of sustained retention within the joint and minimal
systemic exposure. Regulatory pathways treat EVs therapies as biologics or ATMPs, neces-
sitating IND/CTA submissions with full comparability, CQAs, and defined release criteria.
Notably, no registered EVs clinical trials for fracture non-union or spinal fusion exist,
highlighting a translational gap between robust preclinical results and clinical adoption in
bone-healing indications [133]. Furthermore, the clinical trials on bone and cartilage repair
are highlighted in Table 3.

Table 3. Registered and ongoing EV clinical trials in musculoskeletal indications.

Phase Indication EV Source Dosing and Route Primary
Endpoints Current Status References

RCT Knee OA Placental
MSC-EVs

Single IA dose (≈5 mL
@ 7 × 109 particles/mL)

WOMAC, MRI,
safety

Completed—no
superiority vs. placebo

(IRCT20210423051054N1)
[128]

I (listed) Knee
OA/Osteoarthrosis

EV product
(unspecified) IA injection Safety, function Listed (NCT06937528) [129]

I Knee OA Allogenic
BM-MSC sEVs

Single IA injection
(109–1010 particles/mL)

Safety, WOMAC,
pain/function

Active—not recruiting
(NCT05060107) [134]

I Knee OA UCMSC-EVs
(EXO-OA01) Single IA injection Safety, cartilage

thickness (MRI) Recruiting (NCT06431152) [135]

I Knee OA Allogenic
MSC-EVs Single/few IA doses Safety,

pain/function Recruiting (NCT06466850) [136]

Preclinical Cartilage Repair
MSC-EVs +
PRP/fibrin

scaffold

Local delivery to the
defect site

Histologic repair
score, integration

Translational phase (no
patients) [137]

6. Conclusions and Future Perspectives
In conclusion, Exos are naturally occurring membrane-bound vesicles that are essential

for intercellular communication, as they transport proteins, coding RNAs, and non-coding
RNAs. This review facilitates the clinical functions of Exos in bone formation, including im-
proving structural parameters, promoting vascularisation, and modulating key signalling
pathways vital for osteogenesis and angiogenesis. Despite the encouraging findings, addi-
tional research is warranted to optimize their use and fully comprehend the underlying
mechanisms for effective clinical translation. Various sources of stem cell-derived Exos and
their engineered cargoes have been effectively applied to the treatment of bone-, cartilage-,
and osteoarthritis-related medical conditions, resulting in improved therapeutic outcomes
for patients. The integration of bioactive molecules and proteins with MSC-Exos holds
significant potential to alleviate inflammatory responses, enhance immunomodulatory
properties, mitigate OA progression, and improve cartilage regeneration. Building on
current research advancements, future studies may focus more on engineered Exos in 3D
culture conditions, introduce various therapeutically essential proteins and miRNAs to
broaden their multifunctional therapeutic potential, and gain a deeper understanding of
the mechanistic aspects to unravel the therapeutic needs. Furthermore, high-throughput
technology, combined with advancements in biomaterial-based 3D printing, may enhance
the self-healing integrated HG systems, thereby strengthening the targeted and sustained
release of Exos and incorporated functional molecules, and providing promising treatment
options in future regenerative medicine.



Int. J. Mol. Sci. 2025, 26, 11172 19 of 25

Author Contributions: Conceptualization, validation, writing—original draft preparation, G.V. and
P.S.M.; formal analysis, R.J.K.S., L.S.E. and C.K.S.; investigation, T.L.J.; writing—review and editing,
N.B.A.M.; funding acquisition, W.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the Ministry of Higher Education, Malaysia, under the
Fundamental Research Grant Scheme (FRGS/1/2022/SKK15/UM/02/19) (FP031-2022). In addition,
the NBRC WARI internal R&D fund, WARI-RDCF-25-001, also provided support for this project.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Hoang, D.M.; Pham, P.T.; Bach, T.Q.; Ngo, A.T.L.; Nguyen, Q.T.; Phan, T.T.K.; Nguyen, G.H.; Le, P.T.T.; Hoang, V.T.; Forsyth, N.

R.; et al. Stem cell-based therapy for human diseases. Signal Transduct. Target. Ther. 2022, 7, 272. [CrossRef]
2. Wang, Z.; Zhang, D.; Jian, C.; Qi, B.; Li, Z.; Yu, A. Pathological bone regeneration in soft tissues: A narrative review of traumatic

heterotopic ossification. Regen. Med. Rep. 2025, 2, 130–136. [CrossRef]
3. Jiang, S.; Naito, K.; Liverneaux, P. Advantages in precision, safety, and aesthetic outcomes of robot-assisted minimally invasive

techniques in peripheral nerve microsurgery: A narrative review. Adv. Technol. Neurosci. 2025, 2, 122–127. [CrossRef]
4. Bao, C.; He, C. The role and therapeutic potential of MSC-derived exosomes in osteoarthritis. Arch. Biochem. Biophys. 2021, 710,

109002. [CrossRef]
5. Zhou, Y.; Yamamoto, Y.; Xiao, Z.; Ochiya, T. The Immunomodulatory Functions of Mesenchymal Stromal/Stem Cells Mediated

via Paracrine Activity. J. Clin. Med. 2019, 8, 1025. [CrossRef]
6. Huang, L.; Wang, J.; Xu, J.; Bian, M.; Wang, J.; Lu, S. Ferroptosis in osteogenic differentiation: A narrative review of bone

regeneration metabolism. Regen. Med. Rep. 2025, 2, 100–107. [CrossRef]
7. Musiał-Wysocka, A.; Kot, M.; Majka, M. The Pros and Cons of Mesenchymal Stem Cell-Based Therapies. Cell Transplant. 2019, 28,

801–812. [CrossRef] [PubMed]
8. Watanabe, T.; La Shu, S.; Rio-Espinola, A.d.; Ferreira, J.R.; Bando, K.; Lemmens, M.; Pande, P.; de Wolf, C.; Chen, C.L.; Elke,

E.; et al. Evaluating teratoma formation risk of pluripotent stem cell-derived cell therapy products: A consensus recommendation
from the Health and Environmental Sciences Institute’s International Cell Therapy Committee. Cytotherapy 2025, 27, 1072–1084.
[CrossRef] [PubMed]

9. Wang, Z. Assessing Tumorigenicity in Stem Cell-Derived Therapeutic Products: A Critical Step in Safeguarding Regenerative
Medicine. Bioengineering 2023, 10, 857. [CrossRef]

10. Ma, Z.J.; Yang, J.J.; Lu, Y.B.; Liu, Z.Y.; Wang, X.X. Mesenchymal stem cell-derived exosomes: Toward cell-free therapeutic
strategies in regenerative medicine. World J. Stem Cells 2020, 12, 814–840. [CrossRef] [PubMed]

11. Zhai, M.; Zhu, Y.; Yang, M.; Mao, C. Human mesenchymal stem cell derived exosomes enhance cell-free bone regeneration by
altering their miRNAs profiles. Adv. Sci. 2020, 7, 2001334. [CrossRef]

12. Goo, J.; Lee, Y.; Lee, J.; Kim, I.S.; Jeong, C. Extracellular Vesicles in Therapeutics: A Comprehensive Review on Applications,
Challenges, and Clinical Progress. Pharmaceutics 2024, 16, 311. [CrossRef]

13. Ni, Z.; Zhou, S.; Li, S.; Kuang, L.; Chen, H.; Luo, X.; Ouyang, J.; He, M.; Du, X.; Chen, L. Exosomes: Roles and therapeutic
potential in osteoarthritis. Bone Res. 2020, 8, 25. [CrossRef]

14. Khazaei, F.; Rezakhani, L.; Alizadeh, M.; Mahdavian, E.; Khazaei, M. Exosomes and exosome-loaded scaffolds: Characterization
and application in modern regenerative medicine. Tissue Cell 2023, 80, 102007. [CrossRef] [PubMed]

15. Garbuzova-Davis, S.; Willing, A.E.; Ehrhart, J.; Wang, L.; Sanberg, P.R.; Borlongan, C.V. Cell-Free Extracellular Vesicles Derived
from Human Bone Marrow Endothelial Progenitor Cells as Potential Therapeutics for Microvascular Endothelium Restoration in
ALS. NeuroMol. Med. 2020, 22, 503–516. [CrossRef]

16. Wang, W.; Qiao, S.-C.; Wu, X.-B.; Sun, B.; Yang, J.-G.; Li, X.; Zhang, X.; Qian, S.-J.; Gu, Y.-X.; Lai, H.-C. Circ_0008542 in osteoblast
exosomes promotes osteoclast-induced bone resorption through m6A methylation. Cell Death Dis. 2021, 12, 628. [CrossRef]

17. Wang, Q.; Sun, J.; Jiang, H.; Yu, M. Emerging roles of extracellular vesicles in oral and maxillofacial areas. Int. J. Oral. Sci. 2025, 17,
11. [CrossRef] [PubMed]

https://doi.org/10.1038/s41392-022-01134-4
https://doi.org/10.4103/REGENMED.REGENMED-D-24-00023
https://doi.org/10.4103/ATN.ATN-D-24-00036
https://doi.org/10.1016/j.abb.2021.109002
https://doi.org/10.3390/jcm8071025
https://doi.org/10.4103/REGENMED.REGENMED-D-25-00007
https://doi.org/10.1177/0963689719837897
https://www.ncbi.nlm.nih.gov/pubmed/31018669
https://doi.org/10.1016/j.jcyt.2025.04.062
https://www.ncbi.nlm.nih.gov/pubmed/40392167
https://doi.org/10.3390/bioengineering10070857
https://doi.org/10.4252/wjsc.v12.i8.814
https://www.ncbi.nlm.nih.gov/pubmed/32952861
https://doi.org/10.1002/advs.202001334
https://doi.org/10.3390/pharmaceutics16030311
https://doi.org/10.1038/s41413-020-0100-9
https://doi.org/10.1016/j.tice.2022.102007
https://www.ncbi.nlm.nih.gov/pubmed/36577349
https://doi.org/10.1007/s12017-020-08607-1
https://doi.org/10.1038/s41419-021-03915-1
https://doi.org/10.1038/s41368-024-00341-9
https://www.ncbi.nlm.nih.gov/pubmed/39900916


Int. J. Mol. Sci. 2025, 26, 11172 20 of 25

18. Li, J.; Wang, J.; Chen, Z. Emerging role of exosomes in cancer therapy: Progress and challenges. Mol. Cancer 2025, 24, 13.
[CrossRef] [PubMed]

19. Hwang, H.S.; Lee, C.-S. Recent Progress in Hyaluronic-Acid-Based Hydrogels for Bone Tissue Engineering. Gels 2023, 9, 588.
[CrossRef]

20. Wan, L.; Liu, F.; Wang, A.; He, Y.; Pan, J.; Liu, Y.; Xu, J.; Xu, C.; Wu, F.; Ye, Q. PI3K/Akt pathway-mediated enhancement of bone
and vascular regeneration by gelatin/hyaluronic acid/exosome composite scaffold in bone tissue engineering. Biomater. Adv.
2025, 166, 214064. [CrossRef]

21. Yang, J.-X.; Xie, P.; Li, Y.-S.; Wen, T.; Yang, X.-C. Osteoclast-derived miR-23a-5p-containing exosomes inhibit osteogenic differenti-
ation by regulating Runx2. Cell. Signal. 2020, 70, 109504. [CrossRef]

22. Zhang, Y.; Fang, M.; Zhu, J.; Li, T.; Li, N.; Su, B.; Sun, G.-D.; Li, L.; Zhou, C. Exosome-loaded hyaluronic acid hydrogel composite
with oxygen-producing 3D printed polylactic acid scaffolds for bone tissue repair and regeneration. Int. J. Biol. Macromol. 2024,
274, 132970. [CrossRef]

23. Yu, W.; Li, S.; Guan, X.; Zhang, N.; Xie, X.; Zhang, K.; Bai, Y. Higher yield and enhanced therapeutic effects of exosomes derived
from MSCs in hydrogel-assisted 3D culture system for bone regeneration. Biomater. Adv. 2022, 133, 112646. [CrossRef]

24. Xiang, K.; Hao, M.; Zhang, Z.; Zhang, K.; Sun, H.; Zhang, L. Engineering 3D-BMSC exosome-based hydrogels that collaboratively
regulate bone microenvironment and promote osteogenesis for enhanced cell-free bone regeneration. Mater. Today Bio 2025, 32,
101881. [CrossRef] [PubMed]

25. Chen, R.; Feng, T.; Cheng, S.; Chen, M.; Li, Y.; Yu, Z.; Xu, Z.; Yin, P.; Zhang, L.; Tang, P. Evaluating the defect targeting effects and
osteogenesis promoting capacity of exosomes from 2D-and 3D-cultured human adipose-derived stem cells. Nano Today 2023, 49,
101789. [CrossRef]

26. Ma, S.; Zhao, Y.; Yang, Y.; Mu, Y.; Zhang, L.; Wu, J.; Li, R.; Bian, X.; Wei, P.; Jing, W. Asymmetric SIS membranes specifically
loaded with exosomes through the modification of engineered recombinant peptides for guide bone regeneration. Compos. Part.
B Eng. 2022, 232, 109571; Erratum in Compos. Part. B Eng. 2023, 264, 110884. [CrossRef]

27. Wan, L.; He, Y.; Wang, A.; Pan, J.; Xu, C.; Fu, D.; Ye, Q.; Wu, F. Development of an integrated device utilizing exosome-hyaluronic
acid-based hydrogel and investigation of its osteogenic and angiogenic characteristics. Mater. Des. 2024, 237, 112565. [CrossRef]

28. Liu, W.; Li, L.; Rong, Y.; Qian, D.; Chen, J.; Zhou, Z.; Luo, Y.; Jiang, D.; Cheng, L.; Zhao, S. Hypoxic mesenchymal stem cell-derived
exosomes promote bone fracture healing by the transfer of miR-126. Acta Biomater. 2020, 103, 196–212; Erratum in Acta Biomater.
2025, 201, 709–711. [CrossRef] [PubMed]

29. Gao, M.; Zhao, P.; Xing, J.; Wang, Z.; Xu, Y.; Yan, Y.; Zhang, H.; Qu, J. GelMA encapsulating BMSCs-exosomes combined with
interference screw or suture anchor promotes tendon-bone healing in a rabbit model. Sci. Rep. 2024, 14, 28212. [CrossRef]

30. Fan, L.; Guan, P.; Xiao, C.; Wen, H.; Wang, Q.; Liu, C.; Luo, Y.; Ma, L.; Tan, G.; Yu, P.; et al. Exosome-functionalized
polyetheretherketone-based implant with immunomodulatory property for enhancing osseointegration. Bioact. Mater. 2021, 6,
2754–2766. [CrossRef]

31. Li, M.; Shi, L.; Chen, X.; Yi, D.; Ding, Y.; Chen, J.; Xing, G.; Chen, S.; Wang, L.; Zhang, Y.; et al. In-situ gelation of fibrin gel
encapsulating platelet-rich plasma-derived exosomes promotes rotator cuff healing. Commun. Biol. 2024, 7, 205. [CrossRef]

32. Xu, Y.; Shi, X.; Lin, H.; Li, S.; Zhang, Z.; Wei, F.; Chen, Y. GelMA/HA-NB hydrogel encapsulating adipose-derived chondrogenic
exosomes enhances enthesis regeneration in chronic rotator cuff tears. Int. J. Biol. Macromol. 2025, 309 Pt 2, 142800. [CrossRef]

33. Han, L.; Hu, N.; Wang, C.; Ye, Z.; Wang, T.; Lan, F. Platelet-rich plasma-derived exosomes promote rotator cuff tendon-bone
healing. Injury 2024, 55, 111212. [CrossRef]

34. Han, J.; Li, G.-C.; Fang, S.-Y.; Cui, Y.-M.; Yang, H.-H. Dermal fibroblast-derived exosomes promotes bone-to-tendon interface
healing of chronic rotator cuff tear in rabbit model. Arthrosc. J. Arthrosc. Relat. Surg. 2025, 41, 2761.e1–2771.e1. [CrossRef]

35. Wang, M.; Li, J.; Ye, Y.; Chen, D.; Song, J. SHED-derived exosomes improve the repair capacity and osteogenesis potential of
hPDLCs. Oral Dis. 2023, 29, 1692–1705. [CrossRef]

36. Wu, Z.; Pu, P.; Su, Z.; Zhang, X.; Nie, L.; Chang, Y. Schwann Cell-derived exosomes promote bone regeneration and repair by
enhancing the biological activity of porous Ti6Al4V scaffolds. Biochem. Biophys. Res. Commun. 2020, 531, 559–565. [CrossRef]
[PubMed]

37. Sun, J.; Li, G.; Wu, S.; Zou, Y.; Weng, W.; Gai, T.; Chen, X.; Zhang, K.; Zhou, F.; Wang, X. Engineering preparation and sustained
delivery of bone functional exosomes-laden biodegradable hydrogel for in situ bone regeneration. Compos. Part. B Eng. 2023, 261,
110803. [CrossRef]

38. Ma, Y.; Sun, L.; Zhang, J.; Chiang, C.-L.; Pan, J.; Wang, X.; Kwak, K.J.; Li, H.; Zhao, R.; Rima, X.Y.; et al. Exosomal mRNAs for
Angiogenic-Osteogenic Coupled Bone Repair. Adv. Sci. 2023, 10, e2302622. [CrossRef]

39. Hu, H.; Zhang, H.; Bu, Z.; Liu, Z.; Lv, F.; Pan, M.; Huang, X.; Cheng, L. Small Extracellular Vesicles Released from Bio-
glass/Hydrogel Scaffold Promote Vascularized Bone Regeneration by Transferring miR-23a-3p. Int. J. Nanomed. 2022, 17,
6201–6220. [CrossRef] [PubMed]

https://doi.org/10.1186/s12943-024-02215-4
https://www.ncbi.nlm.nih.gov/pubmed/39806451
https://doi.org/10.3390/gels9070588
https://doi.org/10.1016/j.bioadv.2024.214064
https://doi.org/10.1016/j.cellsig.2019.109504
https://doi.org/10.1016/j.ijbiomac.2024.132970
https://doi.org/10.1016/j.msec.2022.112646
https://doi.org/10.1016/j.mtbio.2025.101881
https://www.ncbi.nlm.nih.gov/pubmed/40510837
https://doi.org/10.1016/j.nantod.2023.101789
https://doi.org/10.1016/j.compositesb.2021.109571
https://doi.org/10.1016/j.matdes.2023.112565
https://doi.org/10.1016/j.actbio.2019.12.020
https://www.ncbi.nlm.nih.gov/pubmed/31857259
https://doi.org/10.1038/s41598-024-79787-0
https://doi.org/10.1016/j.bioactmat.2021.02.005
https://doi.org/10.1038/s42003-024-05882-7
https://doi.org/10.1016/j.ijbiomac.2025.142800
https://doi.org/10.1016/j.injury.2023.111212
https://doi.org/10.1016/j.arthro.2025.01.043
https://doi.org/10.1111/odi.14153
https://doi.org/10.1016/j.bbrc.2020.07.094
https://www.ncbi.nlm.nih.gov/pubmed/32811642
https://doi.org/10.1016/j.compositesb.2023.110803
https://doi.org/10.1002/advs.202302622
https://doi.org/10.2147/ijn.s389471
https://www.ncbi.nlm.nih.gov/pubmed/36531118


Int. J. Mol. Sci. 2025, 26, 11172 21 of 25

40. Wu, D.; Qin, H.; Wang, Z.; Yu, M.; Liu, Z.; Peng, H.; Liang, L.; Zhang, C.; Wei, X. Bone Mesenchymal Stem Cell-Derived
sEV-Encapsulated Thermosensitive Hydrogels Accelerate Osteogenesis and Angiogenesis by Release of Exosomal miR-21. Front.
Bioeng. Biotechnol. 2021, 9, 829136. [CrossRef]

41. Liu, R.; Wu, S.; Liu, W.; Wang, L.; Dong, M.; Niu, W. microRNAs delivered by small extracellular vesicles in MSCs as an emerging
tool for bone regeneration. Front. Bioeng. Biotechnol. 2023, 11, 1249860. [CrossRef]

42. Yao, Q.; Liu, H.; Lin, X.; Ma, L.; Zheng, X.; Liu, Y.; Huang, P.; Yu, S.; Zhang, W.; Lin, M.; et al. 3D Interpenetrated Graphene
Foam/58S Bioactive Glass Scaffolds for Electrical-Stimulation-Assisted Differentiation of Rabbit Mesenchymal Stem Cells to
Enhance Bone Regeneration. J. Biomed. Nanotechnol. 2019, 15, 602–611. [CrossRef]

43. Chen, J.; Chen, J.; Chen, J.; Lu, R.; Liu, Z.; Zhang, Y.; Zhang, C. Pretreated exosomes by electrical stimulation accelerate bone
regeneration. Bioact. Mater. 2025, 51, 383–398. [CrossRef]

44. Zhang, S.; Jiang, T.; Sun, H.; Li, M.; Yang, D.; Wu, W.; Gu, Q.; Xu, A.; Li, Y.; Jiang, H. Enhanced mesenchymal stem cells-derived
exosomes secretion by electrical stimulation of triboelectric nanogenerator. Nano Energy 2025, 139, 110933. [CrossRef]

45. Wa, Q.; Luo, Y.; Tang, Y.; Song, J.; Zhang, P.; Linghu, X.; Lin, S.; Li, G.; Wang, Y.; Wen, Z. Mesoporous bioactive glass-enhanced
MSC-derived exosomes promote bone regeneration and immunomodulation in vitro and in vivo. J. Orthop. Transl. 2024, 49,
264–282. [CrossRef] [PubMed]

46. Li, X.; Si, Y.; Liang, J.; Li, M.; Wang, Z.; Qin, Y.; Sun, L. Enhancing bone regeneration and immunomodulation via gelatin
methacryloyl hydrogel-encapsulated exosomes from osteogenic pre-differentiated mesenchymal stem cells. J. Colloid. Interface Sci.
2024, 672, 179–199. [CrossRef]

47. Peng, Y.; Ao, M.; Dong, B.; Jiang, Y.; Yu, L.; Chen, Z.; Hu, C.; Xu, R. Anti-Inflammatory Effects of Curcumin in the Inflammatory
Diseases: Status, Limitations and Countermeasures. Drug Des. Devel. Ther. 2021, 15, 4503–4525. [CrossRef]

48. Si, Y.; Dong, S.; Li, M.; Gu, J.; Luo, M.; Wang, X.; Wang, Z.; Li, X.; Zhang, C. Curcumin-encapsulated exosomes in bisphosphonate-
modified hydrogel microspheres promote bone repair through macrophage polarization and DNA damage mitigation. Mater.
Today Bio 2025, 32, 101874. [CrossRef] [PubMed]

49. Wang, X.; Omar, O.; Vazirisani, F.; Thomsen, P.; Ekström, K. Mesenchymal stem cell-derived exosomes have altered microRNA
profiles and induce osteogenic differentiation depending on the stage of differentiation. PLoS ONE 2018, 13, e0193059. [CrossRef]

50. Xu, C.; Li, Z.; Kang, M.; Chen, Y.; Sheng, R.; Aghaloo, T.; Lee, M. Hydrogel-integrated exosome mimetics derived from
osteogenically induced mesenchymal stem cells in spheroid culture enhance bone regeneration. Biomaterials 2025, 317, 123088.
[CrossRef]

51. Wang, L.; Yang, L.; Tian, L.; Guo, B.; Dai, T.; Lv, Q.; Xie, J.; Liu, F.; Bao, H.; Cao, F. Exosome-capturing scaffold promotes
endogenous bone regeneration through neutrophil-derived exosomes by enhancing fast vascularization. Biomaterials 2025, 319,
123215. [CrossRef] [PubMed]

52. Li, G.; Zhang, Y.; Wu, J.; Yang, R.; Sun, Q.; Xu, Y.; Wang, B.; Cai, M.; Xu, Y.; Zhuang, C. Adipose stem cells-derived exosomes
modified gelatin sponge promotes bone regeneration. Front. Bioeng. Biotechnol. 2023, 11, 1096390. [CrossRef] [PubMed]

53. Wang, T.; Guo, S.; Zhang, Y. Effect of nHA/CS/PLGA delivering adipose stem cell-derived exosomes and bone marrow stem
cells on bone healing—In vitro and in vivo studies. Sci. Rep. 2024, 14, 27502. [CrossRef]

54. Jin, S.; Luo, Z.; Cai, Y.; Wen, J.; Lu, P.; Fu, X.; Mou, P.; Chen, A.; Meng, W.; Li, J. Exosome-functionalized heterogeneous nanofibrous
scaffolds repair bone defects accompanied by muscle injury. Chem. Eng. J. 2024, 485, 149681. [CrossRef]

55. Liu, A.; Lin, D.; Zhao, H.; Chen, L.; Cai, B.; Lin, K.; Shen, S.G. Optimized BMSC-derived osteoinductive exosomes immobilized in
hierarchical scaffold via lyophilization for bone repair through Bmpr2/Acvr2b competitive receptor-activated Smad pathway.
Biomaterials 2021, 272, 120718. [CrossRef]

56. Chu, X.-Y.; Yang, K.; He, X.; Yu, K.-T.; Luan, Y.-Y.; He, Q.-B.; Li, Z.-L.; Xiang, Y.-L.; Chen, H.; Zeng, Y. Cross-linking N-succinyl
chitosan-oxidated hyaluronic acid-based hydrogel loaded with bone marrow mesenchymal stem cell-derived exosomes induce
bone regeneration in cranial defects. Mater. Des. 2024, 241, 112969. [CrossRef]

57. Guan, X.; Li, C.; Wang, X.; Yang, L.; Lu, Y.; Guo, Z. Engineered M2 macrophage-derived exosomes: Mechanisms and therapeutic
potential in inflammation regulation and regenerative medicine. Acta Biomater. 2025, 203, 38–58. [CrossRef]

58. Daneshvar, A.; Nemati, P.; Azadi, A.; Amid, R.; Kadkhodazadeh, M. M2 macrophage-derived exosomes for bone regeneration:
A systematic review. Arch. Oral Biol. 2024, 166, 106034. [CrossRef]

59. Wang, Y.; Mao, J.; Wang, Y.; Jiang, N.; Shi, X. Multifunctional Exosomes Derived from M2 Macrophages with Enhanced
Odontogenesis, Neurogenesis and Angiogenesis for Regenerative Endodontic Therapy: An In Vitro and In Vivo Investigation.
Biomedicines 2024, 12, 441. [CrossRef]

60. Zhang, B.; Zha, Z.; Li, C.; Zhang, L.; Wu, T.; Lu, C.; Liu, C.; Li, D.; Feng, C.; Wei, S.; et al. M2 macrophagy-derived exosomal
miRNA-26a-5p induces osteogenic differentiation of bone mesenchymal stem cells. J. Orthop. Surg. Res. 2022, 17, 137. [CrossRef]

61. Hou, C.; Zhang, Y.; Lv, Z.; Luan, Y.; Li, J.; Meng, C.; Liu, K.; Luo, X.; Chen, L.; Liu, F. Macrophage exosomes modified by
miR-365-2-5p promoted osteoblast osteogenic differentiation by targeting OLFML1. Regen. Biomater. 2024, 11, rbae018. [CrossRef]

https://doi.org/10.3389/fbioe.2021.829136
https://doi.org/10.3389/fbioe.2023.1249860
https://doi.org/10.1166/jbn.2019.2703
https://doi.org/10.1016/j.bioactmat.2025.04.019
https://doi.org/10.1016/j.nanoen.2025.110933
https://doi.org/10.1016/j.jot.2024.09.009
https://www.ncbi.nlm.nih.gov/pubmed/39524151
https://doi.org/10.1016/j.jcis.2024.05.209
https://doi.org/10.2147/DDDT.S327378
https://doi.org/10.1016/j.mtbio.2025.101874
https://www.ncbi.nlm.nih.gov/pubmed/40487156
https://doi.org/10.1371/journal.pone.0193059
https://doi.org/10.1016/j.biomaterials.2025.123088
https://doi.org/10.1016/j.biomaterials.2025.123215
https://www.ncbi.nlm.nih.gov/pubmed/40023128
https://doi.org/10.3389/fbioe.2023.1096390
https://www.ncbi.nlm.nih.gov/pubmed/36845194
https://doi.org/10.1038/s41598-024-76672-8
https://doi.org/10.1016/j.cej.2024.149681
https://doi.org/10.1016/j.biomaterials.2021.120718
https://doi.org/10.1016/j.matdes.2024.112969
https://doi.org/10.1016/j.actbio.2025.07.039
https://doi.org/10.1016/j.archoralbio.2024.106034
https://doi.org/10.3390/biomedicines12020441
https://doi.org/10.1186/s13018-022-03029-0
https://doi.org/10.1093/rb/rbae018


Int. J. Mol. Sci. 2025, 26, 11172 22 of 25

62. Murakami, K.; Kikugawa, S.; Kobayashi, Y.; Uehara, S.; Suzuki, T.; Kato, H.; Udagawa, N.; Nakamura, Y. Olfactomedin-like
protein OLFML1 inhibits Hippo signaling and mineralization in osteoblasts. Biochem. Biophys. Res. Commun. 2018, 505, 419–425.
[CrossRef]

63. Liu, W.; Wang, X.; Zhang, X.; Yang, Y.; Bai, S. Shear stress-mediated downregulation of miR-423-5p in M2 macrophage exosomes
promotes osteogenic differentiation of bone marrow mesenchymal stem cells. Int. Immunopharmacol. 2025, 164, 115298. [CrossRef]
[PubMed]

64. Wen, Z.; Li, S.; Liu, Y.; Liu, X.; Qiu, H.; Che, Y.; Bian, L.; Zhou, M. An engineered M2 macrophage-derived exosomes-loaded
electrospun biomimetic periosteum promotes cell recruitment, immunoregulation, and angiogenesis in bone regeneration. Bioact.
Mater. 2025, 50, 95–115. [CrossRef] [PubMed]

65. Wei, F.; Li, M.; Crawford, R.; Zhou, Y.; Xiao, Y. Exosome-integrated titanium oxide nanotubes for targeted bone regeneration. Acta
Biomater. 2019, 86, 480–492. [CrossRef] [PubMed]

66. Sun, Y.; Zhang, B.; Zhai, D.; Wu, C. Three-dimensional printing of bioceramic-induced macrophage exosomes: Immunomodula-
tion and osteogenesis/angiogenesis. NPG Asia Mater. 2021, 13, 72. [CrossRef]

67. Zhao, X.; Chen, X.; Deng, Y.; Wu, C.; Ruan, Z.; Li, C.; Chen, Y.; Bei, C.; Zhu, L.; Yu, H. A novel adhesive dual-sensitive hydrogel
for sustained release of exosomes derived from M2 macrophages promotes repair of bone defects. Mater. Today Bio 2023, 23,
100840. [CrossRef]

68. Zhou, Y.-k.; Han, C.-S.; Zhu, Z.-L.; Chen, P.; Wang, Y.-M.; Lin, S.; Chen, L.-J.; Zhuang, Z.-M.; Zhou, Y.-H.; Yang, R.-L. M2 exosomes
modified by hydrogen sulfide promoted bone regeneration by moesin mediated endocytosis. Bioact. Mater. 2024, 31, 192–205.
[CrossRef]

69. Manickam, G.; Moffatt, P.; Murshed, M. Role of SMPD3 during Bone Fracture Healing and Regulation of Its Expression. Mol. Cell
Biol. 2019, 39, e00370-18. [CrossRef]

70. Hu, Z.; Ma, C.; Liang, Y.; Zou, S.; Liu, X. Osteoclasts in bone regeneration under type 2 diabetes mellitus. Acta Biomater. 2019, 84,
402–413. [CrossRef]

71. Wang, L.; Yang, H.; Zhang, C.; Zhang, Y.; He, Y.; Liu, Y.; Ma, P.; Li, J.; Fan, Z. A blood glucose fluctuation-responsive delivery
system promotes bone regeneration and the repair function of Smpd3-reprogrammed BMSC-derived exosomes. Int. J. Oral Sci.
2024, 16, 65. [CrossRef]

72. Du, J.H.; Lin, S.X.; Wu, X.L.; Yang, S.M.; Cao, L.Y.; Zheng, A.; Wu, J.N.; Jiang, X.Q. The Function of Wnt Ligands on Osteocyte and
Bone Remodeling. J. Dent. Res. 2019, 98, 930–938. [CrossRef]

73. Guerrero, J.; Maevskaia, E.; Pfister, P.; Dominguez, A.P.; Ghayor, C.; Bhattacharya, I.; Scherberich, A.; Weber, F.E. Mineralized
osteoblast-derived exosomes and 3D-printed ceramic-based scaffolds for enhanced bone healing: A preclinical exploration. Acta
Biomater. 2025, 200, 686–702. [CrossRef]

74. Tang, H.; He, Y.; Li, L.; Mao, W.; Chen, X.; Ni, H.; Dong, Y.; Lyu, F. Exosomal MMP2 derived from mature osteoblasts promotes
angiogenesis of endothelial cells via VEGF/Erk1/2 signaling pathway. Exp. Cell Res. 2019, 383, 111541. [CrossRef] [PubMed]

75. Wang, Q.; Shen, X.; Chen, Y.; Chen, J.; Li, Y. Osteoblasts-derived exosomes regulate osteoclast differentiation through miR-503-
3p/Hpse axis. Acta Histochem. 2021, 123, 151790. [CrossRef]

76. Chen, L.; Lu, L.; Fan, C.; Zhu, X.; Pan, L.; Tang, S.; Wang, Y.; Peng, Y.; You, L. Autophagy-induced osteoblast-derived exosomes
maintain bone formation and prevent osteoporosis by remodeling gut microbiota-metabolism. Biomed. J. 2025; in press. [CrossRef]

77. Leng, Y.; Li, J.; Long, Z.; Li, C.; Zhang, L.; Huang, Z.; Xi, J.; Liu, Y. Osteoblast-derived exosomes promote osteogenic differentiation
of osteosarcoma cells via URG4/Wnt signaling pathway. Bone 2024, 178, 116933. [CrossRef] [PubMed]

78. Kim, S.; Teramachi, J.; Hiasa, M.; Amachi, R.; Bat-Erdene, A.; Oda, A.; Tenshin, H.; Tanaka, M.; Nakagawa, M.; Seki, A.; et al.
Myeloma cell growth suppression by osteoblast-derived extracellular vesicles: The creation of a non-permissive niche for
myeloma cells by bone-forming osteoblasts. Haematologica 2025, 110, 1395–1401. [CrossRef] [PubMed]

79. Gu, Y.; Zhao, J.; Wang, J.; Jiang, Y.; Jing, Y.; Xu, K.; Su, J. Osteoblast-derived extracellular vesicles exert bone formation effects by
WIF1-mediated regulation of mitophagy. Med. Plus 2024, 1, 100033. [CrossRef]

80. Liu, J.; Wang, B.; Chen, H.; Yu, X.; Cao, X.; Zhang, H. Osteoclast-derived exosomes influence osteoblast differentiation in
osteoporosis progression via the lncRNA AW011738/miR-24-2-5p/TREM1 axis. Biomed. Pharmacother. 2024, 178, 117231.
[CrossRef]

81. Wang, Y.; Zheng, Y.; Li, W. Exosomes derived from osteoclasts under compression stress inhibit osteoblast differentiation. Biocell
2021, 45, 427–444. [CrossRef]

82. Rahimi, F.; Nejati, V.; Nassadj, G.; Ziaei, B.; Mohammadi, H.K. The effect of transcranial direct stimulation as an add-on treatment
to conventional physical therapy on pain intensity and functional ability in individuals with knee osteoarthritis: A randomized
controlled trial. Neurophysiol. Clin. 2021, 51, 507–516. [CrossRef]

83. Liu, Q.; Liu, J.; Cao, G.; Liu, Y.; Huang, Y.; Jiang, X. Ozone therapy for knee osteoarthritis: A literature visualization analysis of
research hotspots and prospects. Med. Gas Res. 2025, 15, 356–365. [CrossRef]

https://doi.org/10.1016/j.bbrc.2018.09.112
https://doi.org/10.1016/j.intimp.2025.115298
https://www.ncbi.nlm.nih.gov/pubmed/40768873
https://doi.org/10.1016/j.bioactmat.2025.03.027
https://www.ncbi.nlm.nih.gov/pubmed/40242509
https://doi.org/10.1016/j.actbio.2019.01.006
https://www.ncbi.nlm.nih.gov/pubmed/30630122
https://doi.org/10.1038/s41427-021-00340-w
https://doi.org/10.1016/j.mtbio.2023.100840
https://doi.org/10.1016/j.bioactmat.2023.08.006
https://doi.org/10.1128/MCB.00370-18
https://doi.org/10.1016/j.actbio.2018.11.052
https://doi.org/10.1038/s41368-024-00328-6
https://doi.org/10.1177/0022034519854704
https://doi.org/10.1016/j.actbio.2025.05.051
https://doi.org/10.1016/j.yexcr.2019.111541
https://www.ncbi.nlm.nih.gov/pubmed/31369752
https://doi.org/10.1016/j.acthis.2021.151790
https://doi.org/10.1016/j.bj.2025.100870
https://doi.org/10.1016/j.bone.2023.116933
https://www.ncbi.nlm.nih.gov/pubmed/37832904
https://doi.org/10.3324/haematol.2024.286554
https://www.ncbi.nlm.nih.gov/pubmed/39844765
https://doi.org/10.1016/j.medp.2024.100033
https://doi.org/10.1016/j.biopha.2024.117231
https://doi.org/10.32604/biocell.2021.013960
https://doi.org/10.1016/j.neucli.2021.06.002
https://doi.org/10.4103/mgr.MEDGASRES-D-24-00099


Int. J. Mol. Sci. 2025, 26, 11172 23 of 25

84. Zhou, X.; Liang, H.; Hu, X.; An, J.; Ding, S.; Yu, S.; Liu, C.; Li, F.; Xu, Y. BMSC-derived exosomes from congenital polydactyly
tissue alleviate osteoarthritis by promoting chondrocyte proliferation. Cell Death Discov. 2020, 6, 142. [CrossRef]

85. Klyucherev, T.O.; Peshkova, M.A.; Revokatova, D.P.; Serejnikova, N.B.; Fayzullina, N.M.; Fayzullin, A.L.; Ershov, B.P.; Khristidis,
Y.I.; Vlasova, I.I.; Kosheleva, N.V.; et al. The Therapeutic Potential of Exosomes vs. Matrix-Bound Nanovesicles from Human
Umbilical Cord Mesenchymal Stromal Cells in Osteoarthritis Treatment. Int. J. Mol. Sci. 2024, 25, 11564. [CrossRef]

86. Chang, Y.-H.; Wu, K.-C.; Ding, D.-C. Chondrogenic Potential of Human Umbilical Cord Mesenchymal Stem Cells Cultured with
Exosome-Depleted Fetal Bovine Serum in an Osteoarthritis Mouse Model. Biomedicines 2022, 10, 2773. [CrossRef] [PubMed]

87. Diez-Guardia, V.; Tian, Y.; Guo, Y.; Li, J.; Cui, S.; Dreiss, C.A.; Gentleman, E.; Wang, X. Controlled Release of Human Dental Pulp
Stem Cell-Derived Exosomes from Hydrogels Attenuates Temporomandibular Joint Osteoarthritis. Adv. Healthc. Mater. 2024,
2402923. [CrossRef]

88. Zhang, S.; Teo, K.Y.W.; Chuah, S.J.; Lai, R.C.; Lim, S.K.; Toh, W.S. MSC exosomes alleviate temporomandibular joint osteoarthritis
by attenuating inflammation and restoring matrix homeostasis. Biomaterials 2019, 200, 35–47. [CrossRef] [PubMed]

89. Lin, C.-Y.; Naruphontjirakul, P.; Huang, T.-Y.; Wu, Y.-C.; Cheng, W.-H.; Su, W.-T. The Exosomes of Stem Cells from Human
Exfoliated Deciduous Teeth Suppress Inflammation in Osteoarthritis. Int. J. Mol. Sci. 2024, 25, 8560. [CrossRef]

90. Fu, Y.; Cui, S.; Zhou, Y.; Qiu, L. Dental Pulp Stem Cell-Derived Exosomes Alleviate Mice Knee Osteoarthritis by Inhibiting
TRPV4-Mediated Osteoclast Activation. Int. J. Mol. Sci. 2023, 24, 4926. [CrossRef] [PubMed]

91. Wu, X.; Crawford, R.; Xiao, Y.; Mao, X.; Prasadam, I. Osteoarthritic Subchondral Bone Release Exosomes That Promote Cartilage
Degeneration. Cells 2021, 10, 251. [CrossRef]

92. Song, J.E.; Kim, J.S.; Shin, J.H.; Moon, K.W.; Park, J.K.; Park, K.S.; Lee, E.Y. Role of Synovial Exosomes in Osteoclast Differentiation
in Inflammatory Arthritis. Cells 2021, 10, 120. [CrossRef]

93. Xu, X.; Liang, Y.; Li, X.; Ouyang, K.; Wang, M.; Cao, T.; Li, W.; Liu, J.; Xiong, J.; Li, B. Exosome-mediated delivery of kartogenin
for chondrogenesis of synovial fluid-derived mesenchymal stem cells and cartilage regeneration. Biomaterials 2021, 269, 120539.
[CrossRef] [PubMed]

94. Yan, L.; Liu, G.; Wu, X. Exosomes derived from umbilical cord mesenchymal stem cells in mechanical environment show
improved osteochondral activity via upregulation of LncRNA H19. J. Orthop. Transl. 2021, 26, 111–120. [CrossRef]

95. Yin, H.; Yan, Z.; Wu, J.; Li, M.; Ge, Q.; Zhang, T.; Ma, Y.; Sui, X.; Liu, S.; Guo, Q. M2 macrophages-derived exosomes combined
with acellular cartilage matrix scaffolds promote osteochondral regeneration via modulatory microenvironment. Mater. Des. 2023,
226, 111672. [CrossRef]

96. Tu, C.; Gao, X.; Zheng, H.; Huang, R.; Yang, F.; Dong, Y.; Jing, K.; Groth, T.; Zhao, M. Innovative injectable, self-healing, exosome
cross-linked biomimetic hydrogel for cartilage regeneration. J. Control. Release 2025, 381, 113608; Erratum in J. Control. Release
2025, 381, 113636. [CrossRef]

97. Chang, L.H.; Wu, S.C.; Chen, C.H.; Chen, J.W.; Huang, W.C.; Wu, C.W.; Lin, Y.S.; Chen, Y.J.; Chang, J.K.; Ho, M.L. Exosomes
Derived from Hypoxia-Cultured Human Adipose Stem Cells Alleviate Articular Chondrocyte Inflammaging and Post-Traumatic
Osteoarthritis Progression. Int. J. Mol. Sci. 2023, 24, 13414. [CrossRef] [PubMed]

98. Sankaranarayanan, J.; Kim, H.K.; Kang, J.Y.; Kuppa, S.S.; Yang, H.Y.; Seon, J.K. Comparative Efficacy of Exosomes Derived from
Different Mesenchymal Stem Cell Sources in Osteoarthritis Models: An In Vitro and Ex Vivo Analysis. Int. J. Mol. Sci. 2025, 26,
5447. [CrossRef] [PubMed]

99. Fazaeli, H.; Kalhor, N.; Naserpour, L.; Davoodi, F.; Sheykhhasan, M.; Hosseini, S.K.E.; Rabiei, M.; Sheikholeslami, A.
A comparative study on the effect of exosomes secreted by mesenchymal stem cells derived from adipose and bone mar-
row tissues in the treatment of osteoarthritis-induced mouse model. BioMed Res. Int. 2021, 2021, 9688138. [CrossRef]

100. Meng, S.; Tang, C.; Deng, M.; Yuan, J.; Fan, Y.; Gao, S.; Feng, Y.; Yang, J.; Chen, C. Tropoelastin-Pretreated Exosomes from
Adipose-Derived Stem Cells Improve the Synthesis of Cartilage Matrix and Alleviate Osteoarthritis. J. Funct. Biomater. 2023, 14,
203. [CrossRef]

101. Fu, M.; Fang, L.; Xiang, X.; Fan, X.; Wu, J.; Wang, J. Microarray analysis of circRNAs sequencing profile in exosomes derived from
bone marrow mesenchymal stem cells in postmenopausal osteoporosis patients. J. Clin. Lab. Anal. 2022, 36, e23916. [CrossRef]

102. Chen, P.; Zheng, L.; Wang, Y.; Tao, M.; Xie, Z.; Xia, C.; Gu, C.; Chen, J.; Qiu, P.; Mei, S.; et al. Desktop-stereolithography 3D
printing of a radially oriented extracellular matrix/mesenchymal stem cell exosome bioink for osteochondral defect regeneration.
Theranostics 2019, 9, 2439–2459. [CrossRef] [PubMed]

103. Jiang, S.; Tian, G.; Yang, Z.; Gao, X.; Wang, F.; Li, J.; Tian, Z.; Huang, B.; Wei, F.; Sang, X. Enhancement of acellular cartilage matrix
scaffold by Wharton’s jelly mesenchymal stem cell-derived exosomes to promote osteochondral regeneration. Bioact. Mater. 2021,
6, 2711–2728. [CrossRef]

104. Yan, Z.; Yin, H.; Wu, J.; Tian, G.; Li, M.; Liao, Z.; He, S.; Deng, H.; Ning, C.; Ding, Z. Engineering exosomes by three-dimensional
porous scaffold culture of human umbilical cord mesenchymal stem cells promote osteochondral repair. Mater. Today Bio 2023, 19,
100549. [CrossRef]

https://doi.org/10.1038/s41420-020-00374-z
https://doi.org/10.3390/ijms252111564
https://doi.org/10.3390/biomedicines10112773
https://www.ncbi.nlm.nih.gov/pubmed/36359292
https://doi.org/10.1002/adhm.202402923
https://doi.org/10.1016/j.biomaterials.2019.02.006
https://www.ncbi.nlm.nih.gov/pubmed/30771585
https://doi.org/10.3390/ijms25168560
https://doi.org/10.3390/ijms24054926
https://www.ncbi.nlm.nih.gov/pubmed/36902356
https://doi.org/10.3390/cells10020251
https://doi.org/10.3390/cells10010120
https://doi.org/10.1016/j.biomaterials.2020.120539
https://www.ncbi.nlm.nih.gov/pubmed/33243424
https://doi.org/10.1016/j.jot.2020.03.005
https://doi.org/10.1016/j.matdes.2023.111672
https://doi.org/10.1016/j.jconrel.2025.113608
https://doi.org/10.3390/ijms241713414
https://www.ncbi.nlm.nih.gov/pubmed/37686220
https://doi.org/10.3390/ijms26125447
https://www.ncbi.nlm.nih.gov/pubmed/40564912
https://doi.org/10.1155/2021/9688138
https://doi.org/10.3390/jfb14040203
https://doi.org/10.1002/jcla.23916
https://doi.org/10.7150/thno.31017
https://www.ncbi.nlm.nih.gov/pubmed/31131046
https://doi.org/10.1016/j.bioactmat.2021.01.031
https://doi.org/10.1016/j.mtbio.2023.100549


Int. J. Mol. Sci. 2025, 26, 11172 24 of 25

105. Yan, L.; Wu, X. Exosomes produced from 3D cultures of umbilical cord mesenchymal stem cells in a hollow-fiber bioreactor show
improved osteochondral regeneration activity. Cell Biol. Toxicol. 2020, 36, 165–178. [CrossRef] [PubMed]

106. Yan, L.; Liu, G.; Wu, X. The umbilical cord mesenchymal stem cell-derived exosomal lncRNA H19 improves osteochondral
activity through miR-29b-3p/FoxO3 axis. Clin. Transl. Med. 2021, 11, e255. [CrossRef] [PubMed]

107. Yang, F.; Wang, Z.; Wu, M.; Xu, J.; Li, J.; Liu, J.; He, T.; Zhang, T.; Liu, B. Application of miR-29a-Exosome and multifunctional
scaffold for full-thickness cartilage defects. Extracell. Vesicle 2024, 4, 100055. [CrossRef]

108. Li, Q.; Yu, H.; Zhao, F.; Cao, C.; Wu, T.; Fan, Y.; Ao, Y.; Hu, X. 3D printing of microenvironment-specific bioinspired and
exosome-reinforced hydrogel scaffolds for efficient cartilage and subchondral bone regeneration. Adv. Sci. 2023, 10, 2303650.
[CrossRef]

109. Zhang, S.; Chuah, S.J.; Lai, R.C.; Hui, J.H.P.; Lim, S.K.; Toh, W.S. MSC exosomes mediate cartilage repair by enhancing proliferation,
attenuating apoptosis and modulating immune reactivity. Biomaterials 2018, 156, 16–27. [CrossRef]

110. Pei, L.; Wang, Y.; Ye, M.; Sun, W.; Zhang, J.; Gao, P.; Tao, Z.; Liu, D.; Jing, J.; Guan, J. Exosome-Functionalized Hydrogels
Improve Cartilage Repair by Modulating BMSCs Migration and Differentiation. ACS Appl. Mater. Interfaces 2025, 17, 41729–41746.
[CrossRef]

111. Zeng, J.; Sun, P.; Zhao, Y.; Fang, X.; Wu, Z.; Qi, X. Bone mesenchymal stem cell-derived exosomes involved co-delivery and
synergism effect with icariin via mussel-inspired multifunctional hydrogel for cartilage protection. Asian J. Pharm. Sci. 2023, 18,
100799. [CrossRef]

112. Thomas, B.L.; Eldridge, S.E.; Nosrati, B.; Alvarez, M.; Thorup, A.S.; Nalesso, G.; Caxaria, S.; Barawi, A.; Nicholson, J.G.; Perretti,
M.; et al. WNT3A-loaded exosomes enable cartilage repair. J. Extracell. Vesicles 2021, 10, e12088. [CrossRef]

113. Li, X.; Han, Y.; Li, G.; Zhang, Y.; Wang, J.; Feng, C. Role of Wnt signaling pathway in joint development and cartilage degeneration.
Front. Cell Dev. Biol. 2023, 11, 1181619. [CrossRef]

114. Lou, W.; Qiu, X.; Qin, Y.; Lu, Y.; Cao, Y.; Lu, H. 3D-printed advanced scaffold armed with exosomes derived from human
skeletal stem cell identified by single-cell RNA sequencing enhances osteochondral regeneration. Bioact. Mater. 2025, 51, 231–256.
[CrossRef] [PubMed]
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