
R E V I E W

Exosomes in Bone Generation and Repair: 
Focusing on Bone Microenvironmental Crosstalk 
and Engineering Biomaterial Designs
Yao Lin1,*, Yirui Xie1,*, Yanfang He2, Manting Zhang1, Jiekai Li1, Junbing He 1

1Jieyang Medical Research Center, Jieyang People’s Hospital (Jieyang Affiliated Hospital of Sun Yat-Sen University), Jieyang, Guangdong, People’s 
Republic of China; 2The Clinical Laboratory, The First Affiliated Hospital of Guangdong Medical University, Zhanjiang, Guangdong, People’s Republic of 
China

*These authors contributed equally to this work 

Correspondence: Junbing He; Yao Lin, Email Junbingg@gdmu.edu.cn; ly1010@stu.jnu.edu.cn

Abstract: The development of effective therapeutic strategies for bone regeneration and repair has proven to be highly challenging 
due to the sluggish and unpredictable nature of the healing process. Under pathological conditions, impaired cellular function can lead 
to poor biomineralization and compromised bone healing, resulting in various failures. Exosomes, as potent intercellular commu
nicators capable of delivering diverse bioactive cargo, offer significant therapeutic promise. However, the lack of comprehensive 
understanding of their roles in the bone healing microenvironment and biomaterial design poses challenges for exosome-based 
therapies. This review provides the essential biological context for exosome application in bone regeneration, with a dual focus. 
First, we elucidate the pivotal roles of exosomes in mediating bone microenvironmental crosstalk, emphasizing their critical 
involvement in immunomodulation (eg, macrophage polarization), osteogenesis-angiogenesis coupling, osteoclast-osteoblast balance, 
neuro-skeletal communication, and dynamic extracellular matrix remodeling, rather than merely listing cell-specific functions. Second, 
building on this foundation, we summarize the rationale for engineering exosomal biomaterial designs. This includes strategies for 
exosome optimization (eg, targeting modifications, cargo loading, parental cell stimulation) and their integration with functional 
scaffolds to modulate the identified crosstalk pathways and create a conducive microenvironment. By delineating exosome functions 
within the bone microenvironmental network and outlining corresponding biomaterial engineering strategies, this review offers 
a holistic perspective essential for advancing exosome-based therapies. 
Keywords: exosome, osteogenic microenvironments, biomaterials, intercellular interaction

Introduction
The repair and reconstruction of damaged bone tissue continue to pose significant clinical challenges, as bone regenera
tion is a complex and coordinated process that necessitates the collaboration of various specialized cells and a wide array 
of bioactive factors.1,2 Furthermore, the intrinsic self-repair capacity of bone tissue is limited, and its natural regenerative 
pace is often insufficient to satisfy the clinical requirements. Consequently, external interventions are essential to 
accelerate bone regeneration, particularly when the inherent self-repair capabilities of the tissue are exceeded.

Over the past two decades, traditional design strategies for bone replacement materials have typically focused on 
activating osteoblastic lineage cells and fabricating single-function biomaterials to stimulate osteogenesis. However, bone 
formation is a complex process linked to angiogenesis, immunomodulation, and even neural modulation, both temporally 
and spatially. It is evidently not a single event; rather, it depends on the superposition of multiple steps. A re-evaluation 
of interactions within the microenvironment is ultimately necessary to design a biomimetic bone material with improved 
performance. Within the bone microenvironment, osteogenic cells and immune cells engage in reciprocal communication 
through diverse signaling pathways and cytokine networks, thereby sustaining the dynamic equilibrium of bone 
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metabolism.3,4 The often-ignored immune response is one of the main reasons leading to undesirable bone repair 
outcomes. The concept of the “bone immune system” was introduced by Arron and Choi in 20005 and has been 
gradually recognized. Within this framework, immune cells are crucial for maintaining bone health. For example, under 
physiological conditions, immune cells can secrete osteoprotegerin, which counteracts the production of osteoclasts and 
thereby inhibits osteopenia.6 In contrast, in patients with bone metabolic disorders, the inflammatory activation of 
immune cells results in the secretion of osteoclast-promoting factors, such as tumor necrosis factor-alpha (TNF-α) and 
receptor activator of nuclear factor kappa-B ligand (RANKL).7 Interestingly, recent research has shown that macrophages 
can modulate the inflammatory state, transforming an inflamed milieu into an environment that promotes bone healing 
through the transition of their phenotypes.8–13 Of particular interest is the mechanism of communication between 
immune cells and bone cells. Moreover, bone marrow-derived exosomes shuttle between the bone and immune 
environments, triggering macrophage plasticity and modulating bone formation processes.14 Furthermore, exosomes 
derived from type 2 macrophages (M2) facilitate osteogenesis while reducing adipogenesis in bone marrow-derived stem 
cells (BMSCs).15 These findings support the hypothesis that exosomes play a critical role in intercellular communication 
between bone and the immune system.

The vascular environment plays a critical role in bone regeneration, as angiogenesis serves as both the initiating and 
key step in the bone healing process. Extensive evidence indicates that complications such as delayed healing and 
nonunion are more frequently attributed to failures in vascular reconstruction rather than a deficiency in osteogenic 
potential.16,17 The progression of osteogenesis is facilitated by angiogenesis, in which the blood supply stimulates 
osteoblast migration and promotes bone tissue mineralization. Recent studies have shown that exosomes derived from 
BMSCs enhance fracture healing by promoting angiogenesis.18 Furthermore, vascular endothelial cells release exosome- 
derived miR-5p-72106_14, which plays a significant role in influencing the fate determination of BMSCs.19 Notably, 
a specific class of microRNAs, known as angio-miRNAs, has been shown to be essential for modulating vascular 
development and angiogenesis.20,21 Accumulating evidence suggests that functional RNAs can be encapsulated within 
exosomes and transported from donor cells to recipient cells. This significant feature has led to the proposal of exosome- 
RNAs as a novel category of intercellular regulatory molecules.22 Within the complex network of the bone microenvir
onment, the balance between osteoblasts and osteoclasts is a well-known critical element during bone healing. Research 
has indicated that osteoblastic bone generation may be regulated by exosomes released by active osteoclasts.23 Therefore, 
elucidating the role of exosomes within intricate cell communication networks is pivotal for developing novel therapeutic 
strategies for bone regeneration.

Over the past decade, the field of stem cell therapy has undergone rapid development, especially regarding the use of 
BMSCs, which have strong immunomodulatory properties in immunomodulatory bone therapy. However, the application 
of stem cell therapy is constrained by several factors, including inherent heterogeneity, the potential for immune 
rejection, the low viability of transplanted cells, the risk of tumorigenesis, and uncontrolled differentiation leading to 
teratoma formation. Consequently, a pressing need for safer and more effective therapeutic options exists. Notably, 
research has shown that the effectiveness of mesenchymal stem cell (MSC)-based treatments is attributed to their 
exosome-mediated autocrine and paracrine effects.24,25 As master regulators of cellular signaling, exosomes exhibit 
advantages such as a smaller size, excellent penetration, high biodistribution in vitro, and low immunogenicity. 
Therefore, exosome treatment may be a preferred therapeutic option.

Bone healing is contingent upon adequate proliferation and osteogenic differentiation, as well as functional modifica
tions within a multicomponent microenvironment. Consequently, elucidating the roles of exosomes in shuttling inter
cellular signals and triggering various osteogenesis-related interactions is of paramount importance, as it will enable the 
development of novel and more effective treatment strategies.

The Formation and Characteristics of Exosomes
Exosomes, which have garnered significant attention in the context of bone formation, are extracellular vesicles released by 
a variety of cell types.26,27 The process of exosome formation is finely tuned and consists of four sequential steps: initiation, 
endocytosis, the formation of multivesicular bodies, and the subsequent secretion of exosomes (Figure 1).28 These vesicles 
originate from endosomes and are characterized by a lipid bilayer structure with diameters ranging from 30 to 150 nm. They 
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encapsulate a diverse array of bioactive molecules, including nucleic acids and proteins.29 The protective layer and compact 
size of exosome-carried RNA enable its transport between donor and target cells through fusion with the membranes of target 
cells. This mechanism is essential in cell communication and the modulation of multiple physiological functions with high 
efficiency and stability. To date, according to the ExoCarta database (www.exocarta.org), independent studies have identified 
2838 miRNAs, 3408 mRNAs, and 9769 proteins in exosomes derived from various organisms.

Accumulating evidence shows that exosomes are highly heterogeneous, and their biological activities depend strongly 
on the cellular origin and physiological context of donor cells. Exosomes derived from mesenchymal stem cells, 
osteoblasts, osteoclasts, macrophages, endothelial cells, chondrocytes and Schwann cells exhibit distinct RNA, protein 
and lipid signatures, which translate into markedly different effects on osteogenesis, angiogenesis, immune regulation 
and neuro–skeletal coupling.30–32 Importantly, even exosomes from the same cell type display substantial intra- 
population heterogeneity. Subsets differ in tetraspanin composition (CD9/CD63/CD81), size, membrane lipids, and 
sorting of RNA–protein cargo, which are shaped by variable stimuli such as hypoxia, mechanical loading, inflammation, 
or metabolic stress.33,34 Recognizing these layers of heterogeneity is essential for accurately interpreting exosome- 

Figure 1 The formation and characteristic of exosome and bone related diseases. Exosomes (Exos) are small extracellular vesicles that facilitate intercellular communication 
by transferring bioactive molecules, such as RNA, proteins, and lipids. They are secreted from parental cells into the extracellular space through the formation of 
multivesicular bodies, which fuse with the plasma membrane to release exosomes. These exosomes can influence recipient cells, contributing to bone-related diseases such 
as osteoporosis, osteoarthritis, alveolar bone resorption, and bone defects. The image illustrates the process of exosome formation, cargo packaging, and delivery to 
recipient cells, highlighting their involvement in various bone pathologies. The figure was created by Figdraw (www.figdraw.com). 
Abbreviations: Exos, exosomes; RNA, Ribonucleic acid; MVB, Multivesicular body.
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mediated communication in the bone microenvironment and provides a biological foundation for understanding their 
divergent effects across different stages of bone regeneration.

Foundational Biology of Exosomes for Bone Generation and Repair
Unique Contents of Exosomes Associated with Osteogenesis
Researchers have identified a total of 1536 proteins present in osteoblast-derived exosomes, with 172 of these proteins 
overlapping with those in the bone database.35 Notably, exosomal ephrinB1, BMP receptor type-1, lipoprotein receptor- 
related protein 6, transforming growth factor beta receptor 3, and Smad ubiquitylation regulatory factor-1 have been 
identified to potentially play significant roles in bone formation. These proteins may be involved in various osteogenesis- 
related signaling pathways, such as the BMP–SMAD–RUNX2 and Wnt/β-catenin pathways. Furthermore, proteins 
derived from osteoblast exosomes also play a role in the signaling pathway of eukaryotic initiation factor 2 (EIF2), 
which is essential for the differentiation process of osteoblasts.36

MicroRNAs (miRNAs) are short noncoding RNAs (19–24 nt) that regulate gene expression post-transcriptionally and 
are essential for multiple stages of bone development.37 When encapsulated in exosomes, miRNAs are protected from 
RNases and environmental stress, enabling stable transfer between bone-resident cells and long-range regulation within 
the osteogenic microenvironment.38 Multiple studies have demonstrated that osteoblast-, osteocyte-, macrophage-, and 
MSC-derived exosomes modulate BMSC proliferation, osteogenic differentiation, angiogenesis, and bone regeneration 
through miRNA-mediated signaling pathways. Representative exosomal miRNAs, such as miR-26a,39 miR-29a,40 miR- 
1260a,41 miR-451a,42 miR-21-5p,43 miR-126,44 miR-668-3p,45 miR-133b-3p,46 and miR-144-5p,47 have been shown to 
exert pro-osteogenic effects through pathways such as Wnt/β-catenin, PI3K–Akt, YAP1, MIF, and TGF-β/Treg signaling, 
collectively supporting osteoblast lineage commitment and extracellular matrix formation. Other exosomal miRNAs (eg, 
miR-140-3p,48 miR-218,49 miR-12550 and miR-885-5p51 exert anti-osteogenic effects by repressing key transcriptional 
and signaling mediators, including RUNX2, DLX5, BMP2, and SMAD1. These findings indicate that both upregulated 
and downregulated exosomal miRNAs collectively shape osteogenesis by fine-tuning lineage specification, mechano
transduction, and osteoimmune interactions. A comprehensive summary of currently reported osteogenesis-related 
exosomal miRNAs, including their cellular sources, molecular targets, regulatory effects, and expression patterns, is 
presented in Table 1.

Table 1 Exosomal miRNAs Implicated in Osteogenic Differentiation and Bone Regeneration

miRNA Exosome Source Expression Main Target/Pathway Effect on Osteogenesis Reference

miR-26a BMSC-Exos ↑ RUNX2/ALP Enhances osteogenic differentiation + 
mineralization

Lai et al 202339

miR-29a BMSC-Exos ↑ Osteogenic & angiogenic 
pathways

Promotes angiogenesis + osteoblast 
differentiation

Lu et al, 202040

miR-1260a BMSC-Exos ↑ Wnt/angiogenic pathways Promotes osteogenesis + angiogenesis Wu et al 202141

miR-451a ADSC-Exos ↑ MIF Induces M2 polarization to enhance bone 
healing

Li et al, 202242

miR-21-5p ESC-Exos ↑ YAP1 Promotes osteoblast differentiation Huang et al 202443

miR-126 Hypoxic MSC-Exos ↑ VEGF signaling Enhances fracture healing and 
angiogenesis

Liu et al 202044

miR-668-3p BMSC-Exos ↑ Not specified Promotes osteoblast proliferation + 
differentiation

Qiu et al 202445

miR-133b-3p Exosomes in osteoporosis 
models

↑ TGF-β1/Treg axis Improves osteoporosis via 
immunomodulation

Zhao et al 202546

miR-144-5p Macrophage-Exos ↑ Smad1 Impairs fracture healing Zhang et al 202147

miR-140-3p BMSC-Exos ↓ Plxnb1-RhoA/ROCK Restores osteogenesis in diabetic bone 
loss

Wang et al 202248

miR-218 Osteocyte-Exos ↓ Wnt pathway Promotes osteogenesis Qin et al 201749

miR-125 OA chondrocyte- Exos ↑ Not specified Disrupts subchondral bone homeostasis Guan et al 202550

miR-885-5p hBMSC-derived exosomes ↓ BMP2-RUNX2 signaling Suppresses osteogenic differentiation Xu et al 201451
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Circular RNA (circRNA), recognized for its stable noncoding RNA form generated through backsplicing and 
characterized by covalently closed loop structures, has recently emerged as a crucial regulator of osteogenesis.52,53 

CircRNAs are enriched in exosomes and have been reported to interact with miRNAs related to osteogenesis. Shaoyang 
Ma et al discovered that circHIPK3 is abundant in BMSC-derived exosomes and enhances the osteogenic differentiation 
of MC3T3-E1 cells by modulating mitophagy through the miR-29a-5p/PINK1 pathway.52 Few reports have been 
published describing how exosomal circRNAs impact mitophagy during osteogenesis, and further studies are needed 
to explore this hypothesis in the future. Messages are pragmatically conveyed between cells through exosomes not only 
in various physiological contexts but also in pathological situations. Exosomes derived from circ-Rtn4-altered BMSCs 
mitigate TNF-α-induced cytotoxicity and apoptosis in mouse MC3T3-E1 cells by acting as sponges for miR-146a.54 The 
cellular sources of exosomes have been the focus of extensive research in recent years. A particularly intriguing 
phenomenon identified by stomatologists is the increased expression of circLPAR1 in exosomes derived from dental 
pulp stem cells (DPSCs) during osteogenic differentiation. Furthermore, they confirmed that these exosomal circLPAR1 
molecules induce an osteogenic effect on recipient homotypic DPSCs by upregulating SATB2 expression through 
a competitive interaction with hsa-miR-31.55 Compared with other sources of MSCs, DPSCs exhibit unique character
istics, as they are more accessible with minimal trauma, potentially representing a novel approach for the use of 
exosomes in the treatment of bone deficiency (Figure 2). Recent studies have revealed that the expression of 
circRNAs is negatively correlated with their osteogenic differentiation ability. For example, Feng Li et al reported 
a significant negative correlation between elevated levels of circFAM63B in exosomes from postmenopausal patients 
with osteoporosis and their reduced bone density.56 Liangkun Xie et al demonstrated that exosomal circRNAs exhibited 

Figure 2 Odontogenic cells derived exosomes and their associated circRNAs on osteogenesis. This figure shows how exosomes (Exos) from dental pulp stem cells (DPSCs) 
and periodontal ligament stem cells (PDLSCs) influence osteogenesis. DPSCs-derived circLPAR1 promotes osteogenesis by interacting with hsa-miR-31, while PDLSCs- 
derived circ_0000722 enhances osteoclastogenesis via the TRAF6, AKT, and NF-κB pathways. These exosomal circRNAs regulate bone formation and remodeling. The 
figure was created by Figdraw (www.figdraw.com).
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notable changes in expression during the initial stages of osteogenic differentiation in periodontal ligament stem cells 
(PDLSCs).57 Their further investigation revealed that exosomes containing circ_0000722 from PDLSCs undergoing 
osteogenic differentiation may increase osteoclastogenesis by increasing the expression of TRAF6 and activating the 
AKT and NF-κB pathways (Figure 2).58 Moreover, recent studies have revealed the significant role that exosomal 
circRNAs play in bone growth evolution. Exosome-derived hsa_circ_0063476 inhibits the expression of endochondral 
ossification markers and disrupts longitudinal bone growth through miR-518c-3p/DDX6,59 whereas exosomal 
circRNA_0001236 overexpression increases the expression of cartilage-related genes and proteins via miR-3677-3p/ 
Sox9.60 These studies provide important new perspectives on how exosomal circRNAs regulate bone generation and 
remodeling through both positive and negative regulatory mechanisms. The relevant circRNAs are summarized in 
Table 2, and targeting these circRNAs may represent a novel therapeutic approach in the future.

Exosomes in the Bone Formulation Network
Exosomes and Matrix Vesicles: Counterparts or Interacting Partners for Initial Calcification in Bone?
Investigations into the calcification mechanism of skeletal structures have been conducted over an extended period. 
Studies have revealed that a characteristic shared by nearly all normal mineralization processes is the production of 
extracellular vesicles (EVs)—small membrane-bound particles in the nanometer size range. Both matrix vesicles (MVs) 
and exosomes participate in bone mineralization, yet accumulating evidence indicates that they originate from distinct 
biogenetic pathways and different functions in bone formation, despite their partial overlap in size and occasional sharing 
of tetraspanins.61–63 Biochemical and ultrastructural studies show that MVs are matrix-anchored vesicles enriched in 
phosphatidylserine, annexins, TNAP, and PHOSPHO1, enabling them to concentrate Ca2+ and PO4

3⁻ and initiate 

Table 2 CircRNA Related to Osteogenesis in the Exosomes

Exosome Source RNA Axis Biological Effect Ref

Exosomes derived from BMSCs CircHIPK3 CircHIPK3/miR-29a-5p/PINK1 axis Exosomal circHIPK3 promotes osteogenic 
differentiation of MC3T3-E1 cells through 
regulating PINK1 expression by sponging 
miR-29a-5p

[52]

Exosomes were separately collected 
from MC3T3-E1 cells

Circ_0008542 Circ_0008542 /miR-185-5p/RANK axis Circ_0008542 acts as a miRNA sponge for 
miR-185-5p and promotes osteoclast-induced 
bone resorption through the miR-185-5p/ 
RANK axis

[53]

Exosomes-derived from circ-Rtn4- 
modified BMSCs (Rtn4-Exos)

Circ-Rtn4 Circ-Rtn4/ miR-146a Rtn4-Exos attenuated TNF-α-induced 
cytotoxicity and apoptosis in murine 
MC3T3-E1cells by sponging miR-146a

[54]

Exosomes from osteogenic-induced 
DPSCs

CircLPAR1 CircLPAR1/ hsa-miR-31/ SATB2 Exosomes had the osteogenic effect on the 
recipient homotypic DPSCs via exosomal 
circLPAR1 that upregulated SATB2 
expression by competitively binding to hsa- 
miR-31.

[55]

HBMSCs exosomes CircFAM63B Circ_0008542/miR-578/HMGA2 axis Exosomal circFAM63B suppresses the bone 
regeneration of PMOP by regulating the 
miR-578/HMGA2 axis.

[56]

Periodontal ligament stem cells 
exosomes

Circ_0000722 NF-κB and AKT signaling pathways Exosomal circ_0000722 might promote 
osteoclastogenesis by upregulating TRAF6 
expression and activating downstream NF-κB 
and AKT signaling pathways, which further 
induced transcription of NFATc1 and c-Fos.

[58]

Plasma exosomes Hsa_circ_0063476 Hsa_circ_0063476/miR-518c-3p /DDX6 axis. Exosome-derived hsa_circ_0063476 
retards the expression of markers of 
endochondral ossification and impairs 
longitudinal bone growth via miR-518c-3p/ 
DDX6 axis

[59]

Exosomes derived from bone marrow 
mesenchymal stem cells

CircRNA_0001236 CircRNA_0001236/miR-3677-3p/Sox9 Overexpression of exosomal 
circRNA_0001236 promoted cartilage- 
specific gene and protein expression 
through the miR-3677-3p/Sox9 axis.

[60]
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intravesicular apatite nucleation, often incorporating mitochondrial Ca–P granules to form early “calcifying 
globules”.64,65 Their firm attachment to collagen fibrils and the presence of characteristic “crystal ghosts” further indicate 
that MVs act as microreactors for the onset and spatial patterning of mineral deposition.66 In contrast, exosomes are 
nonadherent, freely diffusible vesicles that mediate long-range communication by delivering osteogenic miRNAs, 
proteins, and matrix-modifying factors that regulate osteoblast differentiation, angiogenesis, immune balance, and 
neuroskeletal signaling.67 Thus, despite phenotypic overlap, current evidence supports the view that MVs and exosomes 
represent functionally distinct but complementary vesicle populations, with MVs initiating primary mineral nucleation 
and exosomes orchestrating broader regulatory signaling within the osteogenic microenvironment.

MVs act as the primary initiators of bone mineralization. During early mineral deposition, the rupture of MVs leaves 
behind characteristic “crystal ghosts” that help direct the outward expansion of nascent mineral clusters. Their stable 
anchorage within the extracellular matrix also places them at sites where mineral deposition must be spatially regulated 
during endochondral ossification. Through this combination of localized enzymatic activity and matrix-bound position
ing, MVs function as microreactors that define both the onset and spatial patterning of mineral formation, distinguishing 
their role from the broader signaling functions attributed to exosomes.66,68 Exosomes exert broad regulatory functions 
throughout osteogenesis. Exosomes released by osteoblasts, osteocytes, and MSCs carry osteogenic microRNAs, 
signaling mediators, and ECM-modulating proteins that promote osteoblast differentiation, enhance matrix deposition, 
and coordinate extracellular matrix remodeling.69,70 Their capacity to move freely within the extracellular space enables 
them to distribute regulatory cues beyond the immediate mineralization front, supporting long-range intercellular 
communication and integrating osteogenic, angiogenic, and immunomodulatory signals essential for organized tissue 
development. Through this multifaceted signaling network, exosomes help fine-tune matrix organization and sustain the 
cellular interactions that drive progressive bone formation. Although exosomes and MVs exhibit distinct functional 
tendencies, current evidence remains insufficient to determine whether they undergo coordinated changes in secretion 
dynamics, cargo composition, or spatial distribution across osteogenic stages. Existing studies instead indicate that the 
two vesicle populations participate in osteogenesis through partially overlapping yet functionally biased roles: MVs 
mainly initiate and spatially anchor early bone mineralization, whereas exosomes predominantly modulate matrix 
remodeling and intercellular signaling as bone formation progresses. These patterns suggest a complementary, stage- 
associated mode of action, while still allowing for potential convergence or shared pathways that have not yet been fully 
elucidated. Future studies integrating spatial transcriptomics or EV-tracking tools may help elucidate whether these 
populations interact cooperatively within the bone microenvironment.

Exosome-Extracellular Matrix Interactions and Dynamic Remodeling
The extracellular matrix (ECM) constitutes an essential regulatory unit within the bone microenvironment, functioning 
far beyond a passive structural scaffold. Through biochemical cues (eg, integrins, matricellular proteins, proteases) and 
biomechanical properties (eg, stiffness, topography), the ECM orchestrates cell adhesion, migration, proliferation, and 
lineage commitment. Increasing evidence indicates that exosomes dynamically interact with the ECM, serving both as 
modulators and responders within this regulatory network.26,71

Exosomes released into the bone extracellular matrix (ECM) actively modulate matrix architecture through both 
proteolytic and non-proteolytic pathways. Beyond functioning as passive vesicular carriers, exosomes serve as targeted 
delivery vehicles for matrix-remodeling enzymes and regulatory molecules. They have been shown to contain proteases 
such as MMP2, MMP9, MMP14, ADAM10/17, and the glycosidase hyaluronidase, together with upstream activators 
(eg, BMP).72–74 Acting synergistically, these vesicle-associated factors can modulate extracellular matrix organization 
and turnover, thereby contributing to the formation of microenvironments that facilitate osteoblast recruitment and 
mineralization processes. Once released, exosomes can also become embedded within the extracellular matrix (ECM), 
where they act as structural and biochemical modulators. Notably, the phosphatidylserine-rich surface of exosomes can 
promote hydroxyapatite nucleation, and this mineralization process is further supported by calcium bound to exosomal 
annexins and phosphate generated by exosomal ATPases, nucleotidases, phosphatases, and related transporters.75,76 In 
parallel, exosomal microRNAs such as miR-21, miR-375 and miR-140-5p regulate expression of osteogenic and ECM- 
related genes, thereby contributing to matrix maturation and stabilization of nascent osteoid tissue.77–79 Through these 
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reciprocal degradation-and-reconstruction activities, exosomes fine-tune ECM renewal dynamics, the formation of 
mineralization-competent niches, and the maintenance of microenvironmental integrity throughout bone modeling and 
remodeling.

At the same time, the ECM actively governs extracellular vesicle mobility, retention, and uptake: the densely 
crosslinked collagen network can serve as a three-dimensional vesicle depot, while size-selective filtering, electrostatic 
interactions and ligand–receptor anchorage collectively dictate their sequestration, lateral diffusion, and spatial 
distribution.80–82 Integrins expressed on exosome membranes—including α5β1, αvβ3, and α2β1—bind specific ECM 
ligands such as collagen, fibronectin, and vitronectin, enabling haptotactic positioning and guided paracrine signaling 
within confined bone niches.83 Although direct evidence in bone is limited, studies showed that ECM mechanics 
regulate exosome behavior—for example, stiff matrices enhance secretion via the Akt–Rab8 pathway—implying that 
matrix stiffness and mineral architecture may similarly shape exosome distribution in osteogenic niches.84 In addition, 
ECM structure and hydration influence extracellular vesicle diffusion and retention, generating localized vesicle- 
enriched zones that may help sustain paracrine signaling during regeneration.80,85 Together, exosome-ECM interac
tions represent a dynamic bidirectional axis within the bone microenvironment, linking biochemical signaling, matrix 
remodeling, and biomechanical regulation. Recognizing this interplay is also crucial for the rational design of 
biomaterials, as engineered scaffolds increasingly aim to mimic the natural ECM to optimize exosome retention, 
stability, and therapeutic efficacy.

Exosomes Modulate the Osteogenesis–Angiogenesis Interaction and Coupling
Bone formation is an intricate process that requires exquisite coordination among various cellular functions. Previous 
studies have focused primarily on stimulating the individual functions of cells. However, bone is recognized as 
a complex structure that is highly vascularized.86 The blood vessels within bone deliver vital elements, including 
oxygen, nutrients, and growth factors, and cells, such as immune, stem, or precursor cells, to the surrounding 
microenvironment. This finding raises an important question: how does cell-to-cell communication and crosstalk 
between different functions occur? As research progresses, osteogenesis and angiogenesis have been shown to exhibit 
close spatiotemporal coordination during bone formation.87 Exosomes have been identified as key players in paracrine 
signaling, serving as crucial carriers for intercellular communication. Notably, in a rat model of stabilized fracture, 
a previous study demonstrated that exosomes derived from human umbilical cord mesenchymal stem cells accelerate 
fracture healing via HIF-1α-driven angiogenesis.88 Furthermore, the role of exosomes in osteogenesis–angiogenesis 
coupling has been revealed to be more complex. Studies have shown that exosomes derived from endothelial cells 
(EC-Exos) initiate a positive feedback mechanism in the interplay between osteogenesis and angiogenesis.87 From 
a mechanistic perspective, EC-Exos increase the expression of BTB domain-containing 16 in BMSCs, facilitating the 
transformation of the osteoprogenitor phenotype. Osteoprogenitors facilitate the development of type H endothelial 
cells (H-ECs) by triggering HIF-1α signaling, thereby enhancing the osteogenic differentiation of BMSCs. 
Furthermore, the use of BMSC-Exos during the osteogenesis–angiogenesis coupling process is of significant interest. 
Molecular biology experiments have provided detailed insights indicating that BMSC-derived exosomes effectively 
stimulate the osteogenic differentiation of BMSCs and angiogenesis in ECs. These effects are associated with an 
increased presence of lncRNA-19 in BMSC-derived exosomes, which facilitates the interaction between BMSCs and 
ECs during bone homeostasis through the lnc-H19-Angpt1/Tie2 signaling pathway.89 The significance of osteogenic‒ 
angiogenic coupling in bone has been hypothesized by N. Shen et al,90 who further illustrated a novel mechanism 
whereby mechanical loading influences blood vessel formation through the release of extracellular vesicles from 
mature bone cells, such as osteoblasts and osteocytes.

Exosomes in the Cross-Talk Between the Immune System and Bone
Bone is a living organ characterized by a substantial presence of both bone and immune cells within its niche. 
Discussions of the activity of bone cells in isolation from their ecological context lack practical significance, particularly 
in pathological states. Factors such as infection, trauma, transplantation, and autoimmunity can contribute to alterations 
in the bone–immune microenvironment, leading to an imbalance in bone homeostasis. For example, macrophages (Ms), 
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the most important defensive cells of innate immunity, tend to polarize to the M1 phenotype in patients with period
ontitis, osteoporosis, or diabetes mellitus.91–93 M1 macrophages play a proinflammatory role, which is critical for the 
removal of bacteria and necrotic tissue; however, an excessively sustained inflammatory response can inhibit the 
functions of MSCs and ECs and can even lead to increased bone resorption. Conversely, M2 macrophages mediate 
the anti-inflammatory response and regulate bone repair.9,94–97 In this context, researchers have hypothesized that M2- 
derived exosomes (M2-Exos), which are important communication substances, would promote the osteogenic differ
entiation of MSCs. This conjecture has been further validated. Pathway-specific investigations have demonstrated that 
the characteristics of exosomes originating from M2 macrophages enhance the luciferase reporter activity stimulated by 
BMP2, which is regulated by a promoter specific to SMAD1/5/8. In contrast, M1 macrophage-derived exosomes exert 
negative regulatory effects on MSCs, particularly affecting the expression of BMP2 and BMP9.98 In vitro experiments 
have shown that M2-Exos facilitate the osteogenesis of BMSCs and inhibit adipogenesis through the miR-690/IRS-1/ 
TAZ axis.15 A recent study consistently demonstrated that M2-Exos stimulate the osteogenic differentiation of BMSCs, 
reduce their adipogenic differentiation capacity, and increase the expression of SOX and aggrecan. Furthermore, M2- 
Exos accelerate extracellular matrix (ECM) remodeling by decreasing the levels of matrix metalloproteinase 13.99 

Notably, a recently published study indicated that M2-Exos reduced osteonecrotic alterations in a rat model of steroid- 
induced osteonecrosis of the femoral head (ONFH).100 M2-Exo administration ameliorated inflammatory responses by 
increasing the expression levels of proinflammatory factors such as TNF-α and IL-6 while inhibiting the expression of 
the anti-inflammatory factor IL-10. Moreover, M2-Exos promoted osteogenesis and angiogenesis in vivo. Consistent with 
findings from previous studies, M2-Exos also reduced adipogenesis or even osteoclastogenesis in vivo.

The polarization of M1 and M2 macrophages indicates that the tissue is primarily in a state of damage or repair. The 
question of whether a conversion between these different cellular phenotypes can create a beneficial bone immune 
microenvironment therefore arises. In vivo investigations have revealed that M2-Exos can act as immunomodulators, 
facilitating the conversion of macrophages from the M1 phenotype to the M2 phenotype by influencing the PI3K/AKT 
pathway.101 Research on a rat model of ONFH showed that treatment with M2-Exos suppressed M1 macrophage 
infiltration and enhanced M2 macrophage polarization in the femoral head, which may accelerate tissue repair.100 

Given that excessive M1 macrophages are detrimental to bone regeneration,9,94–97 the question of whether the adverse 
effects can be mitigated by directly improving M1 function remains. Interestingly, research has indicated that exosomes 
derived from human serum (Serum-Exos) can modulate macrophage inflammation, enhancing VCAM1-mediated 
processes of angiogenesis and bone regeneration.102 Serum-Exos reduced lipopolysaccharide (LPS)-induced expression 
of IL-1β, IL-6, iNOS, and the inflammatory macrophage marker CD86. When M1 macrophages were treated with 
Serum-Exos, their conditioned medium (CM) promoted proliferation, migration, and angiogenic differentiation in human 
umbilical vein endothelial cells (HUVECs), along with elevated levels of the H-type blood vessel markers CD31 and 
endomucin. Additionally, increased VCAM1 expression was observed in HUVECs. The local application of Serum-Exos 
in mandibular bone defect repair resulted in increased angiogenesis and osteogenesis. Exosome-based communication 
between the immune and bone microenvironments is bidirectional. These findings suggest that exosomes from BMSCs 
support osteogenic differentiation by regulating M2 macrophage polarization through the ubiquitination and degradation 
of myeloid cells mediated by tripartite motif 25.103 Overall, this research may provide valuable insights for therapies 
targeting delayed bone healing due to the imbalance between M1 and M2 macrophages.

Exosomes Mediate Osteoclast–Osteoblast Communication and Balance
Bone formation is ultimately achieved through the precise coordination of two fundamental processes: osteoclast- 
mediated bone resorption and osteoblast-mediated bone formation. These processes do not occur randomly on the 
bone surface; instead, they occur at particular anatomical locations and adhere to a clearly defined series of events 
that are supported by intercellular communication.104,105 The interaction of these two fundamental processes across time 
and space within the bone’s environmental substrates raises an important question: How do they influence each other? 
The interaction between RANKL and receptor activator of nuclear factor-kappa B (RANK) lies at the core of bone 
biology.106 An article published in Nature suggested that small extracellular vesicles containing RANK, which are 
released by maturing osteoclasts, bind to RANKL on osteoblasts. These vesicles serve as “coupling factors” that may 
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promote new bone formation in areas of osteoclastic bone resorption by initiating RANKL reverse signaling, which in 
turn activates Runt-related transcription factor 2 (Runx2).107 Investigations using electron microscopy have revealed that 
RANK in EVs is concentrated in a small fraction of the total EVs released by osteoclasts, with a diameter of 
approximately 40 nm, which is consistent with exosome characteristics, as the markers CD63 and EpCAM are abundant, 
whereas Golgi and endoplasmic reticulum markers are absent.108,109 Furthermore, the data suggest that exosomes 
enriched with RANK may interact with RANKL on osteoblasts, thereby acting as competitive inhibitors of the 
RANKL–RANK interaction via osteoprotegerin (Figure 3).108 Notably, RANK within small extracellular vesicles is 
proposed to interact with RANKL as a trimer, forming the high-affinity heterohexameric RANKL–RANK complex. 
Thus, osteoclast-derived Exo-RANK may target RANKL, and these exosomes may transfer their luminal cargo, 
including proteins, mRNAs, and microRNAs, into the cytosol of target cells to potentially “instruct” osteocytes, 
osteoblasts, or other cells expressing RANKL, thereby exerting regulatory effects. Conversely, a notable upregulation 
of miR-214 and ephrinA2 has been detected in serum exosomes from both osteoporotic patients and mice. Further studies 

Figure 3 Exosomes act as versatile messengers fine-tuned for complex intercellular crosstalk in bone microenvironment. This process encompasses multiple functional 
units: (1) Vascular unit: endothelial cell-derived exosomes (EC-Exo) initiate a positive feedback loop in the osteogenesis-angiogenesis process. Bone marrow stem cell- 
derived exosomes (BMS-Exos) effectively stimulate osteogenic differentiation and angiogenesis while inhibiting adipogenesis; (2) Immune units: Exosomes secreted by M2 
macrophages (anti-inflammatory) promote osteogenesis and reduce adipogenesis, and may even inhibit osteoclastogenesis. In contrast, exosomes secreted by M1 
macrophages (pro-inflammatory) inhibit osteogenesis. M2-derived exosomes can act as immunomodulators, facilitating the conversion of macrophages from M1 to M2. 
Furthermore, exosomes from BMSCs support osteogenic differentiation by regulating M2 macrophage polarization; (3) Bone resorption and formation units: Exosomes from 
osteoclasts, enriched with RANK, may interact with RANKL on osteoblasts, acting as competitive inhibitors of the RANKL-RANK interaction, similar to osteoprotegerin. 
However, osteoclasts also release exosomes carrying miR-214, which suppress osteoblast activity; (4) Neuro unit: The initial nerve supply in the bone defect region is 
favorable for the bone healing process, with exosomes mediating neuro-skeletal crosstalk. The figure was created by Figdraw (www.figdraw.com).
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have suggested that osteoclasts release exosomes rich in miRNAs, primarily delivering miR-214 to osteoblasts through 
ephrinA2/EphA2 recognition, and thus suppressing osteoblast activity. Additionally, miR-214-containing exosomes can 
be released into the bloodstream, where circulating miR-214 may serve as a biomarker for bone loss.110 These results 
appear to contradict those previously published, which suggested that osteoclast-derived Exos improve bone formation. 
However, the exosomal contents vary at different stages of osteoclast development and between different physiological 
and pathological conditions. We speculate that Exo regulation is a dynamic process; these vesicles may be released or 
function at distinct temporal phases or, alternatively, act at different levels of the regulatory hierarchy during bone 
generation. After RANKL stimulation during osteoclastogenesis, osteoclasts release exosomes containing information 
that inhibits osteogenesis. Conversely, during the new bone formation phase, osteoclasts release exosomes that provide 
“brake” signals during osteoclastogenesis while simultaneously activating osteogenesis. This process may ensure that the 
bone resorption center is also the center of bone generation. Nonetheless, the exact mechanisms underlying this process 
require further investigation.

Increasing Attention to Neural Platforms Utilizing Exos in the Bone Microenvironment
Research has underscored the involvement of neuroskeletal, neurovascular, and neuroimmune interactions during various 
phases of bone healing.111 Notably, a disruption of the inferior alveolar nerve (IAN) may lead to a reduction in the 
number of Schwann cells (SCs), which in turn results in inadequate bone healing due to functional deficits in skeletal 
stem cells.112 Regenerative bone exhibits a degree of nerve dependency. However, the mechanisms by which regulatory 
signals are transmitted from neurons to the bone microenvironment remain poorly understood. Despite the close 
proximity of osteoblasts, immune cells, and vascular endothelial cells to free nerve endings, direct connections are 
infrequent, challenging the hypothesis of synaptic interactions. Recent evidence indicates that SC-derived exosomes 
induce the transformation of M1 macrophages into a reparative M2 phenotype and suppress inflammation during the 
inflammatory stage (Figure 4).113 The initial nerve supply in the bone defect region is essential for transitioning the bone 
healing process from inflammation to the fibrovascular stage. During the subsequent fibrovascular phase, these exosomes 
promote angiogenesis, providing both material support and a cellular source for bone remodeling. Finally, SC-derived 

Figure 4 The neural platform utilizing exosomes in the bone microenvironment primarily regulates three major stages of bone repair. (1) the inflammatory phase, during 
which schwann cell-derived exosomes (SC-Exos) facilitate the conversion of M1 macrophages to a reparative M2 phenotype and attenuate inflammatory responses; (2) the 
fibrovascular phase, wherein SC-Exos promote angiogenesis, providing both material support and a cellular source for bone formation; (3) the bone remodeling phase, in 
which SC-Exos enhance osteogenesis by modulating the proliferation, migration, and differentiation of bone marrow-derived mesenchymal stem cells. The figure was created 
by Figdraw (www.figdraw.com). 
Abbreviations: SC, Schwann cell; Exos, Exosomes.
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exosomes facilitate bone formation by regulating the proliferation, migration, and differentiation of BMSCs through the 
activation of the TGF-β1/SMAD2/3 pathway during the remodeling stage.113 Severe bone injuries are often accompanied 
by damage to the surrounding nerves, which results in a slow repair process, and SC-derived exosomes may compensate 
for the deficiency in neurological functions. Exosomes derived from MSCs stimulated with nerve growth factor (NGF) 
have been shown to enhance neurotrophic signaling and thereby potentiate osteogenic differentiation through PI3K–Akt 
and MAPK pathways.114

Recent studies further expand the understanding of how neural cues and neural-derived exosomes regulate bone 
regeneration. Bioprinted nerve–bone co-culture constructs demonstrated that peripheral nerves significantly enhance 
osteogenesis by modulating the bone microenvironment via secreted vesicular factors, including exosomes.115 SC– 
derived Exos have also been shown to accelerate periodontal bone regeneration by simultaneously promoting osteogen
esis, angiogenesis, and neurogenesis, highlighting their ability to coordinate multiple regenerative axes within bone 
defects.116 Engineered SC-Exos can also be therapeutically enhanced, as acousto-electric fiber networks locally boost 
SC-exosomal miRNAs (eg, miR-494-3p, miR-381-3p, miR-369-3p) to activate PI3K–Akt and Wnt signaling in BMSCs, 
thereby promoting neurogenic bone repair.117 In addition, SC-derived exosomes have demonstrated the capacity to 
enhance the bioactivity of biomaterials, as evidenced by their ability to improve the osteogenic performance of porous 
Ti6Al4V scaffolds in vivo.118 The role of SCs exosomal signaling in pathological conditions is also being clarified. 
Under hyperglycemic conditions, SC-Exos carrying reduced levels of miR-15b-5p were shown to impair peri-implant 
osteogenesis through the TXNIP pathway; conversely, normal SC-derived exosomes restored osteogenic capacity in type 
2 diabetic models.119 Together, these findings reinforce the concept that bone regeneration is highly dependent on neuro- 
skeletal interactions. SC-derived exosomes function not only as inflammatory modulators and angiogenic stimulators but 
also as potent osteoinductive vesicles. Their ability to traverse the bone microenvironment, deliver miRNA cargo, and 
coordinate multicellular communication suggests that neural–exosomal pathways represent an emerging and under
explored regulatory axis in bone tissue homeostasis and repair.

Designing Exosomal Biomaterials for Bone Generation
Exosome contents provide informative advantages over single growth factor strategies, which often fail to replicate the 
natural complexity of bone formation. Emerging evidence has provided profound insights into the fundamental biology 
of exosomes in osteogenesis and the interactions among different systems. Based on this biological background, how can 
an exosomal biomaterial be designed to enhance bone regeneration?

Exosome Optimization Design/Exosome Modification
Site-specific targeted exosomes generally fulfill the requirements for effective bone regeneration therapy. However, not 
all exosomes exhibit optimal bone-targeting capabilities. Moreover, unmodified exosomes may be rapidly sequestered 
and eliminated by the reticuloendothelial system when administered systemically. M2-Exos have been shown to attenuate 
inflammation and promote bone tissue repair; however, their therapeutic application is limited by a low response rate and 
unpredictable efficacy due to a lack of specific targeting properties. As a method to address this issue, M2-Exos 
functionalized with aptamers were developed and administered using 3-way junction RNA nanoparticles to precisely 
target bone fractures. Studies have shown that these aptamer-functionalized M2-Exos can effectively target BMSCs 
in vitro and localize to the fracture site following systemic intravenous injection. Further investigations have confirmed 
that the targeted action of these M2-Exos enhances bone formation.120 Several additional stimuli can enhance the 
functions of exosomes. For example, macrophage-derived exosomes enhance the activity of endothelial cells and 
osteoblasts upon stimulation with Zn ions.121 Conversely, magnesium ion (Mg2+) stimulation may decrease the expres
sion of macrophage-derived exosomes containing miR-381 through autophagy, thereby promoting the osteogenic 
differentiation of BMSCs.122 Interestingly, research has shown that engineered exosomes derived from BMSCs stimu
lated with lithium ions tend to polarize toward the M2 phenotype, thus improving the bone healing 
microenvironment.123,124 Furthermore, the mechanisms by which lithium promotes osteogenesis have been elucidated, 
highlighting the role of Rab11a-facilitated exosomal Wnt10a secretion and the activation of β-catenin signaling.125 

Additionally, the combination of shed-derived exosomes (Shed-exosomes) incorporated within a hyaluronic acid (HA) 
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hydrogel with copper ions (Cu2+) displays synergistic osteogenic activity.126 Another intriguing stimulation method for 
BMSCs involves the use of magnetic nanoparticles in conjunction with a static magnetic field, which leads to the release 
of exosomal miR-1260a, enhancing bone formation and promoting blood vessel growth.41 The conversion of mechanical 
stimuli into biological signals, known as mechanotransduction, is a widespread phenomenon. Notably, exosomes derived 
from BMSCs subjected to cyclic mechanical stretching have been shown to inhibit RANKL-induced 
osteoclastogenesis.127 Further research has shown that exosomes derived from myoblasts stimulated by mechanical 
strain can be transferred to BMSCs, thereby facilitating osteogenic differentiation and positively impacting mice under
going hormone-induced bone loss.128 The osteogenic potential of Yoda1, an agonist of the mechanically sensitive ion 
channel Piezo1, has been confirmed. However, the hydrophobic nature of Yoda1 poses challenges for its effective 
incorporation into hydrogel matrices. Researchers have addressed this issue by utilizing exosomes derived from BMSCs 
pretreated with Yoda1 (Exo-Yoda1). These exosomes can rapidly and robustly transmit mechanical signals, thereby 
stimulating osteogenesis through the engagement of phospho-ERK signaling mediated by Yoda1.129

Among the osteoinductive molecules identified, bone morphogenetic proteins, particularly BMP-2, have proven 
essential for bone regeneration. However, the clinical application of such agents is complicated by dosage challenges 
and potential immunological and neurological complications, as well as the risk of ectopic bone formation. Recent 
studies have demonstrated that exosomes derived from BMP2-treated macrophages significantly increase the expression 
of early osteoblastic differentiation markers, such as alkaline phosphatase (ALP) and BMP-2, in MSCs.130 Furthermore, 
exosomes with enhanced osteoinductive capabilities can be engineered through the genetic modification of parental 
MSCs to overexpress BMP-2.131,132 Additionally, the selective inhibition of translation in donor cells allows the 
enrichment of Bmp2 mRNA in exosomes.133 These strategies may represent novel approaches with advantages over 
the application of single BMP-2 factors for bone healing in the future. Hypoxia-inducible factor-1α (HIF-1α) performs 
dual functions by promoting both blood vessel regeneration and osteogenesis; however, its application is limited by rapid 
degradation (within minutes) by the body under normoxic conditions. Engineered BMSC-derived exosomes carrying 
mutant HIF-1α facilitate faster bone healing by enhancing new bone formation and neovascularization.134 Progenitor 
cell-derived exosomes endowed with VEGF plasmids exhibit a similar positive dual function.135 Dendritic cell-derived 
exosomes (DC-Exos) exhibit a high affinity for inflamed areas and are absorbed by both DCs and T cells at the site of 
inflammation. When loaded with immunoregulatory cargo such as TGFβ1 and IL-10, these exosomes inhibit the 
maturation of recipient DCs and the induction of Th17 effectors while enhancing the recruitment of regulatory T cells. 
This process results in the suppressed expression of cytokines that promote bone resorption and a decrease in the loss of 
bone due to osteoclasts.136 Under hyperglycemic conditions, the endoplasmic reticulum (ER) experiences significant 
stress and dysfunction, which can potentially result in osteogenic disorders. Sephin1, a specific small molecule designed 
to assist in protein folding,137 was incorporated into MSC-Exos with the objective of mitigating ER stress by preserving 
ER proteostasis. Studies have revealed that these exosomes deliver Sep and provide SHP2 to recipient cells, activating 
mitophagy and removing mitochondrial reactive oxygen species (mtROS), which are direct causes of ER dysfunction.138 

Exosomal miRNAs significantly influence osteogenesis,139 suggesting that modifying miRNA expression may enhance 
the functional capacity of exosomes. For example, engineered exosomes overexpressing miR-181b,140 miR-375,78 miR- 
29a,141 or miR-26a142 have been shown to improve osteointegration. Notably, the RNA content within exosomes does 
not reflect the RNA composition of their parent cells. However, microRNAs and transfer RNAs, which indicate the origin 
of the parent cells, are selectively packaged into exosomes.143 Therefore, targeting genetic modifications of the parent 
cells from which the exosomes originate may be more appropriate, although the underlying mechanisms require further 
exploration.

Importantly, exosomal cargo is highly dependent on the tissue origin of the parent cells; thus, the current engineering 
of exosomes has focused primarily on the treatment of these parent cells. Direct encapsulation of exosomes often 
necessitates supplementary techniques to increase the cargo loading efficiency. For example, Mahmoud Elashiry et al136 

employed sonication to facilitate loading, whereas Zha et al135 utilized electrical pulses to induce pore formation on the 
exosome surface, thereby increasing membrane permeability. Liu Y et al138 conducted a comparative analysis of drug 
loading efficiencies between direct incubation and intermittent ultrasound methods, revealing that the latter method 
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exhibited significantly greater efficiency. Additionally, other strategies, such as incubation, extrusion, freeze‒thaw cycles, 
and saponin assistance, are also employed to load cargo into exosomes.144,145

It is worth noting that engineering strategies designed to enhance the therapeutic performance of exosomes differ 
substantially in their mechanisms, controllability, and application contexts. Surface modification approaches enable 
precise tissue homing and receptor-specific interaction but may require chemical manipulation that affects membrane 
integrity or scalability.146,147 Cargo-loading techniques, such as electroporation, sonication, extrusion, incubation, or 
endogenous genetic loading, allow the incorporation of exogenous nucleic acids, proteins, and small molecules to 
augment the biological activity of exosomes. Although these methods provide considerable functional flexibility, they 
face challenges such as variable loading efficiency, potential vesicle deformation, and protocol-dependent 
heterogeneity.148,149 By contrast, stimulation-based pretreatment of donor cells (eg, hypoxia, cytokine exposure, small- 
molecule priming) induces natural enrichment of therapeutic cargos and may enhance exosome yield and physiological 
relevance.150,151 However, this biological approach also offers less precise control over cargo composition and may 
introduce batch-to-batch variability.151,152 A comparative summary of these engineering approaches, including their 
mechanisms, advantages, limitations, and applicable scenarios, is presented in Table 3. Collectively, engineering 
strategies for exosome optimization address complementary aspects of therapeutic enhancement. Surface modification 
improves targeting precision, cargo-loading techniques expand functional versatility, and stimulation-based pretreatment 
enriches biologically relevant cargos while preserving vesicle integrity. Each strategy therefore offers distinct advantages 
and trade-offs, and their selection should be guided by specific therapeutic objectives, required delivery precision, and 
acceptable levels of engineering complexity. In bone regeneration applications, the optimal approach may involve 
combining strategies to balance targeting, bioactivity, and stability in the mineralized microenvironment.

Exosome-Functionalized Scaffolds/Bone Implants
Exosomes have gained recognition as potential agents for cell-free therapy in bone regeneration. However, their fluid- 
state form often falls short in addressing critical-sized bone defects, particularly in the context of structural reconstruc
tion. Scaffolds play a crucial role in tissue engineering, as they are designed to replicate the architecture of the native 
tissue and frequently deliver mechanical, topographical, and bioinstructive signals to facilitate regeneration. Recent 
progress in 3D printing has greatly expanded the design flexibility, spatiotemporal control, and functional integration of 
exosome-based scaffolds for bone regeneration. 3D-printed architectures allow precise tuning of pore geometry, 
mechanical strength, and degradation kinetics, enabling stable immobilization of exosomes and their sustained release 
within defect sites. Attempts have been made to fabricate a bioactive 3D porous polylactic acid (PLA) scaffold modified 
with MSC-Exos for tissue defect repair (Figure 5A–C).153 3D-printed PCL scaffold provides an optimal porous frame
work for cell adhesion and supports efficient internalization and retention of progenitor cell–derived exosomes carrying 
VEGF plasmids, thereby enhancing osteogenic induction and vascular remodeling in large segmental bone defects 
(Figure 5D–I).135 In another study, a laser-melted 3D-printed porous zinc scaffold filled with serum exosomes and 
poloxamer 407 thermosensitive hydrogel mimics trabecular bone architecture and achieves enhanced osteogenesis, 
inhibition of bone resorption, and improved angiogenesis during repair of rabbit radial defects.154 More recently, an 
exosome-loaded hyaluronic acid hydrogel composite integrated with an oxygen-producing 3D-printed PLA scaffold 

Table 3 Comparison of Major Engineering Strategies for Exosome Modification

Engineering Strategy Key Mechanisms Advantages Limitations Applicable Scenarios References

Surface modification (ligand 
conjugation, PEGylation, click 
chemistry)

Chemical/biomimetic 
membrane modification

High targeting specificity; 
Improved distribution

Membrane 
disruption risk; 
Limited scalability

Tissue-specific targeting; 
Precision therapy

[146, 147]

Cargo loading (electroporation, 
sonication, extrusion, incubation, 
endogenous loading)

Incorporation of 
exogenous nucleic acids/ 
proteins/drugs

Flexible cargo design; 
Functional enhancement

Variable loading 
efficiency; Vesicle 
deformation

Gene therapy; miRNA/ 
siRNA delivery; Drug-EV 
systems

[148, 149]

Stimulation-based pretreatment 
(hypoxia, cytokines, biomaterial cues)

Parent-cell priming to 
enrich endogenous 
cargo

Maintains vesicle integrity; 
Increases bioactivity; 
Boosts yield

Limited cargo 
control; Batch 
variability

Immunomodulation; 
Angiogenesis

[150, 151]
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Figure 5 Polylactic acid (PLA) and polycaprolactone (PCL) scaffold of modified with exosomes (Exos) for enhanced bone regeneration. (A–C) The 3D-printed PLA scaffold 
modified with PKH26-labeled Exos significantly decrease reactive oxygen species (ROS) in inflammatory macrophages, and improved ALP expression (Bi, Bii, Biii) and 
mineralization (Ci, Cii, Ciii) in hBMSCs. Group 1=control, group 2=PLA scaffold, group 3=PLA-Exo scaffold. Copyright 2022 The Author(s). Published by Springer Nature; 
(D and E) 3D-printed porous PCL scaffolds were functionalized with 1,6-hexanediamine and modified with a CP05 peptide linker, combined with ATDC5-derived exosomes 
encapsulating VEGF; (F) EXOs were internalized into 3D-printed scaffolds based on cell uptake; (G) Micro-CT images at 12 weeks showed the PCL-CP05~EXOs-VEGF 
group achieved the best repair and new bone formation in rat radial defect mo (H) HE and Masson staining at 12 weeks revealed new bone formation in the PCL-CP05 
~EXOs-VEGF group. Copyright Ivyspring International Publisher. 
Note: ****P<0.0001.
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(CaO2-containing CPS) has been shown to alleviate hypoxia, modulate local inflammation, promote BMSC proliferation 
and ALP activity, and significantly improve new bone formation in vivo.155 Collectively, these advances underline that 
3D-printing–based strategies not only provide structural support but also offer precise control over exosome loading, 
release, and microenvironmental modulation, representing a rapidly evolving platform with considerable potential for 
personalized and biologically instructive bone regeneration.

Besides, the addition of MSC-Exos considerably improved the biofunctionality of the initial PLA scaffold, leading to 
significant decreases in the expression of proinflammatory markers and the production of reactive oxygen species (ROS) 
in inflammatory macrophages and high expression of osteoblastic markers and increased mineralization in hBMSCs. 
Recently, an exosome-based modification strategy has been employed to create dual biofunctional PLA scaffolds using 
a microdroplet (MD)-guided delivery system for nuclear factor of activated T cells cytoplasmic 1 (NFATc1). Subsequent 
cellular experiments have shown that MD-NFATc1/PLA-Exo scaffolds exhibit excellent biocompatibility, significantly 
reducing osteoclast formation while promoting the differentiation of osteogenic cells and altering cytokine expression.156 

Similarly, the immunoregulatory and osteogenic potential of polycaprolactone (PCL), a bioresorbable polymer that lacks 
bioactivity, can be noticeably improved when simply modified with Exos.135,157 Recently, researchers have also 
developed a bone implant functionalized with BMSC-derived exosomes, which incorporate exosomes into tannic acid 
(TA)-modified sulfonated polyetheretherketone (SPEEK) (Figure 6).158 Western blot analysis revealed that Exo-coated 
SPEEK promoted M2 macrophage polarization, as iNOS expression was inhibited while Arg-1 expression was promoted. 
Mechanistically, this effect may be related to the NF-κB signaling pathway. The results of new bone formation in vivo 
revealed obvious bone tissue healing in the Exo-TA-SPEEK group.

Biologically inert titanium (Ti) is widely used in dental and bone implants; however, the issue of slow and insufficient 
osseointegration has not been fully addressed, particularly in patients with chronic inflammatory conditions. Research has 
revealed that titanium surfaces functionalized with exosomes derived from licensed TNF-α can modulate macrophage 
immune responses and accelerate osseointegration in subjects with type 2 diabetes.159 Notably, the porous structure of the 
Ti surfaces was more conducive to exosome loading. The use of Exos in adorning anodized (AO) Ti scaffolds resulted in 
superior bone tissue regeneration. This scaffold surface exhibited a greater adsorption capacity but a slower release 
profile of Exos than did the pure Ti surface.160 Researchers have also demonstrated a novel approach of using exosomes 
from BMP2-stimulated macrophages to increase the biofunctionality of nanotube titanium (NT) (Figure 7A).130 They 
revealed that this combination (BMP2-exo/NT) increased the expression of early markers of osteoblastic differentiation, 
such as ALP and BMP-2. BMP2-exo/NT may alter cytokine secretion and activate autophagy, thus creating a favorable 
milieu for osteogenesis. Interestingly, a recent dual biomimetic strategy combines a 3D-printed biomimetic trabecular 
porous Ti-6Al-4V scaffold (BTPS) with exosome-loaded PEGDA/GelMA hydrogel microspheres (PGHExos) 
(Figure 7B–E).161 In vivo assays indicated that this scaffold significantly enhanced new bone formulation and 
angiogenesis.

Among the various scaffold materials, hydrogel systems are three-dimensional structures with high moisture contents that 
resemble the extracellular matrix and exhibit favorable shaping properties. This technique is particularly effective for filling 
critical-sized defects with complex shapes while ensuring the viability of the incorporated biomolecules.162,163 Furthermore, 
it enables minimally invasive treatment through needle injection. Engineered exosomes are frequently utilized in conjunction 
with hydrogel scaffolds to achieve prolonged exosome release and protect them from degradation, thereby maintaining the 
stability of the exosomal contents, including proteins and miRNAs.23,130,141,142,164,165 A natural polymer hyaluronic acid- 
based hydrogel (HA hydrogel) has been designed as a carrier for engineered EC-ExosmiR-26a-5p and APY29, which 
augments M2 polarization (Figure 8).23 The hydrogels were injectable and possessed an interconnected porous structure. The 
storage modulus of the HA hydrogel increased with increasing solid concentration; 4% HA was suitable, and the delivery of 
Exos did not affect the mechanical properties of the hydrogel. The shear-thinning, self-healing and tissue-adhesive properties 
of this HA hydrogel were also verified. The study also demonstrated that this combination facilitated the sustained release of 
Exos and specific agents to enhance bone healing. Similarly, engineered BMSC-Exo-loaded hydrogel microparticles (HMPs) 
exerted long-term effects during new bone formation.141 A significant decrease in HDAC4 expression and a significant 
increase in RUNX2 and VEGF expression in HUVECs were observed in the HMP@Agomir-29a-Exo group compared with 
those in the HMP@Exo and HMP groups. Recently, another novel hydrogel delivery system was constructed with Smpd3- 
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reprogrammed BMSC-Exos and nanosilver ions.165 In the dog bone defect DM model, after Exos-Smpd3@N treatment, 
significant new bone formation was observed by staining techniques and a micro-CT evaluation.

Therefore, optimization strategies aimed at enhancing the osteogenic functions of exosomes are analogous to 
commonly employed exosome modification techniques, primarily involving surface modifications and various 

Figure 6 BMSC-Derived Exosomes (Exos) Functionalized on TA-SPEEK Scaffolds Modulate Macrophage Polarization and Promote Bone Regeneration in Rat Femur 
Implantation. (A–C) BMSC-derived Exos bound to TA-SPEEK through hydrogen bonds between Exos’ phosphate groups and TA’s polyphenol groups modulating 
macrophage polarization. Scale bar represents 500 nm for FE-SEM images; (D and E) Effect of Exos loaded TA-SPEEK on Arg-1, iNOS, IKB-α, p-IKB-α, P65, and p-P65 
expressions in RAW264.7 cells polarization through Western blot analysis; (F) Diagram of the rat femur surgery procedure; (G) Images of the implantation site on the rat 
femur, with a 2 mm scale bar; (H) Micro-CT images exhibiting bone regeneration around the implants, with red arrows indicating new bone. Copyright 2021 The Authors. 
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
Note: *P<0.05; **P<0.01; ***P<0.001.
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Figure 7 Exosome-enhanced osteogenesis on titanium nanotubes and 3D-printed biomimetic Ti-6Al-4V scaffolds. (A) Schematic depicts the modification of titanium 
nanotube implants with BMP2/macrophage-derived exosomes to promote osteogenesis. hBMSCs were treated with Ctr-exo or BMP2-exo encapsulated nanotubes for 4 
days under osteogenic conditions, and the conditioned medium was analyzed using a cytokine array; Copyright 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights 
reserved. The red arrows indicate a promoting effect; (B) The construction process of a 3D-printed biomimetic trabecular Ti-6Al-4V scaffold (BTPS) with exosome-loaded 
PEGDA/GelMA hydrogel microspheres (PGHExo); (C and D) Representative macroscopic and methylene blue/fuchsin-stained images of femoral defect sites at 4 and 
12 weeks after implantation in different groups in a rabbit femoral defect model. The red dotted circles indicate femoral defect sites; Yellow arrows denote new bone 
formation, green arrows indicate scaffold material and white arrows point to newly formed blood vessels; (E) The BTPS&pDA@PGHExo group showed enhanced bone 
formation and increased vessel density in the region of interest (ROI) at 4 and 12 weeks, indicating improved bone healing and neovascularization. Copyright 2025 The 
Author(s). Advanced Science published by Wiley-VCH GmbH. 
Note: **P<0.01; ****P<0.0001.
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interventions that alter their contents. Engineered exosomes are frequently utilized alongside scaffold materials to 
improve mechanical support and the biological properties. The fundamental design rationale is based on the biological 
regulatory functions of exosomes within the bone microenvironment, which are critical for creating a favorable 
osteogenic milieu that includes improving inflammation and immunity, promoting angiogenesis, balancing osteoclast 
activity and osteogenesis, facilitating innervation, and enhancing biological utilization efficiency (Table 4 and Figure 9).

Registered Clinical Trials, Markets and Challenges
Clinical Landscape and Market Prospects of Exosome-Based Therapies
With recent technological advancements, exosome therapy has garnered increasing attention in clinical studies. To date, 
eight clinical trials have been registered in the field of bone regeneration medicine (Table 5). The dates of registration 
ranged from 2019 to 2024, likely due to the introduction of various isolation strategies and the availability of commercial 
kits in recent years. Among the registered clinical trials, mesenchymal stem cells were the most commonly utilized 
exosome-producing cells. These trials predominantly involved patients suffering from osteoarthritis, degenerative dis
eases, or periodontitis, a chronic progressive condition associated with inflammation and bone resorption. Bone 
regeneration in these patients remains a significant clinical challenge, and no specific treatment exists. Exosomes offer 
new promise in this regard. Market research has indicated that the exosome therapeutic sector is expected to grow from 
$33.1 million in 2021 to $169.2 million by 2026.166,167

Potential Impact of Methodological Heterogeneity on Research Findings
Substantial methodological heterogeneity across published studies remains a major source of inconsistency in the 
exosome field. Isolation techniques, such as differential ultracentrifugation, density-gradient centrifugation, size- 
exclusion chromatography, polymer-based precipitation and microfluidic isolation, differ markedly in yield, purity, and 
vesicle subset recovery. These methodological differences significantly influence the detected protein, lipid, and RNA 
cargo profiles, thereby altering the apparent biological activities of exosomes and complicating cross-study 

Figure 8 Hyaluronic acid-based hydrogel for sustained delivery of exosomes to enhance bone healing. (A) In situ hydrogel formation via dual-syringe injection; (B) SEM 
images of HA hydrogel at varying solid concentrations (left to right: 2%, 3%, 4%, and 5%); (C and D) Rheological analysis of HA hydrogel at varying solid concentrations, as 
well as HA hydrogel with or without Exos; (E) Rheological behavior of 4% solid concentration HA hydrogel under alternating low (1%) and high (300%) strain; (F and G) 
Illustration of the self-healing ability and tissue-adhesive properties of the HA hydrogel. The red dotted square indicates the effect of self-healing and tissue adhesion; (H) 
A cocktail therapy using a hyaluronic acid-based hydrogel loaded with engineered endothelial cell-derived exosomes (EC-ExosmiR-26a-5p) and the IRE-1α inhibitor APY29, 
was developed to regulate osteoblast/osteoclast and M1/M2 macrophage balance, effectively promoting fracture repair. Copyright 2022 The Authors. Published by American 
Chemical Society.
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Table 4 Designing Exosomal Biomaterials for Bone Formulation

Exosome Derive Design Biological Effect Application Areas Strategy Comparison Ref

M2-Exos M2-Exos fabricated by 3-way 
junction RNA nanoparticles

Target BMSCs to promote the healing of bone fractures Bone fractures, Critical- 
sized bone defects, 
Fracture non-union

A: Target BMSCs, enhance healing.  
D: Limited in large defects, need precise delivery.

[120]

M-Exos Parental cells stimulated by Zn ion Promote osteoblast and endothelial cell functions Bone tissue regeneration, 
Bone fractures, 
Osteogenesis

A: Stimulates osteoblasts and angiogenesis.  
D: Zn ion concentration needs management.

[121]

M-Exos Parental cells stimulated by Mg ion Facilitated the osteogenic differentiation of BMSCs Bone tissue regeneration, 
Osteoporosis, Bone loss 
repair

A: Facilitates osteogenesis in BMSCs.  
D: Mechanism unclear, requires further study.

[122]

BMSCs-Exos Lightgel-Li-Exo hydrogel Enhancing macrophage M2 polarization, osteogenesis, and 
angiogenesis to promote bone repair

Glucocorticoid-induced 
osteonecrosis of the 
femoral head, 
Osteoarthritis, Bone 
fractures

A: Promotes osteogenesis and angiogenesis.  
D: Lithium release control is a challenge.

[123]

BMSCs-Exos BMSCs stimulated by Li ion Promotes osteogenesis and the great promise of lithium for 
engineering BMSCs and their exosomes for bone regeneration

Bone tissue regeneration, 
Critical bone defects, 
Bone fractures

A: Enhances osteogenesis.  
D: Lithium toxicity risks.

[125]

Shed-derived Exo Shed-Cu-HA Facilitated regeneration of periodontal bone tissues and collagen Periodontal bone tissue 
repair, Small bone defects

A: Aids collagen formation.  
D: Limited for large bone defects.

[126]

BMSCs-Exos BMSCs stimulation by magnetic 
nanoparticles and a static magnetic 
field

Release of exosomal miR-1260a osteogenesis and angiogenesis Bone tissue regeneration, 
Fracture healing, 
Osteogenesis

A: Magnetic targeting enhances delivery.  
D: Requires complex setup.

[41]

BMSCs-Exos BMSCs stimulation by cyclic 
mechanical stretch

Inhibited osteoclast differentiation by attenuating the NF-κB signaling 
pathway in vitro and rescued osteoporosis caused by mechanical 
unloading in an HU mouse model in vivo.

Osteoporosis, Bone loss 
repair, Bone regeneration

A: Inhibits osteoclasts, promotes osteogenesis.  
D: Requires mechanical stimulation, limiting applicability 
in some clinical settings.

[127]

Myocytes-Exos Mechanically stimulated myocytes Promote the proliferation and osteogenic differentiation of bone 
marrow mesenchymal stem cells through miR-92a-3p /PTEN/AKT 
signaling pathway, and can have a therapeutic effect on 
glucocorticoid-induced osteoporosis in mice in vivo

Glucocorticoid-induced 
osteoporosis, Bone 
fractures, Osteoporosis 
treatment

A: Enhances osteoblast proliferation and osteogenesis.  
D: Requires mechanical stimulation, which complicates 
delivery and clinical implementation.

[128]

BMSCs-Exos Yoda1-pretreated BMSCs Accelerate osteogenesis by activating phospho-ERK signaling via 
Yoda1-mediated signal transmission

Bone defect 
reconstruction, Bone 
fracture healing, 
Osteoporosis

A: Accelerates osteogenesis.  
D: Yoda1 delivery challenges.

[129]

M-Exos BMP2-stimulated macrophages + 
titanium oxide nanotubes

Dramatically increased the expression of early osteoblastic 
differentiation markers, alkaline phosphatase and BMP2

Bone tissue regeneration, 
Bone fractures, Bone 
repair

A: BMP2 accelerates osteogenesis.  
D: Risk of ectopic bone formation.

[130]

MSCs-Exos Genetically modified MSCs were 
generated by constitutively 
expressing BMP2

Triggered an increase in the gene expression levels of osteoinductive 
growth factors (BMP2, BMP9) and transcription factors (RUNX2, 
OSX) in naïve HMSC

Bone regeneration, 
Fracture healing, 
Osteogenesis

A: Enhances bone repair.  
D: Risk of unwanted bone formation.

[131]

293T cells -Exos Engineered exosomes enriched in 
BMP2 mRNA-loaded GelMA

Engineered exosomes could be slowly released and thus ensure 
prolonged effect of BMP2 when endocytosed by the recipient cells. In 
the in vivo calvarial defect model, ExoBMP2 + NoBody-loaded 
GelMA displayed great capacity in promoting bone regeneration.

Bone regeneration, 
Fracture healing, Critical- 
sized bone defects

A: Slow-release BMP2 provides sustained osteogenesis.  
D: Challenges in BMP2 release control.

[133]
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BMSC-Exos BMSC-Exos-HIF1a combined with 
TCP scaffold

Engineered exosomes promoted new bone regeneration and 
neovascularization. Exosome functionalized scaffolds could repair 
critical sized bone defects

Critical-sized bone 
defects, Bone 
regeneration, 
Neovascularization

A: Enhances osteogenesis and angiogenesis.  
D: HIF1a instability limits effectiveness.

[134]

ATDC-Exos ATDC-Exos endowed with VEGF 
plasmids + 3D-printed porous 
bone scaffolds

Engineered exosomes enhance osteogenic induction and vascular 
remodeling. Engineered exosome-mediated bone scaffolds could 
effectively induce the bulk of vascularized bone regeneration

Large segmental bone 
defects, Bone tissue 
regeneration, Fracture 
healing

A: Promotes bone regeneration and vascularization.  
D: Requires advanced 3D printing technology.

[135]

DC-Exos DC EXO-encapsulated 
immunoregulatory cargo (TGFB1 
and IL10)

Engineered exosomes inhibition of bone resorptive cytokines and 
reduction in osteoclastic bone loss

Osteoporosis, 
Periodontal bone 
regeneration

A: Reduces bone resorption.  
D: Limited to inflammatory bone diseases.

[136]

MSC-Exos MSC-Exos loaded with Sep + 
hydrogel

Excellent self-healing properties, and provides sustained release of 
Exo-Sep to maintain ER homeostasis

Diabetic bone defect 
repair, Osteogenesis

A: Sustained release improves healing.  
D: Need more studies to confirm long-term effect.

[138]

BMSC-Exos BMSC-Exos carrying microRNA- 
122-5p

Promote proliferation of osteoblasts Osteonecrosis of the 
femoral head, Bone 
regeneration

A: Enhances osteoblast proliferation.  
D: Requires efficient microRNA delivery.

[139]

MSC-Exos MSC-Exo +3D PLA scaffold This bioactive 3D-printed PLA scaffolds with MSC-Exo modification 
holds immunoregulatory potential and favor osteogenic 
differentiation

Bone tissue regeneration, 
Fracture healing

A: Supports osteogenesis and immune response.  
D: 3D printing limitations.

[153]

HBMSCs-Exos MDs-NFATc1/PLA-Exo scaffold Significantly reducing osteoclast formation while enhancing the 
osteogenic differentiation and modulating cytokine expression

Osteoporosis-related 
fractures, Bone 
remodeling

A: Inhibits osteoclasts, enhances osteogenesis.  
D: Needs further in vivo validation.

[156]

MSC-Exos PCL/PDA + MSC-Exos; PCL/PDA 
+ GSNO + MSC-Exos scaffolds.

Incorporating exosomes onto PCL/PDA bio-membrane scaffolds 
have profound pro-osteogenic effects.

Bone tissue regeneration, 
Fracture healing

A: Enhances osteogenesis, aids in bone healing.  
D: Biocompatibility of PCL/PDA may need 
optimization.

[157]

BMSCs-Exos BMSC-Exos + TA modified SPEEK Promoted macrophage M2 polarization via the NF-κB pathway to 
enhance BMSCs osteogenic differentiation.

Bone tissue regeneration A: Promotes M2 polarization, supports osteogenic 
differentiation.  
D: Need for better understanding of pathway 
modulation in vivo.

[158]

MSC-Exos TNF-α-treated MSC-Exos on 
micro/nano-network titanium (Ti) 
surfaces.

Effectively enhanced M2 macrophage polarization in hyperglycemic 
conditions, enhanced angiogenesis and osteogenesis of ECs and 
BMSCs. More importantly, TNF-exo-Ti markedly promoted 
osseointegration in T2D mice

Implant treatments in 
T2D condition

A: Enhances osseointegration in diabetic conditions.  
D: Limited to T2D conditions, needs further clinical 
validation.

[159]

hDPSCs-Exos Ti scaffolds loaded with hDPSCs- 
Exos

Superior bone tissue regeneration Implantation A: Promotes bone tissue regeneration.  
D: Limited data on long-term outcomes.

[160]

M-Exos Exo from the BMP2-stimulated 
macrophages + Ti scaffolds

Dramatically increased the expression of early osteoblastic 
differentiation markers, alkaline phosphatase (ALP) and BMP2.

Implantation A: Enhances bone regeneration on Ti scaffolds.  
D: Potential BMP2 overexpression effects.

[130]

HUVEC-Exos 3D-printed biomimetic trabecular 
porous Ti-6Al-4V scaffold with 
hypoxia-induced exos-loaded 
PEGDA/GelMA hydrogel

Significantly enhanced osteogenesis and angiogenesis. Bone defect repair A: Promotes both osteogenesis and angiogenesis.  
D: 3D printing may limit scalability.

[161]

EC-Exos Engineered EC-Exos + hydrgel Pro-inflammatory cytokines inhibition, M2 polarization and 
osteogenic differentiation promotion, and osteoclast differentiation 
suppression, thereby exerting a synergistic effect on fracture repair 
acceleration.

Bone fractures A: Enhances fracture healing and immune modulation.  
D: Needs clinical validation in diverse fracture types.

[23]

Abbreviations: A, advantage; D, disadvantage; M, macrophages; M2, type 2 macrophages; MSC, marrow stem cells; HBMSCs, human bone marrow stem cells; BMSCs, bone marrow stem cells; PLA, polylactic acid; NFATc1, nuclear 
factor of activated T cells cytoplasmic 1; TA, tannic acid; SPEEK, sulfonated polyetheretherketone; PCL, polycaprolactone; GSNO, S-nitrosoglutathione; TNF-Exo-Ti, TNF-α-licensed exosome-integrated titanium; ECs, endothelial cells; 
T2D, type 2 diabetes; HA, hyaluronic acid hydrogel; Shed-Cu-HA, incorporating copper ions and Shed-derived exosomes inside the hyaluronic acid hydrogel; Li-Exo, exosomes derived from bone marrow stem cells (BMSCs) stimulated 
by lithium ions; BMSC-Exos-HIF1a, bone marrow mesenchymal stem cell carry mutant HIF-1a; ATDC; DC, Dendritic cell.
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comparisons.168,169 For example, polymer precipitation tends to co-isolate protein aggregates and lipoproteins, whereas 
density gradients enrich for higher-purity vesicles but may preferentially recover specific EV subpopulations.169,170 Such 
variability is particularly relevant in bone-related EV research, where small shifts in isolation purity can alter interpreta
tions of osteogenic potency, ECM-remodeling activity, or mechanosensitive cargo loading.

Figure 9 Overview diagram of designing exosomal biomaterials for bone generation. The enhancement of osteogenesis efficiency through engineered exosomes is primarily 
achieved via two fundamental approaches: (1) parental cell-based exosome engineering, which includes ionic stimulation, mechanical stimulation, transfection, or conditioned 
culture;150,151 (2) direct exosome engineering, which involves surface targeting modification or cargo loading into exosomes;148,149 (3) engineered exosomes are frequently 
utilized in conjunction with scaffolds such as polylactic acid (PLA), sulfonated polyetheretherketone (SPEEK), polycaprolactone (PCL), hyaluronic acid hydrogel (HA), and 
titanium dioxide nanotubes (TON).23,130,135,153,158 The rationale behind material design is largely informed by the biological context of exosomes within the bone 
microenvironment, which encompasses: 1) the improvement of inflammation and immunity; 2) the promotion of angiogenesis; 3) the balance of osteoclast activity and 
osteogenesis; 4) the facilitation of innervation; and 5) the enhancement of biological utilization efficiency. The figure was created by Figdraw (www.figdraw.com).
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Table 5 Registered Clinical Trials

ID Date of 
Registration

Patient Intervention Study 
Design

Phase Primary Sponsor Linkage to Basic Research 
Mechanism

IRCT20241008063300N1 2024.10.19 Osteoarthritis MSC-Exos RCT Recruiting Tabriz University of Medical Sciences NR

ChiCTR2300069120 2023.03.07 Periodontitis/Dental defect Erythrocyte-Exo Parallel Recruiting The First Affiliated Hospital of Jinan 
University

Erythrocyte-derived exosomes 
are linked to studies showing 
their potential in modulating 
inflammation and supporting 
bone regeneration through 
targeted exosome-based 
therapies.

ChiCTR1900027140 2019.11.01 Chronic periodontitis with 
bone defect

Dental pulp stem cell + exosome 
complex + Bio-Oss bone meal

Parallel Pending College of Stomatology, Xi’an Jiaotong 
University

This trial focuses on the use of 
dental pulp stem cells combined 
with exosomes, which links to 
the exosome-mediated 
regulation of osteogenesis and 
osteoclastogenesis as discussed 
in recent studies.

NCT05060107 2021.09.28 Knee Osteoarthritis MSC-Exos Interventional NR Universidad de los Andes, Chile This study evaluates MSC- 
derived exosomes in knee 
osteoarthritis, supporting basic 
research that shows MSC- 
exosomes promote 
osteogenesis, angiogenesis, and 
immune modulation.

NCT04849429 2021.05.31 Chronic low back pain, 
degenerative disc disease

Platelet-rich plasma with exosomes RCT Completed Dr. Himanshu Bansal Foundation The trial explores the 
synergistic effects of platelet- 
rich plasma combined with 
exosomes, aligning with studies 
on how exosomes and growth 
factors interact to enhance 
tissue regeneration.

NCT06466850 2024.06.20 Osteoarthritis MSC-Exos Single Group 
Assignment

Recruiting Isfahan University of Medical Sciences The study evaluates the effects 
of MSC-derived exosomes on 
osteoarthritis, supporting 
findings from basic research that 
MSC-exosomes facilitate 
osteogenesis, angiogenesis, and 
immune modulation.

NCT05261360 2022.03.04 Degenerative meniscal injury MSC-Exos NR NR Eskisehir Osmangazi University NR

NCT04270006 2020.02.08 Advanced Periodontitis (Stage 
III or IV)

Adipose derived stem cells exosomes Interventional NR Beni-Suef University This trial examines the potential 
of adipose-derived stem cell 
exosomes, reflecting research 
on their ability to modulate 
osteogenesis and inflammation 
in bone regeneration.

International Journal of N
anom

edicine 2026:21                                                                                   
https://doi.org/10.2147/IJN

.S568671                                                                                                                                                                                                                                                                                                                                                                                                      
23

Lin et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Moreover, heterogeneity in characterization standards—markers used, quantification methods, and functional read
outs—further contributes to discrepancies across studies. These issues underscore the importance of adopting harmonized 
practices, such as the MISEV2018 recommendations, and reporting isolation conditions, characterization criteria, and 
functional assay protocols in detail to improve transparency, reproducibility, and interpretability.171 Addressing metho
dological variability will be essential for strengthening mechanistic conclusions and enabling meaningful comparison 
across studies investigating bone-derived exosomes.

Technical Bottlenecks in Clinical Translation and Potential Solutions
Despite the promising market landscape and an increasing number of registered clinical trials, the clinical translation of 
exosome-based therapies continues to face several unresolved technical bottlenecks. Large-scale production remains 
difficult, as conventional culture and purification methods yield low quantities and inconsistent vesicle quality.172,173 

Standardization is another major obstacle: different isolation techniques produce exosomes with variable purity, cargo 
composition, and biological potency, complicating batch-to-batch reproducibility. Heterogeneity linked to donor cell 
source, culture conditions, and dynamic cargo loading further limits the predictability of therapeutic outcomes. In 
addition, safety and regulatory frameworks are not yet well defined, with uncertainties surrounding biodistribution, 
immunogenicity, long-term effects, and validated criteria for storage and formulation.174 Multiple strategies are being 
explored to overcome these limitations. Scalable biomanufacturing systems, such as bioreactor expansion combined with 
automated downstream processing (eg, tangential-flow filtration, microfluidic isolation), offer pathways toward higher 
yield and consistency. Standardization may be improved through adherence to ISEV’s MISEV guidelines, harmonized 
characterization panels, and development of reference materials.171 Addressing heterogeneity will require integrated 
multi-omics profiling together with robust potency assays. To strengthen safety and regulatory readiness, comprehensive 
biodistribution studies, selection of well-characterized donor cell sources, and early evaluation of off-target risks are 
essential.174,175 Finally, advances in formulation and storage, including lyophilization and optimized stabilizing excipi
ents, will facilitate the development of stable, clinically deployable exosome therapeutics.176

Conclusions and Future Directions
Over the past decade, the use of exosomes has emerged as a promising therapeutic approach for potential applications in 
regenerative orthopedics, garnering significant attention. Our study describes the capacity of exosomes to activate key 
osteogenic signaling pathways and mediate cross-talk between different cell types, which are critical for bone formation. 
Osteogenesis is not only associated with angiogenesis and osteoclastogenesis but also involves immunomodulation and 
neuromodulation. Instead of merely listing the functions of exosomes derived from various cells, we emphasize the 
exosome-mediated interactions among different components of the bone microenvironment, thereby providing a more 
holistic perspective on the regulatory mechanisms of exosomes. Exosomes provide several significant advantages in bone 
regeneration therapy, with potential for further enhancement in terms of production, content, and specificity through 
advanced engineering techniques. Additionally, insights into the design logic of exosomal biomaterials are summarized 
based on the biological context. Despite these advances, critical gaps in exosome mechanisms and scalable biomaterial 
integration remain, and resolving them is essential for predictable clinical translation.

Future progress in exosome-based bone regeneration will hinge on a deeper mechanistic understanding of how 
exosomes coordinate osteogenic, immune, vascular, and neural interactions within the bone microenvironment, as well as 
on the development of more controllable and clinically scalable biomaterial platforms. Emerging tools such as single- 
vesicle analytics, spatial transcriptomics, and in vivo EV-tracking technologies may help unravel the spatiotemporal rules 
governing exosome release, cargo sorting, and target-cell specificity during different phases of bone repair.177,178 On the 
biomaterials side, next-generation scaffolds should aim for programmable exosome loading, microenvironment- 
responsive release, and patient-specific architectural design enabled by advanced 3D printing and microfluidics. 
Translation will also require breakthroughs in standardized large-scale EV manufacturing, quality control, and mechan
istic potency assays to ensure reproducibility and regulatory compliance. Collectively, integrating mechanistic discovery 
with engineered delivery systems represents a critical path toward transforming exosome-based therapeutics into 
predictable, customizable, and clinically applicable strategies for bone regeneration.
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Abbreviations
TNF-α, Tumor necrosis factor-alpha; RANKL, Nuclear factor kappa-B ligand; M2, Type 2 macrophages; BMSCs, Bone 
marrow-derived stem cells; EIF2, Eukaryotic initiation factor 2; miRNAs, microRNAs; circRNA, Circular RNA; DPSCs, 
Dental pulp stem cells; PDLSCs, Periodontal ligament stem cells; MVs, Matrix vesicles; EVs, extracellular vesicles; 
ALP, Alkaline phosphatase; EC-Exo, Exosomes derived from endothelial cells; ONFH, Osteonecrosis of femoral head; 
LPS, Lipopolysaccharide; HUVEC, Human umbilical vein endothelial cells; Runx2, Runt-related transcription factor 2; 
SC, Schwann cells; IAN, Inferior alveolar nerve; NGF, Nerve growth factor; HA, Hyaluronic acid; HIF-1α, Hypoxia- 
inducible factor-1α; DC-Exo, Dendritic cell-derived exosomes; ER, Endoplasmic reticulum; mtROS, mitochondrial 
reactive oxygen species; PLA, Polylactic acid; ROS, Reactive oxygen species; NFATc1, Nuclear factor of activated 
T cells cytoplasmic 1; PCL, Polycaprolactone.

Author Contributions
All authors made a significant contribution to the work reported, whether that is in the conception, study design, 
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically 
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article 
has been submitted; and agree to be accountable for all aspects of the work.

Funding
This study was funded by the GuangDong Basic and Applied Basic Research Foundation (2022A1515220089, 
2024A1515012890), Medical Scientific Research Foundation of Guangdong Province (A2023272, A2023230), Youth 
Top-notch Talent of Guangdong TeZhi Plan (2024TQ08A155), and National Natural Science Foundation of China 
(82302446).

Disclosure
The authors declare no competing interests in this work.

References
1. Sims NA, Gooi JH. Bone remodeling: multiple cellular interactions required for coupling of bone formation and resorption. Semin Cell Dev 

Biol. 2008;19(5):444–451. doi:10.1016/j.semcdb.2008.07.016
2. Man K, Eisenstein NM, Hoey DA, Cox SC. Bioengineering extracellular vesicles: smart nanomaterials for bone regeneration. 

J Nanobiotechnology. 2023;21(1):137. doi:10.1186/s12951-023-01895-2
3. Zhang B, Han F, Wang Y, et al. Cells-Micro patterning Biomaterials for Immune Activation and Bone Regeneration. Adv Sci. 2022;9(18): 

e2200670. doi:10.1002/advs.202200670
4. Pajarinen J, Lin T, Gibon E, et al. Mesenchymal stem cell-macrophage crosstalk and bone healing. Biomaterials. 2019;196:80–89. doi:10.1016/ 

j.biomaterials.2017.12.025
5. Arron JR, Choi Y. Bone versus immune system. Nature. 2000;408(6812):535–536. doi:10.1038/35046196
6. Yasuda H. Discovery of the RANKL/RANK/OPG system. J Bone Miner Metab. 2021;39(1):2–11. doi:10.1007/s00774-020-01175-1
7. Wang YN, Liu S, Jia T, et al. T Cell Protein Tyrosine Phosphatase in Osteoimmunology. Front Immunol. 2021;12:620333. doi:10.3389/ 

fimmu.2021.620333
8. Schlundt C, Fischer H, Bucher CH, Rendenbach C, Duda GN, Schmidt-Bleek K. The multifaceted roles of macrophages in bone regeneration: 

a story of polarization, activation and time. Acta Biomater. 2021;133:46–57. doi:10.1016/j.actbio.2021.04.052
9. Bahney CS, Zondervan RL, Allison P, et al. Cellular biology of fracture healing. J Orthop Res. 2019;37(1):35–50. doi:10.1002/jor.24170

10. Utomo L, van Osch GJ, Bayon Y, Verhaar JA, Bastiaansen-Jenniskens YM. Guiding synovial inflammation by macrophage phenotype 
modulation: an in vitro study towards a therapy for osteoarthritis. Osteoarthritis Cartilage. 2016;24(9):1629–1638. doi:10.1016/j. 
joca.2016.04.013

11. Mondadori C, Chandrakar A, Lopa S, et al. Assessing the response of human primary macrophages to defined fibrous architectures fabricated by 
melt electrowriting. Bioact Mater. 2023;21:209–222. doi:10.1016/j.bioactmat.2022.07.014

12. Nakao Y, Fukuda T, Zhang Q, et al. Exosomes from TNF-α-treated human gingiva-derived MSCs enhance M2 macrophage polarization and 
inhibit periodontal bone loss. Acta Biomater. 2021;122:306–324. doi:10.1016/j.actbio.2020.12.046

13. Sun X, Ma Z, Zhao X, et al. Three-dimensional bioprinting of multicell-laden scaffolds containing bone morphogenic protein-4 for promoting 
M2 macrophage polarization and accelerating bone defect repair in diabetes mellitus. Bioact Mater. 2020;6(3):757–769. doi:10.1016/j. 
bioactmat.2020.08.030

14. Zhang P, Wu P, Khan UZ, et al. Exosomes derived from LPS-preconditioned bone marrow-derived MSC modulate macrophage plasticity to 
promote allograft survival via the NF-κB/NLRP3 signaling pathway. J Nanobiotechnology. 2023;21(1):332. doi:10.1186/s12951-023-02087-8

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S568671                                                                                                                                                                                                                                                                                                                                                                                                      25

Lin et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.semcdb.2008.07.016
https://doi.org/10.1186/s12951-023-01895-2
https://doi.org/10.1002/advs.202200670
https://doi.org/10.1016/j.biomaterials.2017.12.025
https://doi.org/10.1016/j.biomaterials.2017.12.025
https://doi.org/10.1038/35046196
https://doi.org/10.1007/s00774-020-01175-1
https://doi.org/10.3389/fimmu.2021.620333
https://doi.org/10.3389/fimmu.2021.620333
https://doi.org/10.1016/j.actbio.2021.04.052
https://doi.org/10.1002/jor.24170
https://doi.org/10.1016/j.joca.2016.04.013
https://doi.org/10.1016/j.joca.2016.04.013
https://doi.org/10.1016/j.bioactmat.2022.07.014
https://doi.org/10.1016/j.actbio.2020.12.046
https://doi.org/10.1016/j.bioactmat.2020.08.030
https://doi.org/10.1016/j.bioactmat.2020.08.030
https://doi.org/10.1186/s12951-023-02087-8


15. Li Z, Wang Y, Li S, Li Y. Exosomes Derived From M2 Macrophages Facilitate Osteogenesis and Reduce Adipogenesis of BMSCs. Front 
Endocrinol. 2021;12:680328. doi:10.3389/fendo.2021.680328

16. Malhotra A, Habibovic P. Calcium Phosphates and Angiogenesis: implications and Advances for Bone Regeneration. Trends Biotechnol. 
2016;34(12):983–992. doi:10.1016/j.tibtech.2016.07.005

17. Schmidt-Bleek K, Schell H, Schulz N, et al. Inflammatory phase of bone healing initiates the regenerative healing cascade. Cell Tissue Res. 
2012;347(3):567–573. doi:10.1007/s00441-011-1205-7

18. Furuta T, Miyaki S, Ishitobi H, et al. Mesenchymal Stem Cell-Derived Exosomes Promote Fracture Healing in a Mouse Model. Stem Cells 
Transl Med. 2016;5(12):1620–1630. doi:10.5966/sctm.2015-0285

19. Li H, Wang J, Xie X, et al. Exosome-derived miR-5p-72106_14 invascular endothelial cells regulates fate determination of BMSCs. Toxicol 
Appl Pharmacol. 2024;482:116793. doi:10.1016/j.taap.2023.116793

20. Kane NM, Thrasher AJ, Angelini GD, Emanueli C. Concise review: microRNAs asmodulators of stem cells and angiogenesis. Stem Cells. 
2014;32(5):1059–1066. doi:10.1002/stem.1629

21. Poliseno L, Tuccoli A, Mariani L, et al. MicroRNAs modulate the angiogenic properties of HUVECs. Blood. 2006;108(9):3068–3071. 
doi:10.1182/blood-2006-01-012369

22. Phinney DG, Di Giuseppe M, Njah J, et al. Mesenchymal stem cells use extracellular vesicles to outsource mitophagy and shuttle microRNAs. 
Nat Commun. 2015;6:8472. doi:10.1038/ncomms9472

23. Mi B, Chen L, Xiong Y, et al. Osteoblast/Osteoclast and Immune Cocktail Therapy of an Exosome/Drug Delivery Multifunctional Hydrogel 
Accelerates Fracture Repair. ACS Nano. 2022;16(1):771–782. doi:10.1021/acsnano.1c08284

24. Toh WS, Lai RC, Hui JHP, Lim SK. MSC exosome as a cell-free MSC therapyfor cartilage regeneration: implications for osteoarthritis 
treatment.Semin Cell Dev Biol. Seminars in Cell & Developmental Biology. 2017;67:56–64. doi:10.1016/j.semcdb.2016.11.008

25. Bjørge IM, Kim SY, Mano JF, Kalionis B, Chrzanowski W. Extracellular vesicles, exosomes and shedding vesicles in regenerative medicine - 
a new paradigm for tissue repair. Biomater Sci. 2017;6(1):60–78. doi:10.1039/C7BM00479F

26. Pethő A, Chen Y, George A. Exosomes in Extracellular Matrix Bone Biology. Curr Osteoporos Rep. 2018;16(1):58–64. doi:10.1007/s11914- 
018-0419-y

27. Li Y, Duan X, Chen Y, Liu B, Chen G. Dental stem cell-derived extracellular vesicles as promising therapeutic agents in the treatment of 
diseases. Int J Oral Sci. 2022;14(1):2. doi:10.1038/s41368-021-00152-2

28. Colombo M, Raposo G, Thery C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular vesicles. Annu Rev 
Cell Dev Biol. 2014;30:255–289. doi:10.1146/annurev-cellbio-101512-122326

29. Zaborowski MP, Balaj L, Breakefield XO, Lai CP. Extracellular Vesicles: composition, Biological Relevance, and Methods of Study. 
Bioscience. 2015;65(8):783–797. doi:10.1093/biosci/biv084

30. Wang Z, Zhao Z, Gao B, Zhang L. Exosome mediated biological functions within skeletal microenvironment. Front Bioeng Biotechnol. 
2022;10:953916. doi:10.3389/fbioe.2022.953916

31. Silva TF, Hutchins E, Zhao W, et al. Extracellular vesicle heterogeneity through the lens of multiomics. Cell Rep Med. 2025;6(7):102161. 
doi:10.1016/j.xcrm.2025.102161

32. Zhao B, Chen Q, Zhao L, et al. Periodontal Ligament Stem Cell-Derived Small Extracellular Vesicles Embedded in Matrigel Enhance Bone 
Repair Through the Adenosine Receptor Signaling Pathway. Int J Nanomed. 2022;17:519–536. doi:10.2147/IJN.S346755

33. Viola M, Bebelman MP, Maas RGC, et al. Hypoxia and TNF-alpha modulate extracellular vesicle release from human induced pluripotent stem 
cell-derived cardiomyocytes. J Extracell Vesicles. 2024;13(11):e70000. doi:10.1002/jev2.70000

34. Bratengeier C, Johansson L, Liszka A, Bakker AD, Hallbeck M, Fahlgren A. Mechanical loading intensities affect the release of extracellular 
vesicles from mouse bone marrow-derived hematopoietic progenitor cells and change their osteoclast-modulating effect. FASEB J. 2024;38(1): 
e23323. doi:10.1096/fj.202301520R

35. Ge M, Wu Y, Ke R, Cai T, Yang J, Mu X. Value of Osteoblast-Derived Exosomes in Bone Diseases. J Craniofac Surg. 2017;28(4):866–870. 
doi:10.1097/SCS.0000000000003463

36. Ge M, Ke R, Cai T, Yang J, Mu X. Identification and proteomic analysis of osteoblast-derived exosomes. Biochem Biophys Res Commun. 
2015;467(1):27–32. doi:10.1016/j.bbrc.2015.09.135

37. Jin L, Long Y, Zhang Q, Long J. MiRNAs regulate cell communication in osteogenesis-angiogenesis coupling during bone regeneration. Mol 
Biol Rep. 2023;50(10):8715–8728. doi:10.1007/s11033-023-08709-6

38. Xie Y, Chen Y, Zhang L, Ge W, Tang P. The roles of bone-derived exosomes and exosomal microRNAs in regulating bone remodelling. J Cell 
Mol Med. 2017;21(5):1033–1041. doi:10.1111/jcmm.13039

39. Lai S, Deng L, Liu C, et al. Bone marrow mesenchymal stem cell-derived exosomes loaded with miR-26a through the novel immunomodu
latory peptide DP7-C can promote osteogenesis. Biotechnol Lett. 2023;45(7):905–919. doi:10.1007/s10529-023-03376-w

40. Lu GD, Cheng P, Liu T, Wang Z. BMSC-Derived Exosomal miR-29a Promotes Angiogenesis and Osteogenesis. Front Cell Dev Biol. 
2020;8:608521. doi:10.3389/fcell.2020.608521

41. Wu D, Chang X, Tian J, et al. Bone mesenchymal stem cells stimulation by magnetic nanoparticles and a static magnetic field: release of 
exosomal miR-1260a improves osteogenesis and angiogenesis. J Nanobiotechnology. 2021;19(1):209. doi:10.1186/s12951-021-00958-6

42. Li R, Li D, Wang H, et al. Exosomes from adipose-derived stem cells regulate M1/M2 macrophage phenotypic polarization to promote bone 
healing via miR-451a/MIF. Stem Cell Res Ther. 2022;13(1):149. doi:10.1186/s13287-022-02823-1

43. Huang X, Zhao Z, Zhan W, et al. miR-21-5p Enriched Exosomes from Human Embryonic Stem Cells Promote Osteogenesis via YAP1 
Modulation. Int J Nanomed. 2024;19:13095–13112. doi:10.2147/IJN.S484751

44. Liu W, Li L, Rong Y, et al. Hypoxic mesenchymal stem cell-derived exosomes promote bone fracture healing by the transfer of miR-126. Acta 
Biomater. 2020;103:196–212. doi:10.1016/j.actbio.2019.12.020

45. Qiu Y, Luo Y, Guo G, Meng J, Bao N, Jiang H. BMSCs-derived exosomes carrying miR-668-3p promote progression of osteoblasts in 
osteonecrosis of the femoral head: expression of proteins CD63 and CD9. Int J Biol Macromol. 2024;280(Pt 4):136177. doi:10.1016/j. 
ijbiomac.2024.136177

46. Zhao Y, Yang X, Wang J, et al. Exosomal miR-133b-3p modulates TGF-β1/Treg immunomodulation to ameliorate osteoporosis. Bone. 
2025;201:117658. doi:10.1016/j.bone.2025.117658

https://doi.org/10.2147/IJN.S568671                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 26

Lin et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.3389/fendo.2021.680328
https://doi.org/10.1016/j.tibtech.2016.07.005
https://doi.org/10.1007/s00441-011-1205-7
https://doi.org/10.5966/sctm.2015-0285
https://doi.org/10.1016/j.taap.2023.116793
https://doi.org/10.1002/stem.1629
https://doi.org/10.1182/blood-2006-01-012369
https://doi.org/10.1038/ncomms9472
https://doi.org/10.1021/acsnano.1c08284
https://doi.org/10.1016/j.semcdb.2016.11.008
https://doi.org/10.1039/C7BM00479F
https://doi.org/10.1007/s11914-018-0419-y
https://doi.org/10.1007/s11914-018-0419-y
https://doi.org/10.1038/s41368-021-00152-2
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.1093/biosci/biv084
https://doi.org/10.3389/fbioe.2022.953916
https://doi.org/10.1016/j.xcrm.2025.102161
https://doi.org/10.2147/IJN.S346755
https://doi.org/10.1002/jev2.70000
https://doi.org/10.1096/fj.202301520R
https://doi.org/10.1097/SCS.0000000000003463
https://doi.org/10.1016/j.bbrc.2015.09.135
https://doi.org/10.1007/s11033-023-08709-6
https://doi.org/10.1111/jcmm.13039
https://doi.org/10.1007/s10529-023-03376-w
https://doi.org/10.3389/fcell.2020.608521
https://doi.org/10.1186/s12951-021-00958-6
https://doi.org/10.1186/s13287-022-02823-1
https://doi.org/10.2147/IJN.S484751
https://doi.org/10.1016/j.actbio.2019.12.020
https://doi.org/10.1016/j.ijbiomac.2024.136177
https://doi.org/10.1016/j.ijbiomac.2024.136177
https://doi.org/10.1016/j.bone.2025.117658


47. Zhang D, Wu Y, Li Z, et al. MiR-144-5p, an exosomal miRNA from bone marrow-derived macrophage in type 2 diabetes, impairs bone fracture 
healing via targeting Smad1. J Nanobiotechnology. 2021;19(1):226. doi:10.1186/s12951-021-00964-8

48. Wang N, Liu X, Tang Z, et al. Increased BMSC exosomal miR-140-3p alleviates bone degradation and promotes bone restoration by targeting 
Plxnb1 in diabetic rats. J Nanobiotechnology. 2022;20(1):97. doi:10.1186/s12951-022-01267-2

49. Qin Y, Peng Y, Zhao W, et al. Myostatin inhibits osteoblastic differentiation by suppressing osteocyte-derived exosomal microRNA-218: 
a novel mechanism in muscle-bone communication. J Biol Chem. 2017;292(26):11021–11033. doi:10.1074/jbc.M116.770941

50. Guan Z, Liu Y, Luo L, et al. Sympathetic innervation induces exosomal miR-125 transfer from osteoarthritic chondrocytes, disrupting 
subchondral bone homeostasis and aggravating cartilage damage in aging mice. J Adv Res. 2025;69:245–260. doi:10.1016/j.jare.2024.03.022

51. Xu JF, Yang GH, Pan XH, et al. Altered microRNA expression profile in exosomes during osteogenic differentiation of human bone 
marrow-derived mesenchymal stem cells. PLoS One. 2014;9(12):e114627. doi:10.1371/journal.pone.0114627

52. Ma S, Li S, Zhang Y, et al. BMSC-Derived Exosomal CircHIPK3 Promotes Osteogenic Differentiation of MC3T3-E1 Cells via Mitophagy. 
Int J Mol Sci. 2023;24(3):2785. doi:10.3390/ijms24032785

53. Wang W, Qiao SC, Wu XB, et al. Circ_0008542 in osteoblast exosomes promotes osteoclast-induced bone resorption through m6A methylation. 
Cell Death Dis. 2021;12(7):628. doi:10.1038/s41419-021-03915-1

54. Cao G, Meng X, Han X, Li J. Exosomes derived from circRNA Rtn4-modified BMSCs attenuate TNF-α-induced cytotoxicity and apoptosis in 
murine MC3T3-E1 cells by sponging miR-146a. Biosci Rep. 2020;40(5):BSR20193436. doi:10.1042/BSR20193436

55. Xie L, Guan Z, Zhang M, et al. Exosomal circLPAR1 Promoted Osteogenic Differentiation of Homotypic Dental Pulp Stem Cells by 
Competitively Binding to hsa-miR-31. Biomed Res Int. 2020;2020:6319395. doi:10.1155/2020/6319395

56. Li F, Zhao X, Zhang Y, et al. Exosomal circFAM63Bsuppresses bone regeneration of postmenopausal osteoporosis via regulating miR-578/ 
HMGA2 axis. J Orthop Res. 2024;42(6):1244–1253. doi:10.1002/jor.25776

57. Xie L, Chen J, Ren X, et al. Alteration of circRNA and lncRNA expression profile in exosomes derived from periodontal ligament stem cells 
undergoing osteogenic differentiation. Arch Oral Biol. 2021;121:104984. doi:10.1016/j.archoralbio.2020.104984

58. Xie L, Ren X, Yang Z, et al. Exosomal circ_0000722 derived from periodontal ligament stem cells undergoing osteogenic differentiation 
promotes osteoclastogenesis. Int Immunopharmacol. 2024;128:111520. doi:10.1016/j.intimp.2024.111520

59. Du Z, Yuan J, Wu Z, Chen Q, Liu X, Jia J. Circulating Exosomal circRNA_0063476 Impairs Expression of Markers of Bone Growth Via the 
miR-518c-3p/DDX6 Axis in ISS. Endocrinology. 2022;163(11):bqac138. doi:10.1210/endocr/bqac138

60. Mao G, Xu Y, Long D, et al. Exosome-transported circRNA_0001236 enhances chondrogenesis and suppress cartilage degradation via the 
miR-3677-3p/Sox9 axis. Stem Cell Res Ther. 2021;12(1):389. doi:10.1186/s13287-021-02431-5

61. Shapiro IM, Landis WJ, Risbud MV. Matrix vesicles: are they anchored exosomes? Bone. 2015;79:29–36. doi:10.1016/j.bone.2015.05.013
62. Wei Y, Shi M, Zhang J, et al. Autologous versatile vesicles-incorporated biomimetic extracellular matrix induces biomineralization. Adv Funct 

Mater. 2020;30(21):2000015.31. doi:10.1002/adfm.202000015
63. Skelton AM, Cohen DJ, Boyan BD, Schwartz Z. Osteoblast-Derived Matrix Vesicles Exhibit Exosomal Traits and a Unique Subset of 

microRNA: their Caveolae-Dependent Endocytosis Results in Reduced Osteogenic Differentiation. Int J Mol Sci. 2023;24(16):12770. 
doi:10.3390/ijms241612770

64. Golub EE. Biomineralization and matrix vesicles in biology and pathology. Semin Immunopathol. 2011;33(5):409–417. doi:10.1007/s00281- 
010-0230-z

65. Boonrungsiman S, Gentleman E, Carzaniga R, et al. The role of intracellular calcium phosphate in osteoblast-mediated bone apatite formation. 
Proc Natl Acad Sci U S A. 2012;109(35):14170–14175. doi:10.1073/pnas.1208916109

66. Bommanavar S, Hosmani J, Togoo RA, et al. Role of matrix vesicles and crystal ghosts in bio-mineralization. J Bone Miner Metab. 2020;38 
(6):759–764. doi:10.1007/s00774-020-01125-x

67. Mebarek S, Buchet R, Pikula S, et al. Do Media Extracellular Vesicles and Extracellular Vesicles Bound to the Extracellular Matrix Represent 
Distinct Types of Vesicles? Biomolecules. 2023;14(1):42. doi:10.3390/biom14010042

68. Boyan BD, Asmussen NC, Lin Z, Schwartz Z. The Role of Matrix-Bound Extracellular Vesicles in the Regulation of Endochondral Bone 
Formation. Cells. 2022;11(10):1619. doi:10.3390/cells11101619

69. Ren S, Lin Y, Liu W, Yang L, Zhao M. MSC-Exos: important active factor of bone regeneration. Front Bioeng Biotechnol. 2023;11:1136453. 
doi:10.3389/fbioe.2023.1136453

70. Hu S, Wang S, Yang X, et al. Exosomes promise better bone regeneration. Regen Ther. 2025;30:389–402. doi:10.1016/j.reth.2025.06.020
71. Karampoga A, Tzaferi K, Koutsakis C, Kyriakopoulou K, Karamanos NK. Exosomes and the extracellular matrix: a dynamic interplay in 

cancer progression. Int J Dev Biol. 2022;66(1–3):97–102. doi:10.1387/ijdb.210120nk
72. Sanderson RD, Bandari SK, Vlodavsky I. Proteases and glycosidases on the surface of exosomes: newly discovered mechanisms for 

extracellular remodeling. Matrix Biol. 2019;75–76:160–169. doi:10.1016/j.matbio.2017.10.007
73. Wang ZG, He ZY, Liang S, Yang Q, Cheng P, Chen AM. Comprehensive proteomic analysis of exosomes derived from human bone marrow, 

adipose tissue, and umbilical cord mesenchymal stem cells. Stem Cell Res Ther. 2020;11(1):511. doi:10.1186/s13287-020-02032-8
74. Shimoda M, Khokha R. Metalloproteinases in extracellular vesicles. Biochim Biophys Acta Mol Cell Res. 2017;1864(11 Pt A):1989–2000. 

doi:10.1016/j.bbamcr.2017.05.027
75. Bakhshian Nik A, Hutcheson JD, Aikawa E. Extracellular Vesicles As Mediators of Cardiovascular Calcification. Front Cardiovasc Med. 

2017;4:78. doi:10.3389/fcvm.2017.00078
76. Anderson HC, Garimella R, Tague SE. The role of matrix vesicles in growth plate development and biomineralization. Front Biosci. 2005;10 

(1–3):822–837. doi:10.2741/1576
77. Lin Z, Xiong Y, Sun Y, et al. Circulating MiRNA-21-enriched extracellular vesicles promote bone remodeling in traumatic brain injury patients. 

Exp Mol Med. 2023;55(3):587–596. doi:10.1038/s12276-023-00956-8
78. Chen S, Tang Y, Liu Y, et al. Exosomes derived from miR-375-overexpressing human adipose mesenchymal stem cells promote bone 

regeneration. Cell Prolif. 2019;52(5):e12669. doi:10.1111/cpr.12669
79. Lin T, Wu N, Wang L, Zhang R, Pan R, Chen YF. Inhibition of chondrocyte apoptosis in a rat model of osteoarthritis by exosomes derived from 

miR 140 5p overexpressing human dental pulp stem cells. Int J Mol Med. 2021;47(3):7. doi:10.3892/ijmm.2020.4840

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S568671                                                                                                                                                                                                                                                                                                                                                                                                      27

Lin et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1186/s12951-021-00964-8
https://doi.org/10.1186/s12951-022-01267-2
https://doi.org/10.1074/jbc.M116.770941
https://doi.org/10.1016/j.jare.2024.03.022
https://doi.org/10.1371/journal.pone.0114627
https://doi.org/10.3390/ijms24032785
https://doi.org/10.1038/s41419-021-03915-1
https://doi.org/10.1042/BSR20193436
https://doi.org/10.1155/2020/6319395
https://doi.org/10.1002/jor.25776
https://doi.org/10.1016/j.archoralbio.2020.104984
https://doi.org/10.1016/j.intimp.2024.111520
https://doi.org/10.1210/endocr/bqac138
https://doi.org/10.1186/s13287-021-02431-5
https://doi.org/10.1016/j.bone.2015.05.013
https://doi.org/10.1002/adfm.202000015
https://doi.org/10.3390/ijms241612770
https://doi.org/10.1007/s00281-010-0230-z
https://doi.org/10.1007/s00281-010-0230-z
https://doi.org/10.1073/pnas.1208916109
https://doi.org/10.1007/s00774-020-01125-x
https://doi.org/10.3390/biom14010042
https://doi.org/10.3390/cells11101619
https://doi.org/10.3389/fbioe.2023.1136453
https://doi.org/10.1016/j.reth.2025.06.020
https://doi.org/10.1387/ijdb.210120nk
https://doi.org/10.1016/j.matbio.2017.10.007
https://doi.org/10.1186/s13287-020-02032-8
https://doi.org/10.1016/j.bbamcr.2017.05.027
https://doi.org/10.3389/fcvm.2017.00078
https://doi.org/10.2741/1576
https://doi.org/10.1038/s12276-023-00956-8
https://doi.org/10.1111/cpr.12669
https://doi.org/10.3892/ijmm.2020.4840


80. Debnath K, Heras KL, Rivera A, Lenzini S, Shin JW. Extracellular vesicle-matrix interactions. Nat Rev Mater. 2023;8(6):390–402. doi:10.1038/ 
s41578-023-00551-3

81. Huleihel L, Hussey GS, Naranjo JD, et al. Matrix-bound nanovesicles within ECM bioscaffolds. Sci Adv. 2016;2(6):e1600502. doi:10.1126/ 
sciadv.1600502

82. Wang P, Husch JFA, Arntz OJ, van der Kraan PM, van de Loo FAJ, van den Beucken JJJP. ECM-binding properties of extracellular vesicles: 
advanced delivery strategies for therapeutic applications in bone and joint diseases. Cell Commun Signal. 2025;23(1):161. doi:10.1186/s12964- 
025-02156-5

83. Soe ZY, Park EJ, Shimaoka M. Integrin Regulation in Immunological and Cancerous Cells and Exosomes. Int J Mol Sci. 2021;22(4):2193. 
doi:10.3390/ijms22042193

84. Wu B, Liu DA, Guan L, et al. Stiff matrix induces exosome secretion to promote tumour growth. Nat Cell Biol. 2023;25(3):415–424. 
doi:10.1038/s41556-023-01092-1

85. Zhang Y, Yan W, Wu L, Yu Z, Quan Y, Xie X. Different exosomes are loaded in hydrogels for the application in the field of tissue repair. Front 
Bioeng Biotechnol. 2025;13:1545636. doi:10.3389/fbioe.2025.1545636

86. Tomlinson RE, Silva MJ. Skeletal Blood Flow in Bone Repair and Maintenance. Bone Res. 2013;1(4):311–322. doi:10.4248/BR201304002
87. Liu L, Zhou N, Fu S, Wang Y. Endothelial cell-derived exosomes trigger a positive feedback loop in osteogenesis-angiogenesis coupling via 

up-regulating zinc finger and BTB domain containing 16 in bone marrow mesenchymal stem cell. J Nanobiotechnology. 2024;22(1):721. 
doi:10.1186/s12951-024-03002-5

88. Zhang Y, Hao Z, Wang P, et al. Exosomes from human umbilical cord mesenchymal stem cells enhance fracture healing through HIF-1α- 
mediated promotion of angiogenesis in a rat model of stabilized fracture. Cell Prolif. 2019;52(2):e12570. doi:10.1111/cpr.12570

89. Behera J, Kumar A, Voor MJ, Tyagi N. Exosomal lncRNA-H19 promotes osteogenesis and angiogenesis through mediating Angpt1/Tie2-NO 
signaling in CBS-heterozygous mice. Theranostics. 2021;11(16):7715–7734. doi:10.7150/thno.58410

90. Shen N, Maggio M, Woods I, et al. Mechanically activated mesenchymal-derived bone cells drive vessel formation via an extracellular vesicle 
mediated mechanism. J Tissue Eng. 2023;14:20417314231186918. doi:10.1177/20417314231186918

91. Liu L, Guo S, Shi W, et al. Bone Marrow Mesenchymal Stem Cell-Derived Small Extracellular Vesicles Promote Periodontal Regeneration. 
Tissue Eng Part A. 2021;27(13–14):962–976. doi:10.1089/ten.tea.2020.0141

92. Dou C, Ding N, Zhao C, et al. Estrogen Deficiency-Mediated M2 Macrophage Osteoclastogenesis Contributes to M1/M2 Ratio Alteration in 
Ovariectomized Osteoporotic Mice. J Bone Miner Res. 2018;33(5):899–908. doi:10.1002/jbmr.3364

93. Lee RSB, Hamlet SM, Moon HJ, Ivanovski S. Re-establishment of macrophage homeostasis by titanium surface modification in type II diabetes 
promotes osseous healing. Biomaterials. 2021;267:120464. doi:10.1016/j.biomaterials.2020.120464

94. Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage subsets. Nat Rev Immunol. 2011;11(11):723–737. doi:10.1038/ 
nri3073

95. Batoon L, Millard SM, Raggatt LJ, Pettit AR. Osteomacs and Bone Regeneration. Curr Osteoporos Rep. 2017;15(4):385–395. doi:10.1007/ 
s11914-017-0384-x

96. Takeda Y, Costa S, Delamarre E, et al. Macrophage skewing by Phd2 haplodeficiency prevents ischaemia by inducing arteriogenesis. Nature. 
2011;479(7371):122–126. doi:10.1038/nature10507

97. Gong L, Zhao Y, Zhang Y, Ruan Z. The macrophage polarization regulates MSC osteoblast differentiation in vitro. Ann Clin Lab Sci. 2016;46 
(1):65–71.

98. Kang M, Huang CC, Lu Y, et al. Bone regeneration is mediated by macrophage extracellular vesicles. Bone. 2020;141:115627. doi:10.1016/j. 
bone.2020.115627

99. Bin-Bin Z, Da-Wa ZX, Chao L, et al. M2 macrophagy-derived exosomal miRNA-26a-5p induces osteogenic differentiation of bone 
mesenchymal stem cells. J Orthop Surg Res. 2022;17(1):137. doi:10.1186/s13018-022-03029-0

100. Yuan N, Zhang W, Yang W, Ji W, Li J. Exosomes derived from M2 macrophages prevent steroid-induced osteonecrosis of the femoral head by 
modulating inflammation, promoting bone formation and inhibiting bone resorption. J Orthop Surg Res. 2024;19(1):243. doi:10.1186/s13018- 
024-04711-1

101. Wang Y, Lin Q, Zhang H, et al. M2 macrophage-derived exosomes promote diabetic fracture healing by acting as an immunomodulator. Bioact 
Mater. 2023;28:273–283. doi:10.1016/j.bioactmat.2023.05.018

102. Xiang X, Pathak JL, Wu W, et al. Human serum-derived exosomes modulate macrophage inflammation to promote VCAM1-mediated 
angiogenesis and bone regeneration. J Cell Mol Med. 2023;27(8):1131–1143. doi:10.1111/jcmm.17727

103. Zhang Y, Bai J, Xiao B, Li C. BMSC-derived exosomes promote osteoporosis alleviation via M2 macrophage polarization. Mol Med. 2024;30 
(1):220. doi:10.1186/s10020-024-00904-w

104. Cao X. Targeting osteoclast-osteoblast communication[J]. Nature Med. 2011;17(11):1344–1346. doi:10.1038/nm.2499
105. Tang Y, Wu X, Lei W, et al. TGF-β1–induced migration of bone mesenchymal stem cells couples bone resorption with formation[J]. Nature 

Med. 2009;15(7):757–765. doi:10.1038/nm.1979
106. Nagy V, Penninger JM. The RANKL-RANK story. Gerontology. 2015;61(6):534–542. doi:10.1159/000371845
107. Ikebuchi Y, Aoki S, Honma M, et al. Coupling of bone resorption and formation by RANKL reverse signalling. Nature. 2018;561 

(7722):195–200. doi:10.1038/s41586-018-0482-7
108. Holliday LS, Patel SS, Rody Jr WJ. RANKL and RANK in extracellular vesicles: surprising new players in bone remodeling. Extracell Vesicles 

Circ Nucl Acids. 2021;2(1):18–28. doi:10.20517/evcna.2020.02
109. Huynh N, VonMoss L, Smith D, et al. Characterization of Regulatory Extracellular Vesicles from Osteoclasts. J Dent Res. 2016;95(6):673–679. 

doi:10.1177/0022034516633189
110. Sun W, Zhao C, Li Y, et al. Osteoclast-derived microRNA-containing exosomes selectively inhibit osteoblast activity. Cell Discov. 

2016;2:16015. doi:10.1038/celldisc.2016.15
111. Tao R, Mi B, Hu Y, et al. Hallmarks of peripheral nerve function in bone regeneration. Bone Res. 2023;11(1):6. doi:10.1038/s41413-022-00240-x
112. Jones RE, Salhotra A, Robertson KS, et al. Skeletal Stem Cell-Schwann Cell Circuitry in Mandibular Repair. Cell Rep. 2019;28(11):2757–2766. 

e5. doi:10.1016/j.celrep.2019.08.021

https://doi.org/10.2147/IJN.S568671                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 28

Lin et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1038/s41578-023-00551-3
https://doi.org/10.1038/s41578-023-00551-3
https://doi.org/10.1126/sciadv.1600502
https://doi.org/10.1126/sciadv.1600502
https://doi.org/10.1186/s12964-025-02156-5
https://doi.org/10.1186/s12964-025-02156-5
https://doi.org/10.3390/ijms22042193
https://doi.org/10.1038/s41556-023-01092-1
https://doi.org/10.3389/fbioe.2025.1545636
https://doi.org/10.4248/BR201304002
https://doi.org/10.1186/s12951-024-03002-5
https://doi.org/10.1111/cpr.12570
https://doi.org/10.7150/thno.58410
https://doi.org/10.1177/20417314231186918
https://doi.org/10.1089/ten.tea.2020.0141
https://doi.org/10.1002/jbmr.3364
https://doi.org/10.1016/j.biomaterials.2020.120464
https://doi.org/10.1038/nri3073
https://doi.org/10.1038/nri3073
https://doi.org/10.1007/s11914-017-0384-x
https://doi.org/10.1007/s11914-017-0384-x
https://doi.org/10.1038/nature10507
https://doi.org/10.1016/j.bone.2020.115627
https://doi.org/10.1016/j.bone.2020.115627
https://doi.org/10.1186/s13018-022-03029-0
https://doi.org/10.1186/s13018-024-04711-1
https://doi.org/10.1186/s13018-024-04711-1
https://doi.org/10.1016/j.bioactmat.2023.05.018
https://doi.org/10.1111/jcmm.17727
https://doi.org/10.1186/s10020-024-00904-w
https://doi.org/10.1038/nm.2499
https://doi.org/10.1038/nm.1979
https://doi.org/10.1159/000371845
https://doi.org/10.1038/s41586-018-0482-7
https://doi.org/10.20517/evcna.2020.02
https://doi.org/10.1177/0022034516633189
https://doi.org/10.1038/celldisc.2016.15
https://doi.org/10.1038/s41413-022-00240-x
https://doi.org/10.1016/j.celrep.2019.08.021


113. Hao Z, Ren L, Zhang Z, et al. A multifunctional neuromodulation platform utilizing Schwann cell-derived exosomes orchestrates bone 
microenvironment via immunomodulation, angiogenesis and osteogenesis. Bioact Mater. 2022;23:206–222. doi:10.1016/j. 
bioactmat.2022.10.018

114. Lian M, Qiao Z, Qiao S, et al. Nerve Growth Factor-Preconditioned Mesenchymal Stem Cell-Derived Exosome-Functionalized 3D-Printed 
Hierarchical Porous Scaffolds with Neuro-Promotive Properties for Enhancing Innervated Bone Regeneration. ACS Nano. 2024;18 
(10):7504–7520. doi:10.1021/acsnano.3c11890

115. Wang T, Li W, Zhang Y, et al. Bioprinted constructs that simulate nerve-bone crosstalk to improve microenvironment for bone repair. Bioact 
Mater. 2023;27:377–393. doi:10.1016/j.bioactmat.2023.02.013

116. Cui Y, Li X, He X, et al. Schwann cell-derived exosomes accelerate periodontal bone regeneration with osteogenesis, angiogenesis, and 
neurogenesis. J Mater Chem B. 2025;13(12):4020–4029. doi:10.1039/D4TB02601B

117. Yi W, Han X, Wang F, et al. Acousto-Electric Conversion Fiber Networks via Regional Activation of Schwann Cell-Derived Exosomes for 
Neurogenic Bone Regeneration. Research. 2025;8:0769. doi:10.34133/research.0769

118. 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(4):559–565. doi:10.1016/j.bbrc.2020.07.094

119. Wang Y, Qu F, Wu Y, et al. Peripheral nerves modulate the peri-implant osteogenesis under type 2 diabetes through exosomes derived from 
schwann cells via miR-15b-5p/Txnip signaling axis. J Nanobiotechnology. 2025;23(1):51. doi:10.1186/s12951-025-03160-0

120. Shou J, Li S, Shi W, et al. 3WJ RNA Nanoparticles-Aptamer Functionalized Exosomes From M2 Macrophages Target BMSCs to Promote the 
Healing of Bone Fractures. Stem Cells Transl Med. 2023;12(11):758–774. doi:10.1093/stcltm/szad052

121. Liu J, Zhao Y, Zhang Y, Yao X, Hang R. Exosomes derived from macrophages upon Zn ion stimulation promote osteoblast and endothelial cell 
functions. J Mater Chem B. 2021;9(18):3800–3807. doi:10.1039/D1TB00112D

122. Zhu Y, Zhao S, Cheng L, et al. Mg2+ -mediated autophagy-dependent polarization of macrophages mediates the osteogenesis of bone marrow 
stromal stem cells by interfering with macrophage-derived exosomes containing miR-381. J Orthop Res. 2022;40(7):1563–1576. doi:10.1002/ 
jor.25189

123. Chen C, Fu L, Luo Y, et al. Engineered Exosome-Functionalized Extracellular Matrix-Mimicking Hydrogel for Promoting Bone Repair in 
Glucocorticoid-Induced Osteonecrosis of the Femoral Head. ACS Appl Mater Interfaces. 2023;15(24):28891–28906. doi:10.1021/ 
acsami.3c01539

124. Sun L, Xiao M, Zhang L, et al. Enhanced Tissue Regeneration Through Immunomodulatory Extracellular Vesicles Encapsulated in Diversified 
Silk-Based Injectable Hydrogels. Adv Healthc Mater. 2024;13(28):e2401460. doi:10.1002/adhm.202401460

125. Chen C, Wang B, Zhao X, et al. Lithium Promotes Osteogenesis via Rab11a-Facilitated Exosomal Wnt10a Secretion and β-Catenin Signaling 
Activation. ACS Appl Mater Interfaces. 2024;16(24):30793–30809. doi:10.1021/acsami.4c04199

126. Yu Y, Li X, Ying Q, Zhang Z, Liu W, Su J. Synergistic Effects of Shed-Derived Exosomes, Cu2+, and an Injectable Hyaluronic Acid Hydrogel 
on Antibacterial, Anti-inflammatory, and Osteogenic Activity for Periodontal Bone Regeneration. ACS Appl Mater Interfaces. 2024;16 
(26):33053–33069. doi:10.1021/acsami.4c05062

127. Xiao F, Zuo B, Tao B, et al. Exosomes derived from cyclic mechanical stretch-exposed bone marrow mesenchymal stem cells inhibit 
RANKL-induced osteoclastogenesis through the NF-kappaB signaling pathway. Ann Transl Med. 2021;9(9):798. doi:10.21037/atm-21-1838

128. Xu N, Cui G, Zhao S, et al. Therapeutic Effects of Mechanical Stress-Induced C2C12-Derived Exosomes on Glucocorticoid-Induced 
Osteoporosis Through miR-92a-3p/PTEN/AKT Signaling Pathway. Int J Nanomed. 2023;18:7583–7603. doi:10.2147/IJN.S435301

129. He X, Liu Y, Dai Z, et al. Yoda1 pretreated BMSC derived exosomes accelerate osteogenesis by activating phospho-ErK signaling via 
Yoda1-mediated signal transmission. J Nanobiotechnology. 2024;22(1):407. doi:10.1186/s12951-024-02669-0

130. 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. doi:10.1016/j.actbio.2019.01.006. Epub 2019 Jan 7.

131. Huang CC, Kang M, Lu Y, et al. Functionally engineered extracellular vesicles improve bone regeneration. Acta Biomater. 2020;109:182–194. 
doi:10.1016/j.actbio.2020.04.017

132. Li F, Wu J, Li D, et al. Engineering stem cells to produce exosomes with enhanced bone regeneration effects: an alternative strategy for gene 
therapy. J Nanobiotechnology. 2022;20(1):135. doi:10.1186/s12951-022-01347-3

133. Yang Z, Li X, Gan X, et al. Hydrogel armed with Bmp2 mRNA-enriched exosomes enhances bone regeneration. J Nanobiotechnology. 2023;21 
(1):119. doi:10.1186/s12951-023-01871-w

134. Ying C, Wang R, Wang Z, et al. BMSC-Exosomes Carry Mutant HIF-1α for Improving Angiogenesis and Osteogenesis in Critical-Sized 
Calvarial Defects. Front Bioeng Biotechnol. 2020;8:565561. doi:10.3389/fbioe.2020.565561

135. Zha Y, Li Y, Lin T, Chen J, Zhang S, Wang J. Progenitor cell-derived exosomes endowed with VEGF plasmids enhance osteogenic induction 
and vascular remodeling in large segmental bone defects. Theranostics. 2021;11(1):397–409. doi:10.7150/thno.50741

136. Elashiry M, Elashiry MM, Elsayed R, et al. Dendritic cell derived exosomes loaded with immunoregulatory cargo reprogram local immune 
responses and inhibit degenerative bone disease in vivo. J Extracell Vesicles. 2020;9(1):1795362. doi:10.1080/20013078.2020.1795362

137. Das I, Krzyzosiak A, Schneider K, et al. Preventing proteostasis diseases by selective inhibition of a phosphatase regulatory subunit. Science. 
2015;348(6231):239–242. doi:10.1126/science.aaa4484

138. Liu Y, Lin S, Xu Z, et al. High-Performance Hydrogel-Encapsulated Engineered Exosomes for Supporting Endoplasmic Reticulum Homeostasis 
and Boosting Diabetic Bone Regeneration. Adv Sci. 2024;11(17):e2309491. doi:10.1002/advs.202309491

139. Sera SR, Zur Nieden NI. Zur Nieden NI. microRNA Regulation of Skeletal Development. Curr Osteoporos Rep. 2017;15(4):353–366. 
doi:10.1007/s11914-017-0379-7

140. Liu W, Yu M, Chen F, et al. A novel delivery nanobiotechnology: engineered miR-181b exosomes improved osteointegration by regulating 
macrophage polarization. J Nanobiotechnology. 2021;19(1):269. doi:10.1186/s12951-021-01015-y

141. Pan S, Yin Z, Shi C, et al. Multifunctional Injectable Hydrogel Microparticles Loaded with miR-29a Abundant BMSCs Derived Exosomes 
Enhanced Bone Regeneration by Regulating Osteogenesis and Angiogenesis. Small. 2024;20(16):e2306721. doi:10.1002/smll.202306721

142. Kuang H, Ma J, Chi X, et al. Integrated Osteoinductive Factors─Exosome@MicroRNA-26a Hydrogel Enhances Bone Regeneration. ACS Appl 
Mater Interfaces. 2023;15(19):22805–22816. doi:10.1021/acsami.2c21933

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S568671                                                                                                                                                                                                                                                                                                                                                                                                      29

Lin et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.bioactmat.2022.10.018
https://doi.org/10.1016/j.bioactmat.2022.10.018
https://doi.org/10.1021/acsnano.3c11890
https://doi.org/10.1016/j.bioactmat.2023.02.013
https://doi.org/10.1039/D4TB02601B
https://doi.org/10.34133/research.0769
https://doi.org/10.1016/j.bbrc.2020.07.094
https://doi.org/10.1186/s12951-025-03160-0
https://doi.org/10.1093/stcltm/szad052
https://doi.org/10.1039/D1TB00112D
https://doi.org/10.1002/jor.25189
https://doi.org/10.1002/jor.25189
https://doi.org/10.1021/acsami.3c01539
https://doi.org/10.1021/acsami.3c01539
https://doi.org/10.1002/adhm.202401460
https://doi.org/10.1021/acsami.4c04199
https://doi.org/10.1021/acsami.4c05062
https://doi.org/10.21037/atm-21-1838
https://doi.org/10.2147/IJN.S435301
https://doi.org/10.1186/s12951-024-02669-0
https://doi.org/10.1016/j.actbio.2019.01.006
https://doi.org/10.1016/j.actbio.2020.04.017
https://doi.org/10.1186/s12951-022-01347-3
https://doi.org/10.1186/s12951-023-01871-w
https://doi.org/10.3389/fbioe.2020.565561
https://doi.org/10.7150/thno.50741
https://doi.org/10.1080/20013078.2020.1795362
https://doi.org/10.1126/science.aaa4484
https://doi.org/10.1002/advs.202309491
https://doi.org/10.1007/s11914-017-0379-7
https://doi.org/10.1186/s12951-021-01015-y
https://doi.org/10.1002/smll.202306721
https://doi.org/10.1021/acsami.2c21933


143. Baglio SR, Rooijers K, Koppers-Lalic D, et al. Human bone marrow- and adipose-mesenchymal stem cells secrete exosomes enriched in 
distinctive miRNA and tRNA species. Stem Cell Res Ther. 2015;6(1):127. doi:10.1186/s13287-015-0116-z

144. Mehryab F, Rabbani S, Shahhosseini S, et al. Exosomes as a next-generation drug delivery system: an update on drug loading approaches, 
characterization, and clinical application challenges. Acta Biomater. 2020;113:42–62. doi:10.1016/j.actbio.2020.06.036

145. Koh HB, Kim HJ, Kang SW, Yoo TH. Exosome-Based Drug Delivery: translation from Bench to Clinic. Pharmaceutics. 2023;15(8):2042. 
doi:10.3390/pharmaceutics15082042

146. Kooijmans SA, Vader P, van Dommelen SM, van Solinge WW, Schiffelers RM. Exosome mimetics: a novel class of drug delivery systems. 
Int J Nanomed. 2012;7:1525–1541. doi:10.2147/IJN.S29661

147. Salunkhe S, Basak M, Chitkara D, Mittal A, Mittal A. Surface functionalization of exosomes for target-specific delivery and in vivo imaging & 
tracking: strategies and significance. J Control Release. 2020;326:599–614. doi:10.1016/j.jconrel.2020.07.042

148. Chen Y, Dong J, Lu Y, Dong W, Zhang D, Dang X. Engineered macrophage-derived exosomes via click chemistry for the treatment of 
osteomyelitis. J Mater Chem B. 2024;12(41):10593–10604. doi:10.1039/D4TB01346H

149. Zeng H, Guo S, Ren X, Wu Z, Liu S, Yao X. Current Strategies for Exosome Cargo Loading and Targeting Delivery. Cells. 2023;12(10):1416. 
doi:10.3390/cells12101416

150. Zhuo H, Chen Y, Zhao G. Advances in application of hypoxia-preconditioned mesenchymal stem cell-derived exosomes. Front Cell Dev Biol. 
2024;12:1446050. doi:10.3389/fcell.2024.1446050

151. Chen S, Sun F, Qian H, Xu W, Jiang J. Preconditioning and Engineering Strategies for Improving the Efficacy of Mesenchymal Stem 
Cell-Derived Exosomes in Cell-Free Therapy. Stem Cells Int. 2022;2022:1779346. doi:10.1155/2022/1779346

152. Gupta S, Rawat S, Krishnakumar V, Rao EP, Mohanty S. Hypoxia preconditioning elicit differential response in tissue-specific MSCs via 
immunomodulation and exosomal secretion. Cell Tissue Res. 2022;388(3):535–548. doi:10.1007/s00441-022-03615-y

153. Zhang Y, Huo M, Wang Y, et al. A tailored bioactive 3D porous poly(lactic-acid)-exosome scaffold with osteo-immunomodulatory and 
osteogenic differentiation properties. J Biol Eng. 2022;16(1):22. doi:10.1186/s13036-022-00301-z

154. Zhang B, Pei Z, He W, et al. 3D-printed porous zinc scaffold combined with bioactive serum exosomes promotes bone defect repair in rabbit 
radius. Aging. 2024;16(11):9625–9648. doi:10.18632/aging.205891

155. Zhang Y, Fang M, Zhu J, et al. 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(Pt 1):132970. doi:10.1016/j.ijbiomac.2024.132970

156. Luo P, Zhang Y, Huang M, Luo G, Ma Y, Wang X. Microdroplets Encapsulated with NFATc1-siRNA and Exosomes-Derived from MSCs Onto 
3D Porous PLA Scaffold for Regulating Osteoclastogenesis and Promoting Osteogenesis. Int J Nanomed. 2024;19:3423–3440. doi:10.2147/IJN. 
S443413

157. Wang X, Ao J, Lu H, et al. Osteoimmune Modulation and Guided Osteogenesis Promoted by Barrier Membranes Incorporated with 
S-Nitrosoglutathione (GSNO) and Mesenchymal Stem Cell-Derived Exosomes. Int J Nanomed. 2020;15:3483–3496. doi:10.2147/IJN.S248741

158. Fan L, Guan P, Xiao C, et al. Exosome-functionalized polyetheretherketone-based implant with immunomodulatory property for enhancing 
osseointegration. Bioact Mater. 2021;6(9):2754–2766. doi:10.1016/j.bioactmat.2021.02.005

159. Yang Y, Wang J, Lin X, et al. TNF-α-licensed exosome-integrated titaniumaccelerated T2D osseointegration by promoting autophagy-regulated 
M2 macrophage polarization. Biochem Biophys Res Commun. 2024;727:150316. doi:10.1016/j.bbrc.2024.150316

160. Zhang S, Wang S, Chen J, et al. Human dental pulp stem cell-derived exosomes decorated titanium scaffolds for promoting bone regeneration. 
Colloids Surf B Biointerfaces. 2024;235:113775. doi:10.1016/j.colsurfb.2024.113775

161. Luo L, Zheng W, Li J, et al. 3D-Printed Titanium Trabecular Scaffolds with Sustained Release of Hypoxia-Induced Exosomes for Dual-Mimetic 
Bone Regeneration. Adv Sci. 2025;12(23):e2500599. doi:10.1002/advs.202500599

162. Datta S, Rameshbabu AP, Bankoti K, et al. Decellularized bone matrix/oleoyl chitosan derived supramolecular injectable hydrogel promotes 
efficient bone integration. Mater Sci Eng C Mater Biol Appl. 2021;119:111604. doi:10.1016/j.msec.2020.111604

163. Khiabani SS, Aghazadeh M, Rakhtshah J, Davaran S. A review of hydrogel systems based on poly(N-isopropyl acrylamide) for use in the 
engineering of bone tissues. Colloids Surf B Biointerfaces. 2021;208:112035. doi:10.1016/j.colsurfb.2021.112035

164. Pishavar E, Luo H, Naserifar M, et al. Advanced Hydrogels as Exosome Delivery Systems for Osteogenic Differentiation of MSCs: application 
in Bone Regeneration. Int J Mol Sci. 2021;22(12):6203. doi:10.3390/ijms22126203

165. Wang L, Yang H, Zhang C, et al. 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(1):65. doi:10.1038/s41368-024-00328-6

166. Tcherpakov M. Exosome Diagnostics and Therapeutics: Global Markets. Wellesley, MA: BCC Research; 2016.
167. Cheng K, Kalluri R. Guidelines for clinical translation and commercialization of extracellular vesicles and exosomes based therapeutics. 

Extracellular Vesicle. 2023;2:100029. doi:10.1016/j.vesic.2023.100029
168. Patel GK, Khan MA, Zubair H, et al. Comparative analysis of exosome isolation methods using culture supernatant for optimum yield, purity 

and downstream applications. Sci Rep. 2019;9(1):5335. doi:10.1038/s41598-019-41800-2
169. Lobb RJ, Becker M, Wen SW, et al. Optimized exosome isolation protocol for cell culture supernatant and human plasma. J Extracell Vesicles. 

2015;4:27031. doi:10.3402/jev.v4.27031
170. Onódi Z, Pelyhe C, Terézia Nagy C, et al. Isolation of High-Purity Extracellular Vesicles by the Combination of Iodixanol Density Gradient 

Ultracentrifugation and Bind-Elute Chromatography From Blood Plasma. Front Physiol. 2018;9:1479. doi:10.3389/fphys.2018.01479
171. Théry C, Witwer KW, Aikawa E, et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position statement of the 

International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell Vesicles. 2018;7(1):1535750. doi:10.1080/ 
20013078.2018.1535750

172. Syromiatnikova V, Prokopeva A, Gomzikova M. Methods of the Large-Scale Production of Extracellular Vesicles. Int J Mol Sci. 2022;23 
(18):10522. doi:10.3390/ijms231810522

173. Jakl V, Ehmele M, Winkelmann M, et al. A novel approach for large-scale manufacturing of small extracellular vesicles from bone 
marrow-derived mesenchymal stromal cells using a hollow fiber bioreactor. Front Bioeng Biotechnol. 2023;11:1107055. doi:10.3389/ 
fbioe.2023.1107055

174. Stawarska A, Bamburowicz-Klimkowska M, Runden-Pran E, et al. Extracellular Vesicles as Next-Generation Diagnostics and Advanced 
Therapy Medicinal Products. Int J Mol Sci. 2024;25(12):6533. doi:10.3390/ijms25126533

https://doi.org/10.2147/IJN.S568671                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 30

Lin et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1186/s13287-015-0116-z
https://doi.org/10.1016/j.actbio.2020.06.036
https://doi.org/10.3390/pharmaceutics15082042
https://doi.org/10.2147/IJN.S29661
https://doi.org/10.1016/j.jconrel.2020.07.042
https://doi.org/10.1039/D4TB01346H
https://doi.org/10.3390/cells12101416
https://doi.org/10.3389/fcell.2024.1446050
https://doi.org/10.1155/2022/1779346
https://doi.org/10.1007/s00441-022-03615-y
https://doi.org/10.1186/s13036-022-00301-z
https://doi.org/10.18632/aging.205891
https://doi.org/10.1016/j.ijbiomac.2024.132970
https://doi.org/10.2147/IJN.S443413
https://doi.org/10.2147/IJN.S443413
https://doi.org/10.2147/IJN.S248741
https://doi.org/10.1016/j.bioactmat.2021.02.005
https://doi.org/10.1016/j.bbrc.2024.150316
https://doi.org/10.1016/j.colsurfb.2024.113775
https://doi.org/10.1002/advs.202500599
https://doi.org/10.1016/j.msec.2020.111604
https://doi.org/10.1016/j.colsurfb.2021.112035
https://doi.org/10.3390/ijms22126203
https://doi.org/10.1038/s41368-024-00328-6
https://doi.org/10.1016/j.vesic.2023.100029
https://doi.org/10.1038/s41598-019-41800-2
https://doi.org/10.3402/jev.v4.27031
https://doi.org/10.3389/fphys.2018.01479
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.3390/ijms231810522
https://doi.org/10.3389/fbioe.2023.1107055
https://doi.org/10.3389/fbioe.2023.1107055
https://doi.org/10.3390/ijms25126533


175. Akakura Y, Hanayama R, Akiyoshi K, et al. Quality and Safety Considerations for Therapeutic Products Based on Extracellular Vesicles. Pharm 
Res. 2024;41(8):1573–1594. doi:10.1007/s11095-024-03757-4

176. Jeyaram A, Jay SM. Preservation and Storage Stability of Extracellular Vesicles for Therapeutic Applications. AAPS J. 2017;20(1):1. 
doi:10.1208/s12248-017-0160-y

177. Ma B, Li L, Bao Y, et al. Optical Imaging of Single Extracellular Vesicles: recent Progress and Prospects. Chem Biomed Imaging. 2023;2 
(1):27–46. doi:10.1021/cbmi.3c00095

178. Lin W, Li Y, Qiu C, et al. Mapping the spatial atlas of the human bone tissue integrating spatial and single-cell transcriptomics. Nucleic Acids 
Res. 2025;53(2):gkae1298. doi:10.1093/nar/gkae1298

International Journal of Nanomedicine                                                                                       

Publish your work in this journal 
The International Journal of Nanomedicine is an international, peer-reviewed journal focusing on the application of nanotechnology in diagnostics, 
therapeutics, and drug delivery systems throughout the biomedical field. This journal is indexed on PubMed Central, MedLine, CAS, SciSearch®, 
Current Contents®/Clinical Medicine, Journal Citation Reports/Science Edition, EMBase, Scopus and the Elsevier Bibliographic databases. The 
manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http:// 
www.dovepress.com/testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/international-journal-of-nanomedicine-journal

International Journal of Nanomedicine 2026:21                                                                                        31

Lin et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1007/s11095-024-03757-4
https://doi.org/10.1208/s12248-017-0160-y
https://doi.org/10.1021/cbmi.3c00095
https://doi.org/10.1093/nar/gkae1298
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	The Formation and Characteristics of Exosomes
	Foundational Biology of Exosomes for Bone Generation and Repair
	Unique Contents of Exosomes Associated with Osteogenesis
	Exosomes in the Bone Formulation Network
	Exosomes and Matrix Vesicles: Counterparts or Interacting Partners for Initial Calcification in Bone?
	Exosome-Extracellular Matrix Interactions and Dynamic Remodeling
	Exosomes Modulate the Osteogenesis–Angiogenesis Interaction and Coupling
	Exosomes in the Cross-Talk Between the Immune System and Bone
	Exosomes Mediate Osteoclast–Osteoblast Communication and Balance
	Increasing Attention to Neural Platforms Utilizing Exos in the Bone Microenvironment


	Designing Exosomal Biomaterials for Bone Generation
	Exosome Optimization Design/Exosome Modification
	Exosome-Functionalized Scaffolds/Bone Implants

	Registered Clinical Trials, Markets and Challenges
	Clinical Landscape and Market Prospects of Exosome-Based Therapies
	Potential Impact of Methodological Heterogeneity on Research Findings
	Technical Bottlenecks in Clinical Translation and Potential Solutions

	Conclusions and Future Directions
	Abbreviations
	Author Contributions
	Funding
	Disclosure

