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Abstract: The maintenance of bone homeostasis includes both bone resorption by osteoclasts and bone formation by osteoblasts. These 
two processes are in dynamic balance to maintain a constant amount of bone for accomplishing its critical functions in daily life. Multiple 
cell type communications are involved in these two complex and continuous processes. In recent decades, an increasing number of studies 
have shown that osteogenic and osteoclastic extracellular vesicles play crucial roles in regulating bone homeostasis through paracrine, 
autosecretory and endocrine signaling. Elucidating the functional roles of extracellular vesicles in the maintenance of bone homeostasis 
may contribute to the design of new strategies for bone regeneration. Hence, we review the recent understandings of the classification, 
production process, extraction methods, structure, contents, functions and applications of extracellular vesicles in bone homeostasis. We 
highlight the contents of various bone-derived extracellular vesicles and their interactions with different cells in the bone microenvironment 
during bone homeostasis. We also summarize the recent advances in EV-loaded biomaterial scaffolds for bone regeneration and repair. 
Keywords: bone, homeostasis, metabolism, extracellular vesicles, regeneration

Introduction
Bone homeostasis includes not only osteogenesis by osteoblasts, osteocytes and bone marrow stem cells (BMSCs) but 
also the absorption of bone matrix by osteoclasts.1 Histological staining has shown that osteoclastic bone resorption is 
followed by osteoblastic bone formation,2 leading to the concept that bone resorption and bone formation are mechan-
istically “coupled” to the search for “coupling factors”.3 However, multiple factors are involved in the maintenance of 
bone homeostasis, and no single factor has been proven to link these coupled processes.3

Interruption of the balance between bone formation and bone absorption likely leads to osteoporosis or other bone 
metabolism-related diseases.4 A study published in LANCET indicated that more than 8.9 million fractures are caused by 
osteoporosis every year.5 Bone loss and repair are involved in unbalanced bone homeostasis.6 This complex and 
continuous process involves communication among multiple cell types.7 Approximately 50% of women and 20% of 
men older than 50 years of age may experience bone fracture in their remaining lifetime.8 Therefore, the design of new 
strategies for regulating bone homeostasis may be a potential method for curing bone defects.
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Extracellular vesicles (EVs) are diversified nanoscale membrane-restricted vesicles released by prokaryotic and 
eukaryotic cells.9 Initial studies showed that the released EVs can be considered debris (“cell dust”), and the release 
of EVs constitutes part of the disposal mechanism of cells discarding unwanted materials.10–12 However, subsequent 
studies have shown that biofluids, such as semen, amniotic fluid, cerebrospinal fluid, bile, blood, multiple exudates, 
ascites, breast milk, saliva, CSF, and urine, can contain a large number of EVs.9,13–22 EVs then transport a variety of 
molecules from parental cells to target cells. Substances that can play the role of intercellular communication in EVs 
include proteins, nucleic acids and lipids.10,23–25 Therefore, the release of EVs is also an important medium for cellular 
communication,14,26–30 and EVs are involved in physiological and pathological processes.

A recent study revealed that EVs derived from mesenchymal stem cells (MSCs) have promising osteogenic potential.31 

EVs secreted by BMSCs might play a role in osteoblast differentiation during bone healing.32 Osteocyte-derived EVs can 
accelerate bone degradation by promoting osteoclast formation.33 Moreover, EVs secreted by different cell types can 
interact with each other during bone homeostasis. Thus, EVs secreted by osteocytes, osteoblasts, osteoclasts, BMSCs and 
other cells related to bone homeostasis have a great potential role in bone remodeling. We first review the definition, 
classification, secretion processes, extraction methods and contents of EVs, discuss different origins of EVs, and then 
elucidate their biofunctional contents in bone homeostasis and regeneration.

Extracellular Vesicles
The structure of EVs released by parental cells is a lipid bilayer surrounded by vesicles and contains cellular components 
from parental cells.12,26 EVs can be separated into 3 types according to the mechanism of release and their size: exosomes 
(diameter smaller than 150 nm), microvesicles (diameter between 100 and 1000 nm), and apoptotic bodies (diameter greater 
than 1000 nm).9,11,15 When referring to EVs, exosomes, microvesicles and apoptotic bodies are mainly mentioned. This 
article mainly discusses exosomes and microvesicles. EV biogenesis and secretion can be divided into two different 
pathways. Microvesicles (ectosomes) are mainly produced by outward budding and division directly through the plasma 
membrane, and exosomes are produced by invasions of the endosomal membrane pathway.

Exosomes
Exosomes were discovered during the era of the rapid development of electron microscopy. The term “exosome” was 
first used by Dr. Rose Johnstone.13,34 Exosomes originate from the endosome system, whereas microbubbles originate 
from the plasma membrane. Exosomes are produced by invasions of the endosomal membrane pathway.26,35 First, the 
inward budding of the plasma membrane leads to the formation of endosomes.36 The endosomal network is 
a membranous chamber that classifies the various luminal vesicles (ILVs) and directs them to their appropriate 
destinations, including lysosomes and cell surface membranes.10,37 During this process, the endosome targets some 
proteins/lipids for lysosomal degradation, whereas others are targeted for recycling or exocytosis. The endosomes can 
be further subdivided into three different parts: early endosome, late endosome and circulating endosome.38 Early 
endosomes fuse with endocytic vesicles and integrate their contents into those destined for circulation, degradation, 
or exocytosis. The material to be recovered is classified as a recyclable inner body.39 The remaining early endosomes 
undergo a series of transformations and become late endosomes.40 During this transformation, contents destined for 
degradation or output are preferentially divided into 30–100-nm vesicles, which are formed in the lumen of the late 
endoplast by budding further inwards through the endosome-limiting membrane.41 Because these late endosomes are 
observed as multiple vesicles (vesicles are sometimes referred to as luminal vesicles or ILVs), they are also referred 
to as multivesicular bodies (MVBs).42,43 During this process, cytoplasmic contents and transmembrane and peripheral 
proteins are incorporated into the invaginated membrane.11 Late endosomes are targeted during lysosome or plasma 
membrane fusion.44 Fusion with lysosomes destroys the content of late endosomes.45 In contrast, fusion with the 
plasma membrane results in the secretion of 50–150-nm vesicles into the extracellular space. These excreted vesicles 
are exosomes labeled with CD9, CD63, TSG101, and RAB27A/B.38,46
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Microvesicles
Although most microvesicles are larger (50–2000 nm) than exosomes (less than 150 nm), they still overlap with 
exosomes in size. Therefore, the difference between microvesicles and exosomes is not primarily in size but in the 
way they occur. Microvesicles were formerly known as ectosomes. They are mainly produced by outward budding and 
division directly through the plasma membrane.26 Microvesicles occur due to the dynamic interaction between phos-
pholipid redistribution and cytoskeletal contraction.42 ARF-6 overexpression in tumor cells can induce the secretion level 
of microvesicles.47

As with exosomes, external factors (calcium influx-induced phospholipid redistribution and HIF-dependent expres-
sion of Rab22) have also been suggested to promote microvesicle release.13,48 The microvesicle content also appears to 
be a highly enriched subset of proteins.47 However, transferrin receptors are highly enriched in exosomes but noticeably 
absent in microvesicles.49 We summarized the biogenesis and secretion of exosomes and microvesicles in Figure 1 base 
on the literatures related.10,11,13,26,34–45

Apoptotic Bodies
Exosomes and microvesicles are secreted in normal cell processes. However, apoptotic bodies are only formed during the 
process of programmed cell death. After the nuclear chromatin condenses, the membrane blistering encapsulates the cell 
contents to form apoptotic bodies.50,51 Membrane blistering is partially mediated by actin-myosin interactions.52–54 

Apoptotic bodies are usually larger in size55,56 and characterized by the presence of organelles in vesicles.51,52,55 Genetic 
information is transmitted not only by exosomes and microvesicles but also by apoptotic bodies.42

Structure, Content and Function of Extracellular Vesicles
EVs are a group of membrane-covered heterogeneous nanoparticles of different sizes and with different characteristics 
produced by prokaryotic and eukaryotic cells.9 EV membranes are formed by lipid bilayers and integrins to protect the 
EV contents from proteases and nucleases.26

The proteins in EVs are commonly associated with their biogenesis, such as proteins associated with endosomal 
pathways (ALIX and TSG101 in ESCRT). In addition, EVs often contain proteins related to the formation and release 

Figure 1 Biogenesis and secretion of exosomes and microvesicles.
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process, such as RAB27A, RAB11B, and ARF6, as well as tetraspanins (CD63, CD81, CD9), epidermal growth factor 
receptor (EGFR), and major histocompatibility complex (MHC). In general, proteins associated with the endoplasmic 
reticulum, Golgi apparatus, and nucleus are not present in EVs. However, some transcription factors, such as Notch and 
Wnt, which are usually found in the nucleus, have also been shown to exist in EVs.13

The lipids in EVs are generally related to the lipids in parental cells. The levels of phospholipcholine and diglycerol 
in EVs are lower than those in parental cells,54 whereas the level of phosphatidylserine in EVs is higher than that in 
parental cells.13 The amount of lipids in EVs is associated with the type of cargos and the transport of vesicles.44

The genetic material detected in EVs is diverse. Most of the genetic material is mainly small RNA, including 
ribosome 18S and 28S RNA, tRNA,13 mRNA57 and many miRNAs57 and noncoding RNAs.13 The length of RNA in 
EVs is approximately 200 nucleotides, indicating that they are probably RNA fragments. Only a small portion of RNA in 
EVs is complete mRNA and noncoding RNA. In some studies, EVs have been found to contain genomic and 
mitochondrial DNA.11,58

The function of EVs depends on their abilities to interact with receptor cells and deliver the contents to target cells.15 EVs 
make intercellular connections between cells through the horizontal transfer of proteins, nucleic acids and other biologically 
active molecules.58 Analyses of the contents of EVs can help reveal the functional status of parental cells. Studies have shown 
that EVs play crucial roles in the maturation of red blood cells, platelet adhesion, cytolytic apoptosis, cancer progression, 
neurodegenerative diseases, cardiovascular diseases, infectious diseases, and autoimmune diseases.15,58

EVs in the circulation can be used as biomarkers for many diseases and have good application prospects.59,60 For 
example, EVs extracted from cancer patients are utilized to evaluate tumor prognoses.11 In addition, the elimination of 
certain groups of EVs could prevent disease progression and may be a potential therapeutic strategy with broad research 
implications.15 The ability to pass through cell membranes makes EVs useful in translational medicine.11 Furthermore, 
stem cell-derived EVs induce tissue regeneration.61

Extraction of Extracellular Vesicles
Different extraction methods are suitable for EVs for different purposes. The maximum number of EVs is extracted without 
maintaining the intact structure of EVs for diagnosis purposes. However, if EVs are used for therapy, such as drug carriers, 
their intact membrane should be maintained to carry contents specifically to the target cell.9 The most common methods of 
EV isolation are differential super centrifugation, density gradient centrifugation and filter lamps. These methods are based 
on the physical properties of EVs, such as their size and density. Recent studies have shown that EVs can be separated by 
size differentiation-based microfluidic filter systems, ultrasonic-based contact-free sorting, immunoaffinity isolation, 
precipitation and field-flow fractionation.9,11,16 After separation, EVs need to be identified before use. Optimized flow 
cytometry, which is based on Rosetta Calibration beads and the application of a fluorescent trigger threshold, can be utilized 
to identify EVs. This new approach improves the analysis power and counting capacity.62 Stoner et al developed a highly 
sensitive flow cytometry instrument called vesicle flow cytometry.63 In addition to flow cytometry, sequencing techniques, 
micronuclear magnetic response, nanoplasmonic exosome (nPLEX) sensors, integrated magnetic-electrochemical exosome 
(iMEX) sensors, and ExoScreen are other effective methods for the analysis of EVs.11,64

Extracellular Vesicles and Bone Remodeling
Osteoblasts are derived from mesenchymal precursor cells. These cells mainly secrete the extracellular matrix, including 
type I collagen and hydroxyapatite, in several ways (such as EVs).65 Osteoclasts originate from monocyte fusion and 
have approximately 2 to 12 nuclei per cell. The structure of osteoclasts is related to the degradation of the extracellular 
matrix in resorption lacuna, which allows the acidified extracellular environment to hydrolyze hydroxyapatite, and 
metalloproteases and cathepsin K will then degrade collagen fibrils through the exposition of collagen fibrils. The 
interdependence of osteoblasts and osteoclasts allows us to view them as bone remodeling units histologically and 
functionally. In addition to osteoblasts and osteoclasts, osteocytes also regulate bone homeostasis. In fact, the majority of 
cells in the bone are osteocytes. Osteocytes are derived from mature osteoblasts embedded in the bone matrix. Osteocytes 
are known to play a significant role in sensing mechanical loading and regulating calcium and phosphate homeostasis 
instead of being static bystanders during bone homeostasis. The activity of these cells is spatiotemporally coordinated 
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through many molecules.66 BMSCs, osteoblasts, osteoclasts and osteocytes can release EVs.67–69 One of the significant 
mechanisms involved in intercellular communication is through EVs. miRNAs carried by EVs can regulate significant 
pathways during bone homeostasis, including PI3K/AKT, TGFβ, Ras/ERK and Wnt.7,61 Consequently, EVs and their 
contents can be used as biomarkers for some bone-related diseases.68 Osteogenic EVs and their bioactive substances 
orchestrate bone remodeling through paracrine, autosecretory, and endocrine mechanisms. Moreover, osteogenic EVs can 
modulate the differentiation of osteoclasts, osteoblasts and other cells.7,70 However, the effects of osteogenic EVs on 
bone homeostasis and regeneration are related to the amount of EVs, the age of the parent cells and the cell passage of ex 
vivo cell culture.61

Extracellular Vesicles and Osteocytes
EVs derived from osteocytes (OC-EVs) regulate mineral deposition through communication with osteoblasts or osteo-
clasts. EVs secreted by osteocytes are rich in RANKL.33 OC-EVs are able to reduce the cytoplasmic volume of 
osteoblasts and promote osteoclast formation.71,72 The number of OC-EVs increases after parathyroid hormone treat-
ment, which induces osteoclast differentiation. The mechanical stimulation of osteocytes enhances EV production to 
transmit bone regulatory proteins. This process is associated with Ca2+-dependent contraction of osteocytes.73 Osteocytes 
adjacent to blood vessels and/or at the edge of the bone marrow space produce EVs that are present in the circulation and 
may transport their contents to remote recipient cells through the blood circulation.74,75 EVs located in the bone matrix 
are named bone matrix-derived EVs, which have been proven to originate from osteocytes. Recently, Wang et al found 
that aged bone matrix-derived EVs can target BMSCs in the bone marrow cavity, leading to adipogenesis and targeting 
vascular smooth muscle cells (VSMCs) in vascular tissue to augment the osteogenic transdifferentiation of VSMCs.76

Extracellular Vesicles and Osteoblasts
Osteoblast-derived EVs (OB-EVs) have the characteristics of exosomes: diameter between 30 and 100 nm, round shape 
with cup-like concavity, and expression of transmembrane markers TSG101 and FLOT1.70,77 Osteoblasts secrete EVs 
during the whole maturation stage.78 OB-EVs contain proteins and nucleic acids that play crucial roles in intercellular 
communication in bone.79 A total of 1536 proteins are involved in this process. Most of these proteins are located in the 
plasma membrane or cytoplasm and are involved in protein localization and intracellular signal transduction. These proteins 
are also engaged in the EIF2, integrin, BMP, Wnt and TGF-β signaling pathways, which are involved in bone formation by 
inducing osteoblast differentiation and promoting angiogenesis.80,81 The RAB13 protein is involved in vesicle transport, 
including vesicle production, cargo sorting and fusion with target cell membranes. RAB13 has the largest content in EV- 
mRNA. EVs containing RAB13 can regulate the proliferation and differentiation of potential target cells (stromal cells, 
chondrocytes, blood cells, and tumor cells), which interact physiologically with osteoblasts in the bone 
microenvironment.82 OB-EVs contain RANKL, which interacts with RANK on the precursors of osteoclasts to promote 
osteoclast formation.76,83,84 Thus, inhibiting OB-EV secretion may be a novel approach to prevent bone loss. In addition to 
RANKL, galectin-3 is also an important component of EVs. Weilner et al85 demonstrated a positive correlation between 
galectin-3 and osteogenic potential in vitro. Studies on the content of mouse OB-EVs have shown that many highly 
enriched proteins in EVs are similarly enriched in osteoblast-related pathways, including the mTOR pathway.80

Moreover, osteoblast-derived EVs contain 254 types of mRNAs specifically related to osteoblasts and EV-mediated 
functions, such as bone metabolism and osteoblast function.70 Most of the mRNAs are small RNA fragments with 
lengths of 25–1000 nucleotides82 that contain certain 3’-UTR fragments to protect the mRNA of recipient cells from 
miRNA degradation.86 Some OB-EVs contain medium-size full-length mRNAs.82 These results indicate that there are 
two different methods of information transmission of nucleic acids through OB-EVs: mRNA message translates into 
protein directly or 3’-UTR fragments completely bind miRNA to weaken its inhibition of translation.

miRNAs are another portion of the OB-EV content. Cui et al found that multiple miRNAs in OB-EVs, including miR-667- 
3p, miR-6769b-5p, miR-7044-5p, miR7668-3p and miR-874-3p, increase during bone mineralization. These miRNAs target 
axin, a negative regulator of the Wnt signaling pathway, to increase the expression of nuclear-located β-catenin and activate 
Wnt signaling. Furthermore, miR-140-3p contained in OB-EVs and BMSC-derived exosomes promote osteoblast 
differentiation.87–89 In the microenvironment of bone remodeling, EVs also deliver specific proteins, miRNAs (such as 
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miR214-3p, miR-183-5p, miR-196a) and growth factors (such as TGF-β) to osteoblasts to promote bone formation.68 In 
contrast, osteoblast differentiation is inhibited by adipocyte-derived EVs.90,91 Weilner et al found that senescent endothelial 
cells are miR-31 producers and deliver miR-31 in EVs. When miR-31 is captured by mesenchymal stem cells, it inhibits 
osteogenic differentiation by antagonizing its target gene frizzered-3.92

miRNAs of osteoblast lineage cell-derived EVs, such as those belonging to the let-7 miRNA family, can regulate the 
activity of osteoblasts through autosecretion.70 Exosomes from preosteoblast cell lines (such as MC3T3-E1) promote the 
osteogenic differentiation of BMSC cell lines (such as ST2) characterized by upregulated expression of osteoblast markers 
and enhanced matrix mineralization.89 miR-143-3p suppresses osteoblast differentiation by targeting Cbfb mRNA. The 
miR-218 content in osteoblast-derived EVs inactivates Wnt inhibitors and stimulates Wnt/β-catenin signaling to promote 
osteoblast differentiation of BMSCs.93 EVs derived from MC3T3-E1 osteoblast-like cells have been demonstrated to affect 
mineralization of the BMSC line ST2. These EVs contain multiple miRNAs, including miR-30d-5p, miR-133b, and miR- 
140-3p. A previous study showed that miR-30d-5p and miR-133b target RUNX2 to inhibit osteoblast differentiation.66,89 

miR-181a promotes osteoblast differentiation in C2C12 and MC3T3 cells by inhibiting TGF-β signaling molecules by 
targeting the TGF-β-induced osteoblast differentiation negative regulatory factors TGF-βI and TβRI/Alk5.94 In conclusion, 
osteoblast-cell-line-derived EVs targeting osteoblasts may promote osteoclast differentiation and osteoclastogenesis.95

At the first stage of mineralization, EVs secreted by osteoblasts are mainly matrix vesicles (MVs).65 Calcium (Ca) 
and inorganic phosphate (Pi) are absorbed by MVs to form hydroxyapatite crystals. These processes may have multiple 
impacts on collagen fibril synthesis and extracellular matrix mineralization. Active vitamin D is necessary for intestinal 
calcium absorption, and fibroblast growth factor 23 (FGF23) is a key regulator of phosphate metabolism. A lack of 
calcium or phosphate could impair bone mineralization. Overaction of FGF23 leads to renal phosphate consumption and 
impairs the activation of vitamin D. Extracellular phosphate regulates FGF23 expression through FGFR signaling, which 
suggests that phosphate metabolism is closely related to the FGFR pathway.96

Extracellular Vesicles and Osteoclasts
Mature osteoclasts and their precursors secrete EVs that are similar in size and morphology and express highly specific surface 
markers, such as EpCAM and tetraspanin CD63.70 EVs derived from osteoclast precursors enhance 1,25-dihydroxyvitamin 
D3-dependent osteoclast formation in mouse marrow cultures. In contrast, EVs from differentiated osteoclasts inhibit 
osteoclast formation.75,83 The underlying mechanism may be that EVs from mature osteoclasts contain RANK, which can 
compete with RANK on the surface of osteoclasts to bind to limited RANKL. However, a lower level of RANK is detected in 
EVs produced by osteoclast precursors.70,81 Removing EVs that contain RANK secreted by osteoclasts rescues their 
inhibitory effect on osteoclast formation.97 Therefore, EVs from mature osteoclasts can act as a RANK inhibitor.83

EVs derived from osteoclasts are engaged in modulating bone mineral metabolism through their proteins and nucleic 
acids. RANK-RANKL interactions can establish contact between osteoclasts and osteoblasts. RANK-rich EVs target the 
RANKL-rich membrane surface to deliver proteins, mRNAs, miRNAs and noncoding RNAs to regulate osteoblasts.83 

EVs secreted by osteoclasts interact with EphA2 on osteoblasts through ephrinA2 carried by EVs and thus specifically 
identify osteoblasts. miR-214-3p carried by osteoclast-derived EVs inhibits osteoblast differentiation by directly targeting 
ATF4.87 miR-214 may be a target for the diagnosis, treatment and prognosis of osteoporosis. These studies have shown 
that osteoclasts can communicate with osteoblasts through EVs to coordinately inhibit osteogenesis. Sun et al showed 
that miR-148, miR-21, miR-214 and miR-183A-5p are significantly upregulated in EVs secreted by osteoclasts.87 Among 
these miRNAs, only miR-21 and miR-148a are considered to promote osteoclast formation.68,70,98,99 Cui et al found that 
lncRNA MALAT-1 enrichment in HEK-293T cell-derived EVs inhibits miR-124 and enhances MMP9, CSK, CP5, and 
CAR2 expression, which results in increasing osteoclastogenesis and bone resorption.100

Extracellular Vesicles and Mesenchymal Stem Cells
Mesenchymal stem cells (MSCs) are multipotent stromal cells originating from bone marrow, fat and other mesench-
ymal tissue sources or derived from induced pluripotent stem cells (IPS-MSCs). EVs are one of the main components 
secreted by MSCs.101 EVs derived from a variety of MSC types have successfully induced bone formation in 
preclinical models.61 hBMSC-derived EVs induce angiogenesis and increase osteocalcin expression in rat skull 
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defects.102 A study confirmed that exosomes are required for bone repair by evaluating the effects of exosomes isolated 
from MSC-conditioned medium on bone fracture healing in CD9−/− mice. As we know, CD9−/− mice produce very low 
levels of exosomes. The delivery of EVs secreted by MSCs to bone fracture sites rescues the phenotype of delayed 
fracture healing. However, when conditioned medium is injected with exosomes, bone fractures could not heal as well 
as in the extracted exosome groups, suggesting that a high concentration of exosomes is needed for tissue repair.101

The contents of EVs isolated from the same type of cell may differ.61 BMSC-derived EVs have tetraspanin markers on their 
surface, including CD9, CD63 and CD81, and other markers, including HSP90, HSP70 and Flot-1.70 EVs of BMSCs may play 
a role in osteoblast differentiation, bone healing, bone protection and regeneration,75 among which EVs may act as mediators. 
Martin et al found that hBMSCs grown under osteogenic conditions release EVs with osteogenic induction potential by 
upregulating BMP2, SP7, SPP1, BGLAP/IBSP and ALP expression in undifferentiated BMSCs.103 There are differences in 
the therapeutic ability of BMSC-derived EVs, which may be due to differences in cell origin, cell age and other factors.61

The key elements of EV cargo are miRNAs and small noncoding RNAs that play crucial roles in bone-related gene 
expression and thus affect bone healing by regulating cell proliferation, differentiation, and apoptosis.87 EVs lose their osteogenic 
potential after prolonged incubation with RNases, which emphasizes the role of miRNAs in bone formation.61 A molecular 
analysis of MSC-derived exosomes in bone defect models revealed the presence of several highly expressed miRNAs,101 

including miR-29b-3p, which significantly increase the callus volume and density.98 Different miRNAs are involved in the 
regulation of the osteogenic differentiation of BMSCs,104 and these include miR-27a, miR-21, miR-217, miR-26a, miR-148a, 
miR-200b, miR-335-3p, miR-92a, miR-9, miR199b-5p, miR885-5p, miR-199b and miR-196a.32,87,105 A small number of 
miRNAs and pathways in BMSC-derived EVs, such as miR-21, miR-4532, miR125b-5p and miR-338-3p, are believed to 
play an important role in bone regeneration, and among these, miR-21 is an anti-apoptotic miRNA that can promote the 
osteogenic differentiation of MSCs.

Moreover, EVs derived from BMSCs participate in bone remodeling by regulating the proliferation and activity of 
osteoblasts and osteoclasts.81 MSC-derived EVs with miR31A-5P enhance adipogenesis, activate osteoclasts and decrease 
osteogenesis in aging rats, showing dual functions of osteogenic inhibition and osteoclastic generation.106 Qin et al found that 
miR-196a, miR-27a, and miR207 are upregulated in BMSC-derived EVs, and among these, miR-196a is the most osteogenic 
inducible factor.32 Luo et al found that the upregulation of many miRNAs, particularly miR-26a, in BMSC-derived EVs 
promotes osteogenesis. The silencing of miR-26a completely eliminates the osteogenic potential of BMSC-derived EVs 
in vitro.107 Ji-feng Xu et al found that BMSC-derived EVs upregulate let-7a, miR-199b, miR218, miR-148a, miR-135b, 
miR203, miR299-5p and miR-302b expression in osteoblastic differentiation and significantly decrease the levels of miR-221, 
miR-155, miR-885-5p, miR-181a and miR-320.104,105 The overexpression of miR-885-5p by delivered hBMSCs-EVs impair 
wnt5a and runx2 expression, which ultimately dampens the osteogenic potential of hBMSCs.66

Extracellular Vesicles in Multiple Cell Interactions
With the communication between different types of cells, bioinformation interflows among them. There are different 
ways of intercellular communication: direct contact between cells, communication by secreted chemicals and gap 
junctions. EV secretion is an important method for the transfer of cargoes to target cells. Thus, intercellular commu-
nication through EVs is a type of communication via secreted chemicals. The effects of this type of cell communication 
depend on cargos carried by EVs to target cells. As reviewed above, multiple cell types, such as osteocytes, osteoblasts, 
osteoclasts, MSCs and BMSCs, produce EVs targeting neighboring or remote cells or bone matrix. The contents of EVs 
participating in bone homeostasis are organized into a table for reference (Table 1). The schematic image of these cell 
communication processes was shown in Figure 2 and the specific references can be found in Table 1.

BMSC-derived EVs could be effectively internalized by targeted osteoblasts and thus upregulate the expression of 
osteoblast-related genes and promote osteoblast differentiation.32 MSC-derived exosomes can firmly bind extracellular 
matrix proteins, such as type I collagen and fibronectin, to the bone surface.108 Conversely, the content of osteoblast- 
derived exosomes, such as EIF2, can induce osteoblastic differentiation of MSCs.80 The RANK-RANKL interaction 
makes osteoclast-osteoblast communication by EVs possible. Deng et al showed that RANKL-rich exosomes released by 
osteoblasts stimulate osteoclast formation.76 The paracrine release of RANK-rich exosomes from osteoclasts targets 
osteoblasts to inhibit their activity.70,109 Moreover, ephrinA2 carried by osteoclast-derived EVs interacts with EphA2 on 
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osteoblasts. EVs secreted by osteoclasts containing miR-214-3p can target osteoblasts and inhibit osteogenesis.110 miR- 
214 directly targets ATF4 to inhibit the activity of osteoblasts, whereas reverse signaling through ephrinA2 into 
osteoclasts enhances osteoclast formation.109 EVs derived from osteoblasts carrying miR-125b can be transferred to 
the bone matrix and then inhibit the differentiation of osteoclast precursors, thereby increasing the bone mass in mice.111

Extracellular Vesicless with Biomaterial Scaffolds in Bone Regeneration
Taking advantage of EVs in cell communication, several studies have combined EVs and biomaterials to construct functionalized 
implants for use in bone repair (Tables 2 and 3).112 When applied with biomaterials, the source of EVs is not restricted to bone- 
related cells. Cell-free exosome-coated 3D-printed titanium alloy scaffolds show efficiency for bone regeneration.113 The 
combination of hiPSC-MSC-exosomes and β-TCP scaffolds can promote osteogenesis and angiogenesis and thus improves 
bone regeneration.114,115 Li et al used polydopamine (pDA) to modify a poly(lactic-co-glycolic acid) (PLGA) scaffold and then 
loaded the scaffold with exosomes derived from human adipose tissue-derived stem cells (hASCs). The results indicated that the 
resulting scaffold can release exosomes slowly and constantly in vitro and enhance bone regeneration in vivo.116 Wei et al utilized 
BMP2-treated macrophage-derived exosomes to modify titanium nanotube implants, and this incorporation increases alveolar 
bone osteogenesis around implants.117 Mineral-doped PLA-based porous scaffolds combined with MSC-derived exosomes exert 

Table 1 Content of EVs Contributing to Bone Homeostasis

Origin # Contents Function

EVs from 
osteocytes

1 RANKL May promote osteoclast formation33

EVs from 
osteoblasts

2 miR-218 Promotes osteoblast differentiation of BMSCs93

3 EIF2 Induces osteoblastic differentiation of MSCs80

4 RANKL Promotes osteoclast formation76,83

5 miR-140-3p Promotes osteoblast differentiation87,125

EVs from 
osteoclasts

6 miR-21 Promotes osteoclast formation70,98

7 miR-148a Promotes osteoclast formation70,99

8 RANK Inhibits osteoclast formation83

9 miR-214 miR-214 directly targets ATF4 to inhibit the activity of osteoblasts, whereas the reverse 
signaling through ephrinA2 into osteoclasts enhances osteoclast formation.97

EVs from BMSCs 10 miR-885-5p Dampens the osteogenic potential of hBMSCs66

11 miR-196a Promotes osteoblast differentiation32,126

12 miR31a-5p Inhibits osteogenesis and activates osteoclast generation106

13 miR-26a Promotes the osteogenic differentiation of MSCs107

14 miR-21 Promotes the osteogenic differentiation of MSCs127

15 miR-218 Promotes osteoblast differentiation128

16 miR-148a Promotes osteoclast differentiation99

EVs from osteoblast 

precursors

17 miR-218 Promotes osteoblast differentiation128

18 miR-181a Promotes osteoblast differentiation of C2C12 and MC3T3 cells94

19 miR-148a Promotes osteoclast differentiation99

Notes: #1: EVs derived from osteocytes; #2–5 EVs derived from osteoblasts; #6–9: EVs derived from osteoclasts; #10–16: EVs derived from BMSCs; #17–19: EVs from 
osteoblast precursors.
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promising osteogenic results and bone healing efficiency.118 Swanson et al encapsulated exosomes derived from hDPSCs in 
PLGA and poly(ethylene glycol) (PEG) triblock copolymer microspheres and then incorporated them into nanofibrous PLAA 
scaffolds. These scaffolds can promote BMSC differentiation and mineralization and thus increase osteogenesis.119 Wang et al 

Figure 2 Interaction of EVs and multiple cells during bone homeostasis. 
Note: Parts of the figure were created using images from Servier Medical Art by Servier, licensed under a Creative Commons Atribution 3.0 Unported License (https:// 
smart.servier.com/).

Table 2 General Characteristics of EV-Functionalized Biomaterials

Origin Model Time Outcome Refs

hBMSCs Rat radial bone defect model 4 and 12 weeks Enhances cell–free bone regeneration [113]

hiPSC- 

MSCs

Ovariectomized rat critical-sized bone 

defect model

2 months Stimulates bone regeneration and angiogenesis [114]

hiPSC- 

MSCs

Rat critical-sized calvarial defect model 8 weeks Enhances osteogenesis [115]

hASCs Mouse skull defect model 6 weeks Promotes osteogenesis [116]

hDPSCs Mouse calvarial defect model 8 weeks Recruits endogenous cells and stimulates bone 

tissue neogenesis

[119]

hucMSCs Rat femoral bone defect model 30, 60, and 90 days Accelerates new bone formation and improves 

osseointegration

[120]

hucMSCs Rat critical-sized calvarial defect model 8 weeks Promotes bone regeneration and angiogenesis [121]

BMSCs Rat femoral drilling model 8 weeks Enhances osseointegration and bone regeneration [122]

BMSCs Rat critical-sized calvarial defect model 12 weeks Increases bone formation [123]

MSCs Rat calvarial defect model 4 and 8 weeks Promotes bone regeneration [124]
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synthesized a type of coralline hydroxyapatite (CHA)/silk fibroin (SF)/glycol chitosan (GCS)/difunctionalized polyethylene 
glycol (DF-PEG) self-healing hydrogel, which can be used as a scaffold to combine human umbilical cord mesenchymal stem cell 
(hUCMSC)-derived exosomes for promoting bone defect healing.120 Yang et al developed an injectable hydrogel system that 
embeds hydroxyapatite (HAP) in in situ cross-linked hyaluronic acid-alginate (HA-ALG). The combination of hUCMSC-derived 
exosomes and the hydrogel system significantly promotes bone regeneration.121 Fan et al combined BMSC-derived exosomes 
and tannic acid-modified sulfonated polyether ether ketone (TA-SPEEK) and developed BMSC-derived exosome-functionalized 
implants, which play a significant role in osteoimmunomodulation and thus promote osteogenesis both in vitro and in vivo.122 Liu 
et al delivered lyophilized BMSC-derived exosomes to a mesoporous bioactive glass (MBG) scaffold. The implant enhances the 
bone reparative cavity in a rat cranial defect model.123 Huang et al showed that when MSC-EVs are encapsulated in 3D hydrogels, 
they can prolong delivery while also maintaining the EV structural integrity and osteoinductive functionality in vitro and 
enhancing bone regeneration in vivo. These hydrogels may possibly be formulated as an injective material or a bulk hydrogel 
that is suitable for regenerative medicine applications.124

Conclusion and Prospective
Bone homeostasis is modulated by relevant cell communication through EVs. Osteoclast-derived EVs regulate bone 
matrix mineralization and the differentiation of osteoblasts and osteoclasts. OB-derived matrix vesicles are involved in 
matrix mineralization. OB-EVs and their contents (nucleic acids, proteins) mediate intercellular communication in bone. 
Premature osteoblast-derived EVs promote osteogenic differentiation and thus promote bone formation, whereas mature 

Table 3 Application of EV-Loaded Biomaterials

Model Delivery Platform Loading Outcome Refs

Form Material Origin Type

Rat radial bone defect 

model

3D porous 

scaffolds

Titanium alloy hBMSCs EVs Enhances cell-free bone 

regeneration

[113]

Ovariectomized rat 

critical-sized bone defect 
model

Porous scaffolds Tricalcium phosphate  

(β-TCP)

hiPSC-MSCs EVs Stimulates bone regeneration 

and angiogenesis

[114]

Rat critical-sized calvarial 
defect model

Porous scaffolds Tricalcium phosphate 
(β-TCP)

hiPSC-MSCs EVs Enhances osteogenesis [115]

Mouse skull defect model Cylindrical 
scaffolds

PLGA/pDA hASCs EVs Promotes osteogenesis [116]

Mouse calvarial defect 
model

Nanofibrous 
microporous 

scaffolds

Triblock PLGA-PEG-PLGA 
microspheres

hDPSCs EVs Recruits endogenous cells and 
stimulates bone tissue 

neogenesis

[119]

Rat femoral bone defect 

model

Injectable 

hydrogel

CHA/SF/GCS/DF-PEG hucMSCs EVs Accelerates new bone formation 

and improves osseointegration

[120]

Rat critical-sized calvarial 

defect model

Injectable 

hydrogel

HAP-embedded in situ 

cross-linked HA-ACG 

hydrogel

hucMSCs EVs Promotes bone regeneration 

and angiogenesis

[121]

Rat femoral drilling model Porous scaffolds TA modified SPEEK BMSCs EVs Enhances osseointegration and 

bone regeneration

[122]

Rat critical-sized calvarial 
defect model

Porous scaffolds MBG BMSCs EVs Increases bone formation [123]

Rat calvarial defect model Injectable 
hydrogel

Alginate-RGD hydrogels 
containing FEEs

MSCs EVs Promotes bone regeneration [124]
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osteoblast-derived EVs deliver RANKL to promote osteoclast formation. Premature osteoclast-derived EVs enhance 
osteoclast formation. However, mature osteoclast-derived EVs inhibit osteoclast formation. BMSC-EVs or MSC-EVs are 
crucial in bone remodeling, bone healing, bone protection and regeneration. In addition, different types of cells interact 
with each other and orchestrate bone homeostasis and regeneration.

Even though bone cell-derived EVs display potential functions, the application of EVs only in regeneration medicine 
is a difficult challenge. Thus, strategies that combine EVs with modified biomaterials have emerged for the functiona-
lization of implants in bone repair and have shown remarkable progress. However, there is still some way to go before 
bone-cell-derived EVs can be applied in the clinic. The sources of EVs, the selected cargos in EVs, the optimized 
biomaterials and the preservation of biological agents need further in-depth research.

Overall, EVs play indispensable and multidimensional roles in bone homeostasis, particularly in cell communication, cell 
differentiation and extracellular matrix deposition. Elucidating the role of EVs in the maintenance of bone homeostasis indicate 
a new direction for bone regeneration in the future and identify potential biomarkers for bone metabolism-related diseases.

Abbreviations
EVs, extracellular vesicles; ILVs, luminal vesicles; MVB, multivesicular bodies; BMSC, bone marrow stem cell; MVs, 
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