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Abstract: Extracellular vesicles (EVs) can deliver various bioactive molecules among cells, making them promising diagnostic and
therapeutic alternatives in diseases. Mesenchymal stem cell-derived EVs (MSC-EVs) have shown therapeutic potential similar to
MSCs but with drawbacks such as lower yield, reduced biological activities, off-target effects, and shorter half-lives. Improving
strategies utilizing biotechniques to pretreat MSCs and enhance the properties of released EVs, as well as modifying MSC-EVs to
enhance targeting abilities and achieve controlled release, shows potential for overcoming application limitations and enhancing
therapeutic effects in treating bone-related diseases. This review focuses on recent advances in functionalizing MSC-EVs to treat bone-
related diseases. Firstly, we underscore the significance of MSC-EVs in facilitating crosstalk between cells within the skeletal
environment. Secondly, we highlight strategies of functional-modified EVs for treating bone-related diseases. We explore the
pretreatment of stem cells using various biotechniques to enhance the properties of resulting EVs, as well as diverse approaches to
modify MSC-EVs for targeted delivery and controlled release. Finally, we address the challenges and opportunities for further research
on MSC-EVs in bone-related diseases.
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Introduction

The skeletal system undergoes a continuous process of remodeling, which involves both formation and degradation of
bone tissues.! Multiple types of cells contribute to the maintenance of bone homeostasis. When the balance between bone
synthesis and absorption is disrupted by intrinsic or extrinsic stimuli, it can lead to the development and progression of
various bone diseases and defects, including metabolic disorders, inflammation, degeneration, neoplasms, and others.>?
Various therapeutic strategies have been used in addressing different bone diseases, including physical therapy, medica-
tions, and surgical interventions.*® Among these, pharmacological treatments have evolved significantly owing to
advances in bone biology research. For conditions like osteoporosis and osteoarthritis, drugs such as glucosamine,
estrogen replacements, and chondroitin sulfate are commonly prescribed.*” However, delivering these drugs specifically
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to the affected bone tissue poses challenges when administered orally or via intravenous injection, largely due to bodily
excretion processes and the complex nature of the diseased skeletal tissues.® Additionally, the potential toxic effects on
other organs and adverse systemic reactions remain concerns. Due to the intrinsic regenerative and anti-inflammatory
capacities, MSCs-based cell therapy has also been extensively studied for bone related diseases. However, this strategy is
faced with risks associated with tumorigenesis, potential immune reactions and long-term adverse effects.””'! Therefore,
research should prioritize the development of targeted, sustained-release, and safe drug delivery systems to address these
issues effectively.

Extracellular vesicles (EVs) are nanoscale cell-derived vesicles. The discovery that EVs can deliver various bioactive
molecules among cells makes them promising diagnostic and therapeutic alternatives in many fields.'*'* For example,
the dual roles that EVs play in the pathogenesis and treatment of osteoarthritis (OA) have been proved.*'>'® EVs derived
from MSCs (MSC-EVs) possess therapeutic potential identical to that of MSCs, which encompasses various effects such
as inducing angiogenesis, promoting cell proliferation and migration, preventing apoptosis, and exerting anti-

17719 Moreover, recent breakthroughs in nanotechnology have also prompted the rapid development

inflammatory effects.
in EV-based treatment. MSC-EVs possess inherent biocompatibility, biodegradability, and non-immunogenicity, making
them promising nanomaterials for drug delivery applications.”” These characteristics position MSC-EVs as a promising
modality in various EV-based treatments for bone-related diseases. Despite the promising possibilities, two main hurdles
exist when we translate MSC-EVs into clinical applications in the field of bone-related diseases. Firstly, previous reviews
have comprehensively summarized the types of MSCs from different sources including bone marrow, adipose tissue,
synovium, amnion, and umbilical cord, etc. and analyzed the pros and cons among them, especially for OA
treatment.'®'7! However, the limited expansion capability of MSCs and the lack of standard methodology for EV
isolation and purification may lead to low yield and reduced biological activities of MSC-EVs.**** Secondly, despite the
favorable features such as low immunogenicity and protection for loaded cargo, several limitations arising from the off-
target effect and low half-lives of EVs in free form may restrict the application. Accordingly, optimizing EV-based
strategies through biotechniques to pretreat MSCs for enhancing the properties of excreted EVs, as well as to modify
MSC-EVs to improve targeting ability and achieve controlled release, holds promise in overcoming these application
limitations and enhancing therapeutic effects for the treatment of bone-related diseases.

In the present review, communication between different cell types via EVs will be comprehensively presented since
EVs can function as biological mediators and play an important role in the both pathogenesis and treatment of diseases. It
is followed by a discussion of strategies for that MSC-EVs can be potentially modified for a broader range of bone
disease therapies, as illustrated in Figure 1.

Characteristics of MSC-EVs

EV is generally considered as particles delimited by a lipid bilayer, which can be naturally released by almost all cell
types. According to biogenesis and size, EVs fall into two major subtypes: exosomes and ectosomes.>* 2 Exosomes are
produced originally inside multivesicular endosomes (MVESs) or multivesicular bodies (MVBs) and are secreted as very
small vesicles with a size range of 30 to 150 nm when MVEs or MVBs fuse with the plasma membranes.'*?>?’
Ectosomes are generated in the process of direct budding from the plasma membrane, which display a broader range of
sizes (50 to 1000 nm in diameter) and are generally known in the literature as microvesicles (MVs) or microparticles
(MPs). Although the findings of EVs heterogeneity are continuously evolving, currently limited purification protocols
and analytical procedures make distinguishing the EV heterogeneity still challenging as these subtypes show overlap in
size and constituents. Therefore, some studies may reflect the function of exosomes mixed with other EVs. In this review,
EV refers to exosomes in general.

As a cellular product, MSC-EVs are released by MSCs from various tissues with a size range of 50-200 nm.
Specifically, MSC-EVs can be characterized by surface antigens (CD73, CD90, and CD105) and the absence of non-
MSC markers (CD45, CD34, CD14 or CD11b, CD79alpha or CD19, and HLA-DR), as well as CD31, CD41, CD42,
CDY, CD81, and P-selectin derived from serum or platelet lysate.”**° Additionally, MSC-EVs can be distinguished by
analyzing the ratio of specific membrane lipids to proteins and the ratio of sphingomyelin to phosphatidylcholine.*%'

Meanwhile, the cargo encapsulated in MSC-EVs reflects the status of their parental cells. Different cargo-sorting
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Figure | Schematic summary of the cross-talk functions of EVs and EV-based treatment strategies for bone-related diseases. EVs serve as an important communicator
between cells and organs related to the skeletal system and regulate cellular function. The strategies of functional-modified EVs for bone-related disease treatment can be
summarized into two aspects. First, parental cells can be pretreated with different techniques to improve the properties of EVs. Second, surface modification of EVs and the
following combination with different carrier systems enables the targeted delivery and sustained release of EVs, which can optimize and broaden the application of EVs.
Abbreviations: MNPs, magnetic nanoparticles; SMF, static magnetic field.

mechanisms contribute to the content heterogeneity of MSC-EVs.2%? To ensure the biological effects of MSC-EVs, it is
crucial to preserve their biological integrity. We can measure the enzyme activity of CD73, known as a key MSC surface
marker, to reflect the integrity of the cargo.’*!

Although the precise itinerary that MSC-EVs travel from donor cells to acceptor cells remains unclear, previous
studies have depicted several significant aspects. The surface molecules of EVs tend to guide them to recipient cells and
protect the internal contents from degradation simultaneously. Once attached to a target cell, EVs can enter cells through
various pathways, including receptor-ligand interaction, internalization by endocytosis and/or phagocytosis, or direct
fusion with the plasma membrane.'>?*?"** The surface protein CD47 of EVs allow them to escape from endosomal
clearance, however, they may exhibit contradictory results attributed to different cell sources, isolation procedures or
specific surface profiles.*> Nevertheless, EVs possess the ability to exert their influence on recipient cells through direct

delivery of specific cargo into the cytosol.

Cross-Talk Functions of MSC-EVs Involved in the Skeletal

Microenvironment
Communication between cells is an important hallmark of multicellular organisms and can be modulated through direct
intercellular contact or transfer of bioactive molecules. In the last decades, studies have focused on the role of EVs which

can exchange information between cells and organs related to the skeletal system.***
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Maintaining the Homeostasis of Bone Metabolism

In bone-related diseases, the destructive process involving the resorption of bone by osteoclasts is usually coupled with
a productive process in which osteoblasts synthesize bone. Homeostasis in bone metabolism is determined by the delicate
balance between bone resorption and bone formation. Osteoclasts, originating from hematopoietic stem cells (HSCs),
exert a unique function in the resorption of bone matrices.>® Conversely, osteoblasts and their constituent progenitor cells
are derived from MSCs.”’ To maintain bone remodeling, the coordinated regulation and communication between
osteoblasts and osteoclasts is tightly controlled by the secretion of regulatory factors, such as Cardiotrophin-1,
Semaphorin 4D, Ephrin B2, and Ephrin B4.*® In addition, studies have also reported that MSC-EVs could affect the
activity of osteoblasts and osteoclasts directly or indirectly, and function as cell-cell communicators between osteoblasts
and osteoclast.>® Exosomal cargo, especially some miRNAs and mRNAs, undergoes differential expression when bone
marrow MSCs differentiate into osteoblasts. MSC-EVs can be internalized by primary osteoblasts directly, which may
potentiate osteogenic differentiation by promoting osteoblast proliferation, upregulating osteogenic signaling pathways or
binding directly to extracellular matrix proteins to improve matrix mineralization.*>** Their pro-osteogenic properties are
primarily from exosomal miRNAs (miR-196a, miR-27a, and miR-206) derived from bone marrow mesenchymal stem
cells (BMSCs). Additionally, the Wnt-3a protein content was found to be elevated in the EVs derived from adipose
tissue-derived MSCs primed with tumor necrosis factor-alpha (TNF-a), thereby enhancing the efficacy of bone
regeneration.***'*? Therefore, MSC-EVs may exert their capacity through a systematic route rather than a single
component. EVs extracted from MSCs have also been shown to influence osteoclast formation. A study about alveolar
bone deterioration elucidated that EVs from BMSCs of osteoporosis rats after tooth extraction could accelerate
osteoclastogenic differentiation of osteoclast precursor cells.* These studies highlight the diverse possibilities of
communication between osteoblasts and osteoclasts via MSC-EVs.

Regulating Immune Responses

The close relationship between the immune and skeletal systems has long been appreciated. In the bone marrow, cells are
functionally divided into cells engaged in bone metabolism and hematopoietic cells involved in immune responses. Bone
cells and hematopoietic cells reside in the same microenvironment and display mutual dependency with tremendous
shared molecules such as chemokines, cytokines and etc.***” They interact with each other and carry out the functional
activities of the bone system.*® Exosomes are excellent intercellular messengers among hematopoietic, mesenchymal,
and bone cells in bone marrow.***** The forthcoming section will delve into the intricate role of exosomes in facilitating
communication between immune cells, with a particular focus on macrophages, and MSCs. This communication plays
a crucial role in the regulation of immune responses associated with bone health within the bone marrow
microenvironment.

Accumulating evidence has shown that EVs secreted by MSCs could regulate inflammatory and immune responses in
bone-related diseases.’®>* For instance, BMSC-EVs could inhibit macrophage activation and exert chondroprotective
effects in osteoarthritis.”> MSCs could de-sensitize macrophages to mitochondrial transfer and enhance macrophages
bioenergetics via transferring exosomal microRNAs that inhibited Toll-like receptor signalling.’® Macrophages (MO0)
could be divided into classical activation subtype (M1 phenotype) and alternative activation subtype (M2 phenotype). M2
macrophage polarization upregulates the expression of arginasel (Arg-1) and CD206, which is conducive to tissue
repair.’”>® A recent study has revealed that exosomal CD73 could directly regulate M2 macrophage polarization by
activating AKT/ERK signaling pathway through specific adenosine receptors.”® TNF-o preconditioned MSC-EVs could
induce macrophage M2 polarization and elevate respiratory markers which positively repaired calvarial tissues.®’
Enhanced macrophage polarization to M2 was also observed by MSC-EVs pretreated with interleukin-1p.°" The above
studies have demonstrated that MSC-derived EVs could function as immunomodulatory mediators aimed at modulating
the phenotypes and properties of macrophages. It has also been demonstrated that M2 macrophage polarization has
a positive impact on facilitating MSC-mediated osteogenesis.®” For example, M2-type macrophages derived from mouse
bone marrow macrophages enriched miR-5106. M2 macrophage-derived exosomes (M2-exosomes) containing miR-5106

can promote osteogenic differentiation of BMSCs and accelerate fracture healing in vivo by targeting the expression of

3236 e International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Wang et al

osteogenic-related genes SIK2 and SIK3.% Recent study has revealed that M2-exosomes could serve as an immunomo-
dulator to transform M1 into M2 macrophages via the phosphatidylinositide 3-kinase/protein Kinase B (PI3K/AKT)
pathway and aid in the enhancement of osteogenic differentiation in BMSCs.®* In addition, after induction into M2
macrophages, murine bone marrow-derived macrophages can secrete miR-21, interfere with the normal signal of the
PTEN/PI3K/AKT signaling pathway, and thus regulate the biological behavior of a variety of tumors, including
osteosarcoma.®>*® Unexpectedly, compared to exosomes from MO and M2, exosomes from M1 have a stronger
stimulating effect on the proliferation, osteogenesis, and adipogenic differentiation of BMSCs and all three types of
exosomes harmed the chondrogenic differentiation of BMSCs.®” The above findings indicate that the exact mechanisms
of the macrophage-derived EVs still need to be further investigated and could be used as an effective therapeutic strategy
for the bone-related disease.

Accommodating Vascularized Osteogenesis

Previous evidence has revealed that angiogenesis in bone is coupled with osteogenesis, indicating the existence of
molecular crosstalk between endothelial and osteoblastic cells.®**” Exosomes may function as one of the underlying
molecular regulators. Several studies suggested that exosomes from MSCs exert a critical effect on the neo-osteogenesis
through simultaneous osteogenesis and angiogenesis.””’' These MSC-exosomes could be internalized by the host
endogenous progenitors such as osteoblast precursor cells or vascular endothelial cells followed by the up-regulation
of osteogenesis- or angiogenesis-related genes, which is mainly caused by the exosomal signaling. For example, the
exosomes derived from BMSCs exhibited the ability to expedite both the proliferation and migration of human umbilical
vein endothelial cells (HUVECs) and mouse embryo osteoblast precursor cells and contributed to bone fracture healing
eventually.”' The transplantation of exosomes extracted from the human umbilical cord under hypoxia (hypo-exos)
effectively enhanced the healing process of bone fracture. Subsequent investigation revealed that this phenomenon occurs
as a result of hypo-exos facilitating the transfer of exosomal miR-126, thereby promoting proliferation, migration, and
tube formation in recipient HUVECs.”* Similarly, exosomes secreted by endothelial progenitor cells could enhance the
angiogenic potential of endothelial cells in a manner depended on exosomal miR-126 and ensure the acceleration of
distraction osteogenesis.”> Furthermore, the miR-126 has been found to be associated with the SPREDI/Ras/Erk
signaling pathway.’>’* In addition, the functional role of long noncoding RNAs (IncRNAs) through exosome cargo in

- mice model, a mouse model of skeletal

regulating angiogenesis and osteogenesis has also been elucidated in the CBS
loss associated with mutation in the Cystathionine B-synthase (CBS) enzyme. The exosome derived from BMSCs in
CBS™" mice model is abundant in IncRNA-19 and facilitates communication between BMSCs and endothelial cells in
maintaining bone homeostasis through Inc-H19-Angptl/Tie2 signaling pathway.”* Therefore, the role of exosomes
involved in affecting osteogenic differentiation and angiogenesis has provided new insight into the basic mechanisms

of bone reconstruction and homeostasis.”>

Modulating Bone Innervation

Bidirectional communication exists between nerves and bones. Within the bone tissue, nerve terminals play a crucial
regulatory role in the processes of bone development, turnover, maintenance and regeneration.”®’” Nerves possess the
ability to deliver signals and exert an effect on bone homeostasis via neurotransmitters and neuropeptides which can be
utilized by bone in turn to regulate neuronal differentiation and nerve growth.”®®® Cells residing in the bone are known
to influence sensory neurons, either by promoting or inhibiting axonal growth.®'*? Over the past decade, emerging
findings have revealed that EVs may play an crucial role in regulating the bone innervation. A recent study found that
under non-pathological conditions, the osteoclast-induced axonal outgrowth of sensory neurons was modulated by the
osteoclast-derived EVs rather than netrin-1, one kind of the neurotrophins, that osteoclasts utilized to induce nerve
outgrowth during an inflammatory state. The osteoclast-derived EVs then activated the epidermal growth factor
signaling. This novel finding provided a new way to intervene and mitigate the adverse effects of uncontrolled bone
innervation.®> Exosomes derived from BMSCs (BMSC-exosomes) prolonged the survival of retinal ganglion cells and
facilitated axons regeneration. Therefore, it exhibited the potential for the treatment of traumatic and degenerative ocular
diseases.®* The therapeutic potential to reduce aberrant nerve invasion of the BMSC-exosomes was also demonstrated in
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a mice model of Lumbar facet joint osteoarthritis (LFJ OA). BMSC-exosomes inhibited CGRP-positive nerve invasion
and abnormal angiogenesis in the subchondral bone area, thus mitigating chronic pain caused by LFJ OA effectively.
Furthermore, BMSC-exosomes were found to suppress osteoclastogenesis by inhibiting the RANKL-RANK-TRAF6
signaling pathway, thus attenuating cartilage degeneration and promoting subchondral bone remodeling during OA
progression.®> In addition, Schwann cell-derived exosomes show the ability to induce BMSCs to differentiate into
Schwann cells in vitro and participate in the neural regeneration further. This discovery may present a novel therapeutic
target for the advancement of nerve regeneration after injury.*® Taken together, it provides insights into the involvement
of EVs in the dynamic communication between skeletal tissues and nerves, especially for the future exploration and
exploitation of EV-based strategies to treat patients suffering from sustaining pain, although the precise mechanism
requires further investigation.

Strategies of Functional-Modified MSC-EVs for Bone-Related Disease

Treatment

The application of MSC-EVs in complex and diverse clinical scenarios is faced with several challenges, including the
need for demanding separation and purification processes, and suboptimal sizes.*”*® Furthermore, natural MSC-EVs are
prone to undergo rapid clearance after systemic administration and may be found mainly in the liver and spleen rather
than the targeted bone or cartilage.®”**°" Besides, rehabilitation of bone defects can be time-consuming, thus constant
release instead of robust release is more suitable for tissue regeneration.”’”* Recent efforts have focused on enhancing
the therapeutic impact of EVs through their modification and integration with other emerging modalities. This section
summarizes the modalities for obtaining functionalized MSC-EVs into two main categories: pretreatment of stem cells
using various techniques to confer improved properties to the resulting EVs, and utilization of the available strategies for
targeted drug delivery to manipulate endogenous EV biodistribution and controlled EV release.”**** Table 1 summarizes
therapeutic applications of functional-modified MSC-EVs for bone-related diseases.

EVs Derived from MSCs Pretreated with Different Techniques

Small Molecules

Small molecules are non-peptide compounds generated from either natural or synthetic ways with a low molecular
weight smaller than 1 kDa, which enables them to efficiently penetrate cellular membranes and modulate intercellular
signaling pathways.'*®'>” Recent studies have shown that small molecules have the potential to facilitate EV shedding
and enhance production possibly via a cell-specific process while preserving the innate composition and function of EVs
at the same time. The yield of MSC-exosomes is significantly increased threefold in response to N-methyldopamine and
norepinephrine without altering their pro-angiogenic, anti-inflammatory, and anti-fibrosis bioactivity. This enhancement
can be attributed to several enriched exosomal proteins, including COL15A1, COL11A1, LOXL2, AGRN, NID2,
HSPG2 and COMP.®® A small heterocyclic compound Kartogenin has been recommended for regenerative
medicine.*® EVs derived from Kartogenin-reconditioned MSCs were discovered to possess chondrogenesis-inducing
potential via enriched miR-381-3p and demonstrate pronounced regeneration in cartilage repair compared with those EVs
secreted from untreated MSCs."**!3* It is also proved that curcumin-treated MSCs could yield EVs to modulate the
expression of miR-143 and miR-124 and attenuate osteoarthritis.”>

Inflammatory Cytokines

Inflammatory cytokines can trigger MSCs to respond and exert their regulatory functions within the existing micro-
environment. Since EVs can inherit the properties from their parental cells, moderate stimulation of stem cells with
inflammatory cytokines can enhance the immunomodulatory abilities of EVs.'®!314 TNF-q preconditioning enabled
human gingival tissue-derived MSCs (hGMSCs) to secret EVs with enhanced CD73 expression and enriched exosomal
miR-1206b, and theses EVs facilitated M2 macrophage polarization and suppressed periodontal bone loss.'”> When
exposed to TNF-o (20 ng/mL) and IFN-y (20 ng/mL), EVs derived from human BMSCs (hBMSCs) can reduce the
secretion of pro-inflammatory cytokines and attenuate inflammation.'*® Similarly, small EVs derived from adipose-
derived MSCs (ADSCs) under the same inflammatory environment, as referred to in Figure 2, are found to transfer more
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Table | Summary of Therapeutic Applications of Functionalized MSC-EVs for Bone-Related Diseases

Diseases Pretreated Strategies In vivo Model Delivery Route of Therapeutic Effects Ref.
Cells/ MSC-EVs
Modified EVs
Degenerative | BMSCs Coculturing with curcumin Mouse OA model Intra-articular Attenuated OA progression [95]
diseases injection
SMSCs Lentivirus transfection with miR-140-5p Rat knee OA model Intra-articular Prevented OA with minimal influence of [96]
injection ECM secretion
BMSCs Hypoxia preconditioning Rat knee OA model Intra-articular Improved cartilage repair and relieved OA | [97]
injection
SMSC-EVs Encapsulation by injectable thermosensitive PDLLA-PEG- | Rat knee OA model Intra-articular Slow-release of EVs and prevented OA [98]
PDLLA triblock copolymer gels injection with progression
hydrogel
iPSC-EVs Surface modification of bone-targeting peptide and OVX-induced Intravenous injection Targeted delivery of siShn3 to osteoblasts | [99]
loading siShn3 by electroporation osteoporosis mouse and integrated anti-osteoporosis effects
model
BMSC-EVs Surface modification of Aptamer OVX-induced Intravenous injection Delivery into BMSCs within bone [100]
osteoporosis mouse marrow; Bone mass enhancement
model
mMSC-EVs Coupled alendronate via click chemistry OVX-induced Intravenous injection High affinity for bone; Protection against | [101]
osteoporosis rat model osteoporosis
Inflammatory | hGMSCs Coculturing with TNF-o Ligature-induced Periodontal injection Enhanced M2 macrophage polarization [102]
diseases periodontitis mouse and suppressed periodontal bone loss
model
DPSC-EVs Encapsulation by chitosan hydrogels Ligature-induced Injection into defects | Continuous release of EVs from hydrogels | [103]
periodontitis mouse with hydrogel and alleviated periodontitis
model
Immuno- BMSCs Coculturing with TGF-33 Collagenase-induced Intra-articular Inhibited macrophage activation and [55]
inflammatory arthritis mouse model injection protection from cartilage and bone
diseases degradation.
(Continued)
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Table | (Continued).

Diseases Pretreated Strategies In vivo Model Delivery Route of Therapeutic Effects Ref.
Cells/ MSC-EVs
Modified EVs
ADSCs Coupled dextran sulfate via click chemistry mediated by | Collagen-induced Intravenous injection Targeted accumulation in the inflamed [104]
metabolic glycoengineering arthritis mouse model joints; Reprogrammed macrophage
phenotype with a 10-fold less dose
Neoplastic BMSC-EVs Mixing with Doxorubicin hydrochloride Tumor xenograft mouse | Intravenous injection Enhanced therapeutic efficiency against [105]
diseases model osteosarcoma
BMSCs Transfected miR-206 mimic by Lipofectamine 3000 Tumor xenograft mouse | Intravenous injection Suppressed osteosarcoma progression [106]
model
hMSCs Transfected has-miR-150 by Lipofectamine 2000 Tumor xenograft rat Injection into the Inhibited migration and invasion of [107]
model intradermal left axilla. | osteosarcoma cells and the growth of
transplanted tumors
Traumatic SHEDs Hypoxia preconditioning Rat calvarial defect Injection into defects | Continuous release of EVs for 2| days and | [108]
diseases model with microspheres promoted vascularized bone regeneration
SHED-EVs Solution adsorption to lyophilized PMS-PDA
microspheres
BMSCs Hypoxia preconditioning Rat calvarial defect Injection into defects | Enhanced osteogenic differentiation and [109]
model with hydrogel expedited bone regeneration
hBMSCs Lentiviral transfection with BMP2 Rat calvarial defect Injection with Enhanced the bone regenerative capacity | [I10]
model Zimmer collagen tape
hADSCs Lentiviral transfection with miR-375 Rat calvarial defect Implanted with Controlled release of ADSC-EVs and [11]
model hydrogel improved osteoinductive properties
BMSCs Coculturing with Fe304 (50 pg/mL) nanoparticles and Rat calvarial defect Implanted with Enhanced robust osteogenesis and [112]
exposure to 100 mT SMF model absorbable surgical angiogenesis
gelfoam
hBMSC-EVs Injected EVs into the HAP scaffold Rat calvarial defect Implantation of the Promoted bone regeneration [113]
model scaffold
iPSC-EVs Solution adsorption to B-TCP scaffold Rat calvarial defect Implantation of the EV release from B-TCP and promoted [114]

model

scaffold

bone regeneration.
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(1 442

BMSC-EVs Solution adsorption to B-TCP scaffold and lyophilization Rat calvarial defect Implantation of the Promoted bone regeneration and [I15]
model scaffold neovascularization.
BMSC-EVs Solution adsorption to hierarchical MBG scaffold and Rat calvarial defect Implantation of the Continuous release EV release and [116]
lyophilization model scaffold promoted bone regeneration
hGMSC-EVs PEl-mediated immobilization to PLA scaffold Rat calvarial defect Implantation of the Promoted bone regeneration [117]
model scaffold
ADSC-EVs PDA-assisted solution adsorption to PLGA/PDA scaffold | Mouse calvarial defect Implantation of the Controlled release of EVs for 8 days and | [118]
model scaffold promoted bone regeneration
BMSC-EVs Encapsulation by injectable thermosensitive mPEG-PA Rat calvarial defect Injection into defects | Continuous release of EVs for 3 weeks [109]
Hydrogel model with hydrogel and accelerated bone regeneration
DPSC-EVs Combined with PLGA-PEG-PLGA triblock copolymer Mouse calvarial defect Implantation of the Controlled release of EVs and accelerated | [119]
microspheres by microfluidic fabrication and attached to | model scaffold bone regeneration
the PLLA scaffold by solvent-wetting
BMSC-EVs Encapsulation by SIS-CA/fusion peptides hydrogel Rat calvarial defect Injection into defects | Improved retention and stability of EVs an | [120]
model with hydrogel promoted bone regeneration
UC-MSC-EVs Encapsulation by injectable UV-curing HA-Gel/nHP Rat calvarial defect Injection into defects | Continuous release of EVs for 20 days and | [I21]
hydrogel model with hydrogel promoted bone regeneration
hADSC-EVs Co-incubation with the PLGA/Mg-gallate MOF composite | Rat calvarial defect Implantation of the Continuous release of EVs for 10 days and | [122]
scaffold model scaffold comprehensive properties to accelerate
bone regeneration
BMSC-EVs Surface modification of a BMSC-specific aptamer Femur fracture mouse Intravenous injection Increased accumulation in bone and [100]
model accelerated bone healing
hBMSCs Transfected plasmid DNA (pGFP-BMP2) by liposome Mouse femoral defect Injection at defect Improved biocompatibility and bone [123]
model sites healing effect
BMSCs Transfected with miR-181b mimics by Lipofectamine Rat femoral defect model | Implanted with Regulated M2 macrophage polarization [124]
reagent HyStem-HP™ and promoted osteointegration
hydrogel and porous
titanium
BMSC-EVs Solution adsorption to tannic acid-modified PEEK implant | Rat femoral drilling Implantation of the Continuous release of EVs for 14 days and | [125]
model implant promoted osseointegration
(Continued)
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Table 1 (Continued).

Diseases Pretreated Strategies In vivo Model Delivery Route of Therapeutic Effects Ref.

Cells/ MSC-EVs

Modified EVs

hMSC-EVs Co-incubation with titanium scaffold Rat radial bone defect Implantation of the Promoted bone regeneration [126]
model scaffold

EVs from Mixed EVs and B-TCP powder Rat periodontal bone Put the paste-like Treated inflammatory bone loss and [53]

periodontal defects model with LPS- | mixture into the bone | promoted regeneration of alveolar bone

ligament stem induced periodontitis defect

cells

iPSC-EVs Solution adsorption into B-TCP and lyophilization Ovariectomized rat Implantation of Promoted bone regeneration [127]
calvarial defect model lyophilized scaffold

BMSC-EVs Encapsulation by injectable UV-curing GMOCS hydrogel Rat drill-hole growth Injection into defects | Continuous release of EVs for |4 days and | [128]
plate injury model with hydrogel promoted cartilage regeneration

rBMSCs Co-incubation with injectable PEGMC/B-TCP composite | Rat posterolateral spinal | Injection into defects | Optimized secretion of EVs with desirable | [129]

hydrogel fusion model with hydrogel osteogenic and angiogenic properties
hMSC-EV Click chemistry-mediated immobilization to collagen Mouse subcutaneous Subcutaneous Slow-release of EVs, pro-angiogenic and [130]
hydrogels angiogenesis assay injection immunoregulatory properties
hBMSC-EVs Co-incubation with PCL/PDA ang Ag scaffold NA NA Synergistic inflammation-regulatory and [131]
pro-osteogenic ability in vivo

ADSCs Coculturing with TNF-o and IFN-y Rabbit TM) condylar Implantation of the Continuous release of EVs for 7 days; [132]
osteochondral defect scaffold Promoted M2 macrophage polarization

ADSC-EVs TGase-mediated catalyze action with silk fibroin scaffold .
model and TMJ regeneration

hUMSCs Coculturing with Kartogenin Rabbit full-thickness Injection into defects Promoted cartilage regeneration [133]
cartilage defect model with hydrogels

mBMSCs Coculturing with Kartogenin Rat chondral defect Intra-articular Induced stronger chondral matrix [134]
model injection with formation

hydrogel
BMSCs Adenoviral transfection (Adv-HIF1o™) Rabbit steroid-induced Injection into necrosis | Accelerated angiogenesis and bone [135]

avascular necrosis of

femoral head model

region

regeneration of necrosis region
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Figure 2 EVs stimulated by cytokines may regulate macrophages phenotype. (A) Transmission Electron Microscope (TEM) images of inflammation-stimulated ADSC-
derived sEV (IAE) and normal ADSC-derived sEV (AE). Scale bar = 100 nm. (B) Schematic diagram revealed that sEVs were connected to the scaffolds through TGase:
glutamine residues (purple), lysine residues (gray), TGase (green), and sEVs (yellow). (C) The release curves of sEVs showed that scaffolds with TGase exhibited complete
release up to day 7. (D) Immunofluorescence staining showed that the proportion of M2 macrophages in the entire macrophage population was significantly upregulated by
IAE; M| marker (CD86, red), M2 marker (CD206, green), and nuclei (DAPI, blue). Scale bar = 100 um. (E) Immunohistochemical staining of collagen | and Il of
temporomandibular joint sections and magnified defect sites at week 8 posttreatment indicated a good regenerative effect in IAE group. Black boxes indicate magnified
microscopic fields of view. Upper panel scale bar, | mm; lower panel scale bar, 200 pm. Reprinted from Liu Y, Zhang Z, Wang B, et al. Inflammation-stimulated MSC-derived

small extracellular vesicle miR-27b-3p regulates macrophages by targeting CSF-| to promote temporomandibular joint condylar regeneration. Small. 2022;18(16):1. © 2022
Wiley-VCH GmbH.'3?

growth factors and chemokines, such as bone morphogenetic protein 2 (BMP2) and transforming growth factor beta
(TGF-B). Researchers also demonstrated that the inflammation-stimulated ADSC-EVs exploit miR-27b-3p to target
macrophage colony-stimulating factor-1 to promote M2 macrophage polarization.'** In contrast, the EVs derived from
BMSCs coculturing with TGF-$3 manifested better chondroprotective and anti-inflammatory function in a mice OA
model.>

Hypoxia

The bone marrow is considered a hypoxic microenvironment compared to other tissues, and the biological fate of MSCs
and HSCs is closely linked to the oxygen levels within this niche.'** ' It is well documented that hypoxia, which refers
to ~1% oxygen generally compared to normoxia (21% oxygen), renders enhancement of EVs release and function,
especially in MSCs.'*” %% Gao et al elucidated that hypoxia-treated stem cells from human exfoliated deciduous teeth
(SHEDs) enhanced the production of their secreted exosomes, thus exerting improved angiogenic and osteogenic
effects.'®® Deng et al discovered that hypoxic extracellular vesicles (hypo-EVs) derived from BMSCs can target the
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PI3K/AKT signaling pathway to enhance the osteogenic capacity of rat calvarial osteoblasts. The bone repair effect
induced by MSC-EVs is primarily attributed to their functional cargo, particularly the differentially expressed proteins
contained within EVs. They highlighted the importance of biglycan, a crucial protein in the ECM, in promoting
osteoblast differentiation and mineralization.'” However, Liu et al demonstrated that exosomes derived from hypoxia-
elicited human umbilical cord MSCs (hUMSCs) facilitated bone fracture healing by improved production of exosomal
miR-126.7% In a study by Zhang et al, they identified four microRNAs (hsa-miR-181c-5p, hsa-miR-18a-3p, hsa-miR
-376a-5p, and hsa-miR-337-5p) of hypo-EVs that mediated cartilage repair in rat osteoarthritis model.’’ These reports
suggest a general mechanism involving the interaction between distinct exosomal cargo and hypoxia-inducible factor 1
(HIF-1).2">131 In general, hypoxia preconditioning is a typical and effective approach to optimizing the therapeutics of
MSC-derived EVs for bone-related diseases with an emphasis on conditions such as osteoarthritis and bone defect.

Magnetic Nanoparticles (MNPs) and Static Magnetic Field (SMF)
As exposure to biophysical stimuli, such as electrical field, magnetic field, light irradiation, or mechanical forces, can promote
MSCs and other bone progenitors’ cellular behavior, researchers have treated cells with different environmental-mimicking

1527154 geveral studies have proposed the combination of MNPs and

preconditioning to improve EVs secretion and function.
moderate (ImT to 1T) SMF in skin wound healing or bone defect repair.''*'*!5"157 Here, we emphasized the magnetic
stimuli because magnetotherapy has been officially approved by the United State Food and Drug Administration (FDA) in the
treatment of orthopedic applications.'>® Figure 3 shows that Wu et al fabricated BMSC-EVs by culturing BMSCs in a medium
containing 50 pg/mL Fe;O4 nanoparticles. After being exposed to a 100mT SMF, these EVs displayed a robust enhancement
to osteogenesis and angiogenesis, which was attributed to the enriched exosomal miR-1260a. They have also demonstrated

that exosomal miR-1260a suppressed the expression of HDAC7 and COL4A2, thereby facilitating bone regeneration.''?

Exogenous Nucleic Acids

Based on the observation that lipid bilayer encapsulation endows EVs with the advantage of protecting the cargo
inside from degradation, EVs can serve as delivery carriers for exogenous nucleic acids. Exogenous microRNA
(miRNA) and small interfering RNA (siRNA) can be enclosed and delivered to targeted cells due to their small
size.!>?71%? Several methods, including gene transfection and electroporation, can load these cargo into cells and
generate specific cargo-loaded EVs. For instance, the siRNA targeted Shn3 gene (siShn3) was loaded into human
induced pluripotent stem cells (iPSCs) through electroporation and these engineered iPSC-EVs exploited desirable
anti-osteoporosis properties.”” Tao et al transfected synovial mesenchymal stem cells (SMSCs) with miR-140-5p and
obtained the following exosomes overexpressing miR-140-5p, named SMSC-140-Exos. They found that although
SMSC-derived exosomes could enhance the proliferation and migration of articular chondrocytes, the side effects
lay in the simultaneous harming of ECM secretion. SMSC-140-Exos could overcome the limitation, thus displaying
a protective effect in a rat knee OA model.”® BMSCs transfected through liposome/pGFP-BMP2 plasmid or
lentiviral particles yielded EVs with overexpression of BMP2 that both displayed exciting therapeutic potency in
bone defect models due to the synergy of essential MSC-EV function and up-regulated BMP2 expression.''*!#
Engineered MSC-EVs with overexpressed miR-375 or miR-181b were endowed with similar osteogenic
capacity.''""'?** Previous study has found that MSC-EVs loaded with chemotherapeutic drug doxorubicin could
exert antitumor activity and inhibit tumor growth.'®> Exogenous nucleic acids transported by EVs can also modulate
intracellular gene expression and finally satisfy therapeutic needs. BMSC-derived EVs with overexpressed miR-206
enhanced toxicity against osteosarcoma by down-regulating the expression of transformer 23 (TRA2B) while MSC-
EVs with overexpressed miR-150 suppressed migration and invasion of osteosarcoma cells via targeting insulin-like
growth factor 2 mRNA binding protein 1 (IGF2BP1).'°*'°7 In a study by Li et al, adenovirus carrying triple point-
mutations in the HIF-1a coding sequence was transfected into BMSCs and the as-developed BMSC carried mutant
HIF-1la. EVs isolated from such kind of BMSCs inherited mutant HIF-1a and became a beneficial tool for the
treatment of steroid-induced avascular necrosis of femoral head.'*> For large nucleic acids like clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) system, an additional design to
encapsulate them into EVs was needed. Some researchers have realized it. Lin et al developed hybrid exosomes by
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Figure 3 Engineered exosomes derived from BMSCs preconditioned with magnetic stimulation. (A) Scheme of the fabrication of three types of exosomes: BMSC-Exos,
BMSC-Fe;04-Exos and BMSC-Fe304-SMF-Exos. BMSC-Fe;04-SMF-Exos were obtained via magnetic stimulation using Fe304 nanoparticles and a static magnetic field (SMF).
(B) Morphology of exosomes was observed by TEM; the red arrows indicate exosomes. (C) Fe304 nanoparticles and SMF increased the production of exosomes in BMSCs.
*p<0.05, ***p<0.001. Representative fluorescent images of the osteogenic marker Runx2 (D) and the angiogenic marker CD31| (E) revealed that magnetic stimulation
potentiated osteogenesis and angiogenesis in calvarial defects 12 weeks post-treatment; white arrows mark the newly formed vessel. Reprinted from 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. | Nanobiotechnology. 2021;19(1):209. Creative Commons.''?

incubating the original exosomes with liposomes for 12 hours so that the CRISPR/Cas9 system could be loaded into

the hybrid exosomes and successfully delivered. They provided a promising exosome-based platform for editing

gene in vivo.'®
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MSC-EVs Designed to Increase Targeted Delivery Efficiency and Sustained Release

Delivery of MSC-EVs to bone is a complicated process due to the sophisticated microenvironment and structure of
natural bone tissue.'®® Similar to nanomedicine delivery systems, there are two novel strategies for administering MSC-
EV to bone tissue. The first approach involves modifying the surface of MSC-EV for systemic or local injection in
preclinical models of bone pathologies, with an emphasis on conditions such as osteoporosis, osteoarthritis, and
rheumatoid arthritis. The second approach entails integrating MSC-EV with biomaterials for implantable bone regenera-

tion therapy to address bone defects.'®> "%’

Surface Modifications

The primary approach involves incubating MSC-EVs with bone-targeting agents, which are a class of small molecules
(such as oligopeptides and bisphosphonates) known for their high affinity to bone tissue. These bone-seeking moieties
selectively deposited in bone for extended periods of time and exhibited minimal off-target effects.'®* Modification of the
MSC-EV with a bone-targeting peptide (DSPE-PEG-Mal-Cys-SDSSD) via hydrophobic interaction endowed the EV
complex an ability to recognize osteoblasts specifically and deliver siShn3 successfully, hence exerting excellent anti-
osteoporosis effects in an ovariectomy (OVX)-induced osteoporosis mouse model.”” Peptide can also fuse with Lamp 2b,
a membrane protein of EVs from cells transfected with specific plasmids, and hold promise for the construction of cell-
specific drug delivery.'*®'%’ Along with these, aptamer-based surface modification techniques are being studied. BMSC-
specific aptamer-functionalized MSC-EVs have shown improved internalization into BMSCs and therapeutic potential
for managing osteoporosis and fracture.'®® However, these non-covalent modifications pose challenges in maintaining
stability between ligands and MSC-EVs within the complex in vivo environment.'" The covalent binding method,
facilitated by biochemical techniques, enables EV imaging and tracking in vivo, while simultaneously enhancing the cell-
targeting efficiency of MSC-EVs. Copper-free click chemistry, an ideal bioorthogonal reaction between an azide and
a strained cyclooctyne such as the dibenzocyclooctyne group (DBCO) without copper catalysis, has been widely
employed.'”® The DBCO group can be added onto MSC-EVs by using a heterobifunctional crosslinker to link DBCO
and amine-containing molecules on EVs while the azide groups can be introduced to the side chain of lysine via
5-azidopentanoic acid. This process can consequently give rise to MSC-EVs modified with peptides previous conjugated
to DBCO or azide groups.'”' Wang et al have coupled the bone-targeting alendronate with an azide group to the DBCO-
EVs derived from mouse MSCs (mMSCs) and achieved better anti-osteoporosis effect.'” DBCO groups can also be
integrated to the biogenesis of MSC-EVs via metabolic glycoengineering mediated click chemistry. As seen in Figure 4,
You et al utilized azido-modified monosaccharides as endogenous metabolic substitutes for ADSCs and the DBCO-
conjugated dextran sulfate was then introduced to enable the following production of ADSC-EVs decorated with dextran
sulfate. The as-developed ADSC-EVs was endowed with the capacity to target the scavenger receptor class
A accumulated in rheumatic inflammatory joints, which improved their biodistribution half-lives and regulated macro-
phage polarization.'® The diversity of bioconjugation methods makes copper-free click chemistry expandable tools for
EV modification to optimize therapeutic efficiency.

Combined with Biomaterials

Biomaterials could support EVs as attachment harbors or combine with EVs as release platforms. Feasible condition and
fabricating techniques are required when synthesizing EV-contained biomaterials. The selection of suitable biomaterials
compensates for the shortcomings of plain EVs while synergizing in implantable therapeutic forms of damage repair due
to the versatility of various biomaterials. Several reviews have elucidated the use of biomaterial-assisted exosomes as
a new strategy for bone tissue regeneration.'®'”'"2 The most commonly used biomaterials can be categorized as
metallic materials, bioactive ceramics and polymers.

The desired mechanical strength and load-bearing capacity of metallic materials make them suitable for orthopedic
implants, with titanium alloys being particularly favored for their excellent biocompatibility, high porosity, corrosion
resistance, and other properties.'”® 3D printed titanium scaffolds with available porosity facilitated MSC-EV attachment
and enhanced osteogenesis. EV-contained titanium nanotube may become another osteoimmunomodulatory candidate for

targeted bone differentiation.'”*
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Bioactive ceramics, such as hydroxyapatite (HAP), B-tricalcium phosphate (-TCP) and mesoporous bioactive glass
(MBG), are ideal alternatives because they can optimally imitate the properties of bone.'”> Liang et al selected
a traditional porous HAP scaffold as carriers for EVs derived from BMSCs stimulated by dimethyloxaloylglycine. The
functionalized HAP scaffold activated the AKT/mTOR pathway and demonstrated superior osteogenesis in rats with
cranial defects.''® B-TCP are remarkable for their degradability and osteoconductivity.'’® Several studies have confirmed
that MSC-EVs from different sources can be integrated with B-TCP scaffolds by co-incubation, dropwise, freeze-drying
or other methods. These complexes contributed to bone regeneration in models such as critical-sized cranial defects and
alveolar bone defects in periodontitis.”*''*!'>127 For MBG, a lyophilized hierarchical scaffold combined with BMSC-
EVs in its micron-scale porosities was proved to achieve a more significant osteogenic efficiency.'' In these combina-
tions, MSC-EVs may confer improved osteoinductive properties to scaffolds while the scaffolds provide excellent
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shelters for MSC-EVs to maintain their bioactivity and realize sustained release in return, which is a win-win combina-
tion of physical structure and biochemical clues.

Polymers can be divided into natural or synthetic categories. Natural polymers, composed of chitosan (CS),
hyaluronic acid (HA), silk, collagen, gelatine, or alginate, etc., show prominent biocompatibility and bioactivity owing
to the tissue source. They usually share similar density to soft tissue. For example, Liu et al developed a loose, porous,
and tunable scaffold composed of silk that mimicked the cartilage structure. Transglutaminase (TGase) was added to the
scaffold to catalyze interaction between the side chains of lysine (e-amine) and glutamine (g-acyl), which are both
contained in the membrane of ADSC-derived sEVs and silk fibroin. Figure 2 shows that this functionalized scaffold
prolonged the release of EVs in vitro and obtained better therapeutic effects for temporomandibular joint (TMJ)
osteochondral defects in vivo. However, the degradation property of the scaffold needed further optimization as half
of the samples tested became flocculent precipitates while the others remained stable over an eight-week period.'** By
contrast, synthetic polymers, compounded with polycaprolactone (PCL), polylactic acid (PLA), polylactide-co-glycolide
(PLGA), polyetheretherketone (PEEK) and so on, are more controllable in physicochemical properties and biodegrada-
tion rate while lack of innate bioactivity. Their combination with bioactive MSC-EVs however can fill this gap to
a certain extent. PCL and PLA are FDA-approved polyester polymers. PCL scaffolds modified with BMSC-EVs and
silver nanoparticles (Ag) exerted synergistic immunomodulatory effect and boosted the osteogenic differentiation of
BMSCs."*! Diomede et al utilized polyethyleneimine (PEI) to bridge EVs derived from human gingival MSCs and 3D
printed PLA scaffolds. It enhanced the adhesion between PLA scaffolds and MSC-EVs and favored bone healing of
calvaria defect.''” Usually, direct attachment of EVs to polymer scaffolds may result in inefficient attachment, so it is
necessary to modify the synthetic polymer scaffold and EV surfaces to enhance their adhesion.'”* For instance, PEEK is
a typical aromatic polymer material with high biocompatibility and stability that may yet emerge as an alternative to
metals. Tannic acid-modified PEEK implants immobilized BMSC-EVs via reversible hydrogen bond and allowed for the
sustained release of BMSC-EVs for up to 14 days. In vitro rat femoral drilling model revealed that the EV-coated PEEK
possessed the ability to facilitate M2 polarization and achieve desired osseointegration.'*> Polydopamine (PDA) is
another capable helper to anchor both synthetic and natural substances onto a variety of substrates. Li et al constructed
a mussel-inspired immobilization by combining ADSC-derived EVs with PLGA scaffolds coated with PDA. The PDA-
mediated surface on the scaffold provided a platform for the controlled release of EVs and therefore enhanced optimal
EV-based bone repair in mice calvarial defects.''® This bioinspired PDA coating was also seen on an injectable PLGA
microspheres (PMS-PDA microspheres) and demonstrated prolonged release of MSC-EVs for 21 days, hence improving
vascularized bone regeneration in rat calvarial defects.'®® Above studies have revealed that synthetic polymers have
shown good potential as carriers for MSC-EVs and scaffolds for bone tissue engineering. It may be possible to meet
competing demands more effectively by combining synthetic and natural polymers.'”’

Hydrogels, as hydrophilic gels with crosslinked networks, have the ability to mimic the structure of the natural ECM.
They are usually composed of natural polymers, synthetic polymers, or hybrid polymers as their basic units. These
fabricated biomaterials serve as effective carriers for MSC-EVs.!”® Hydrogels are crosslinked through different interac-
tions such as covalent or non-covalent interactions, while MSC-EVs can be loaded into the hydrogels via different
strategies.'’® For example, EVs from dental pulp stem cells (DPSCs) encapsulated in CS hydrogels effectively
ameliorated periodontal lesion in periodontitis mice.'®® Another study developed PLGA-PEG-PLGA triblock copolymer
microspheres to deliver EVs from DPSCs, which provided pro-mineralization cues and accelerated bone healing at
mouse calvarial defects.''® Similarly, Tao et al utilized poly(D,l-lactide)-b-poly(ethylene glycol)-b-poly(D,l-lactide)
(PDLLA-PEG-PDLLA) triblock copolymer gels as carriers for SMSC-EVs. The triblock gels can be applied in intra-
articular injection and have been validated their potential to delay the progression of OA.”®

It is also feasible to process and customize hydrogels to produce EV-loaded hydrogels with enhanced properties. Xing
et al combined azido-modified MSC-EVs (Az-EVs) with DBCO-conjugated collagen hydrogel. As shown in Figure 5,
Az-EVs were prepared via metabolic labeling while the conjugation reaction between DBCO and the primary amines of
collagen (type I) was mediated via the DBCO-N-Hydroxysuccinimide ester. An increased EV dose (ten times higher than
natural EVs incorporated) was chemoselectively immobilized within the EV-biomaterial platform via click chemistry.
Meanwhile, the platform exhibited comparable pro-angiogenic properties and immunoregulatory effects.'*® The as-
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developed hydrogels will be beneficial to vascularized osteogenesis. Another biopolymer hydrogel was composed of
small intestinal submucosa (SIS). Ma et al managed to improve its mechanical properties by integrating 3-(3,4-dihy-
droxyphenyl) propionic acid (CA) into SIS hydrogel. Furthermore, they designed novel fusion peptides to combine SIS
hydrogel and BMSC-EVs, which prolonged the retention of BMSC-EVs and showed superior performance for skull
defect repair.'*® Guan et al introduced aldehyde-functionalized chondroitin sulfate into gelatin methacryloyl by dynamic
Schiff base reaction and loaded BMSCs-EVs to form a kind of ECM-mimic hydrogel (GMOCS). The GMOCS hydrogel

maintained the release of EVs for 14 days, regulated immune microenvironment and facilitated cartilage regeneration.'?®
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Besides, the incorporation of inorganic substances or bioactive ceramics with mechanical strength into conventional
hydrogels can partially compensate for their relatively poor mechanical properties. The biohybrid hydrogels can fill
irregular bone defects and release EVs locally, thereby promoting in situ bone tissue regeneration. For example, Zhang
et al cocultured rat BMSCs (rBMSCs) with polyethylene glycol maleate citrate (PEGMC) hydrogels and different
concentrations of B-TCP to form a composite hydrogel (PG/TCP). The injectable PG/TCP obtained an optimal
combination of desirable mechanical, osteogenic and angiogenic properties when the TCP content was 20%(w/v).'*’
Inspired by the design of biohybrid hydrogels, Zhang et al utilized 3D printing to fabricate a customized porous
nanohydroxyapatite/poly-e-caprolactone (nHP) scaffold. The nHP scaffold was then immersed in a hydrogel solution
containing methacrylic anhydride-functionalized HA, umbilical MSC-derived EVs (hUMSC-EVS) and photoinitiator
Irgacure-29 to construct EXOs/Gel/nHP composites for cranial defect repair after ultraviolet exposure. The hydrogel
system was conducive to the durable release of hUMSC-EVs and robust bone regeneration at the site of rat cranial
defects.'?! The aforementioned studies have illustrated the prevailing use of hydrogels as carriers for MSC-EVs owning
to their excellent biocompatibility and porous structural properties. However, the fabricated hydrogel should be prepared
and processed to achieve comprehensive structural, physical and biological properties tailored to therapeutic require-
ments. This approach ensures that MSC-EVs can exert their maximal function while maintaining an appropriate
degradation rate.

Recently, the potential of organic-inorganic composites for exosome loading has also been explored. Metal-organic
frameworks (MOFs) are organic-inorganic hybrid materials constructed from functional organic ligands and metal ion/
cluster nodes via coordination reaction.'’* They have become a hot spot for drug delivery with the advantage of structural
and functional diversity, porosity and large specific surface area.'’” Kang et al synthesized PLGA/Mg-gallate MOF
composite scaffolds and immobilized MSC-EVs onto the surface of MOF. These coating EVs exhibited a sustained
release from the scaffold for up to 10 days, along with the continuous release of Mg ions and gallic acid. The EVs-

functionalized MOF composite actualized the improvement of osteogenesis, angiogenesis and anti-inflammation.'*

Perspectives and Future Directions

With the deepening cognition of intercellular communication, researchers have raised concern about the role of EVs
spanning from the maintenance of physiological states to the pathogenesis of diseases. As a kind of cell derivative, EVs
are born with plentiful appealing features as an effective tool to deliver functional cargo and convey specific biological
information between cells. Over the past decade, there has been a remarkable advancement in the utilization of EV-based
therapies for bone-related diseases. However, despite the substantial progress, there still exists a considerable amount to
be uncovered and understood regarding this intricate subject matter.

Firstly, given the diverse origins, culture and preconditioning methods and isolation techniques of MSC-EVs, there
may exist inherent heterogeneity. Standardized purification methods and characterization criteria should be established.
Meanwhile, there is a need to optimize methods for large-scale production of MSCs without compromising their
structural and functional integrity.>”'*" Secondly, the mechanisms of intercellular and interorgan crosstalk mediated by
MSC-EVs remain to be elucidated by further studies. MSC-EVs exert therapeutic effects in skeletal disorders through the
functional cargo inside, including diverse proteins, miRNA and others. The cargo can regulate crucial molecules and
signaling pathways involved in bone-related diseases. However, current available researches mainly focus on miRNAs
when illustrating the mechanism of the MSC-EV cargo. The biological function of miRNA requires sufficient concen-
tration, appropriate structure, and binding with accessory proteins such as RNA-induced silencing complexes. In contrast,
protein function only requires adequate concentration and typically at lower levels compared to miRNA under equivalent
conditions.>>'®""%2 Accordingly, there is still much to uncover regarding the functional components of MSC-EVs beyond
miRNAs. Thirdly, originated as a natural acellular factor and nanovesicle, MSC-EVs are promising candidates for tissue
engineering and drug delivery. Various fabricated procedures, modification and loading strategies have been explored to
functionalized MSC-EVs. These can broaden EV application and improve EV therapeutic efficiency. However, at present,
these strategies still need optimization to ensure the efficient delivery of MSC-EVs while preserving their inherent
bioactivity. For example, additional procedures such as ultracentrifugation and size exclusion chromatography are
typically necessary for purifying MSC-EVs with chemical modifications, which may affect EV functionality. In contrast,
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tangential flow filtration enables the one-step acquisition of modified EVs without the need for additional purification.'®*
Besides, traditional freeze-drying processes may compromise the phospholipid membrane structure of EVs, thereby
impairing their biological activity. Loading EVs onto scaffolds with high surface area and porosity can offer excellent
protection, preserving EV integrity during freeze-drying and ensuring their bioactivity.''® In addition, interest in EV-
based biomaterials is shifting towards a unique permutation of biochemical and biophysical cues to achieve improved
properties and therapeutic goals. However, the challenge lies in coordinating these cues to maximize their synergies.
Considering the physicochemical parameters of biomaterials, such as pore size and hardness, is crucial for obtaining

optimal osteogenic efficacy.'®'® It is

important to keep orderliness and coordination of the final construct in mind when
we combine different components as a whole. Lastly, the combination of different scaffolds, delivery routes, and
treatment frequencies may impact the application dosage of MSC-EVs while there is a lack of systematic studies
evaluating the extent of these variables’ influences. Therefore, it is necessary to discuss and optimize these aspects
concerning specific MSC-EVs and bone defects/disease types. Further investigations into these key points would help us
have a comprehensive understanding of MSC-EVs and pave way for the application of functionalized MSC-EVs either

alone or combined with other modalities in the bone-related disease from bench to bedside.
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