
Materials Today Bio 16 (2022) 100355
Contents lists available at ScienceDirect

Materials Today Bio

journal homepage: www.journals.elsevier.com/materials-today-bio
Horizon of exosome-mediated bone tissue regeneration: The all-rounder role
in biomaterial engineering

Wentao Wang a,1, Xiaolong Liang a,1, Kai Zheng a,1, Gaoran Ge a, Xu Chen b, Yaozeng Xu a,
Jiaxiang Bai a,**, Guoqing Pan b,*, Dechun Geng a,***

a Department of Orthopaedics, The First Affiliated Hospital of Soochow University, 188 Shizi Street, Suzhou 215006, Jiangsu, China
b Institute for Advanced Materials, School of Materials Science and Engineering, Jiangsu University, 301 Xuefu Road, Zhenjiang 212013, Jiangsu, China
A R T I C L E I N F O

Keywords:
Exosomes
Biomaterials
Bone tissue engineering
Osteoinduction
Biocompatibility
* Corresponding author.
** Corresponding author.
*** Corresponding author.

E-mail addresses: jxbai1995@163.com (J. Bai), p
1 These authors contributed equally to this work

https://doi.org/10.1016/j.mtbio.2022.100355
Received 30 May 2022; Received in revised form 4
Available online 11 July 2022
2590-0064/© 2022 The Authors. Published by Else
nc-nd/4.0/).
A B S T R A C T

Bone injury repair has always been a tricky problem in clinic, the recent emergence of bone tissue engineering
provides a new direction for the repair of bone injury. However, some bone tissue processes fail to achieve
satisfactory results mainly due to insufficient vascularization or cellular immune rejection. Exosomes with the
ability of vesicle-mediated intercellular signal transmission have gained worldwide attention and can achieve cell-
free therapy. Exosomes are small vesicles that are secreted by cells, which contain genetic material, lipids, pro-
teins and other substances. It has been found to play the function of material exchange between cells. It is widely
used in bone tissue engineering to achieve cell-free therapy because it not only does not produce some immune
rejection like cells, but also can play a cell-like function. Exosomes from different sources can bind to scaffolds in
various ways and affect osteoblast, angioblast, and macrophage polarization in vivo to promote bone regeneration.
This article reviews the recent research progress of exosome-loaded tissue engineering, focusing on the mecha-
nism of exosomes from different sources and the application of exosome-loaded scaffolds in promoting bone
regeneration. Finally, the existing deficiencies and challenges, future development directions and prospects are
summarized.
1. Introduction

Bone defects caused by various events are one of the most common
diseases treated in orthopedic surgery. With the aging population and the
increase in traffic accidents, the incidence of bone defects has increased
continuously worldwide. It is shown that 5%–10% of fracture patients
suffer from union or nonunion. Risk factors, including advanced age,
diabetes, smoking, and local infection, may inhibit the healing of bone
defects [1,2]. Bone defects and subsequent nonunion not only bring
tremendous mental and physical pain to patients but also lead to a
long-term treatment process associated with a substantial economic
burden [3]

Bone has the ability to regenerate. Bone regeneration is a complex
process that requires the coordinated participation of multiple cells. The
healing of bone regeneration is very slow. It takes about 12 weeks for a
common fracture to develop into a mature callus, while it takes a year or
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two for the fracture to complete its final bone plasticity. However, for
some large bone defects, the amount of bone regeneration required ex-
ceeds the body's ability to heal naturally [4,5]. Current clinical treat-
ments for serious fractures or large bone defects are primarily based on
autologous bone grafts, allogeneic grafts, xenogeneic bone grafts, and
artificial bone grafts. However, bone grafts also have coexistent prob-
lems, such as infection, graft-versus-host disease (GVHD), and insuffi-
cient bone source [6,7]. Artificial bone is constructed and cultivated
through bone tissue engineering, which can be easily prepared according
to different requirements on a large scale and is available at a low price,
and is therefore considered the ideal treatment for bone defects. With the
rapid development of bone tissue engineering in recent years, new
research directions for therapies of fractures and bone defects have been
explored [8]. However, common bone tissue engineering cannot provide
sufficient blood supply in the initial stage after implantation, and blood
vessels would take several weeks to grow into the center of the
szgengdc@suda.edu.cn (D. Geng).
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Fig. 1. Exosomes and bone regeneration. The main components of exosomes and the role of exosomes in repairing bone and cartilage damage. (mRNA: messenger
RNA, miRNA: microRNA, lncRNA: long noncoding RNA, SM: sphingomyelin, PA: phosphatidic acid).
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biomaterials [9]. Insufficient vascularization and following nutrient
limitation may contribute to cell death in tissue engineering [10].

Research on exosomes that can be used for cell-free therapy has
gradually received increased attention [11]. Generally, exosomes are
generated from the endosomal compartment, which is formed by the
budding multivesicular body (MVB) membrane. The endosomal mem-
brane invaginates to form intraluminal vesicles (ILVs), and then the ILVs
fuse with the cell membrane and are released outside the cell to form
exosomes. Most cells in our body can produce exosomes, such as
mesenchymal stem cells (MSCs), dendritic cells, epithelial cells, adipo-
cytes, and B cells [12]. And the exosomes are also widely found in body
fluids such as blood, urine, and saliva [13]. Recent research on exosomes
has mainly focused on their ability to transmit signals through
vesicle-mediated transport among cells. Exosomes serve as a “messenger”
that can be attached to bone tissue engineering scaffolds and exhibit
various advantages. They are widely distributed and rich in proteins,
lipids, and genetic materials. In addition, they avoid the risks of poor
survival rate, strong immune rejection, and highmutation tumorigenicity
caused by direct use of cells [14]. Attaching exosomes to bone tissue
engineering biomaterials can not only provide a stable platform for
exosomes but also avoid many problems caused by the cells.

In this review, we provide a comprehensive overview of the advan-
tages of exosome-mediated bone tissue regeneration by discussing the
main components of exosomes and the role of exosomes in repairing bone
and cartilage damage. Then, for the application of exosomes-loaded
biomaterials, we discuss the mechanism of exosomes from different
sources and the application of exosome-loaded scaffolds in promoting
bone regeneration. Finally, based on the isolation and purification and
attachment methods of exosomes, we present an outlook for the future
development of exosome-loaded materials It is hoped that this article can
provide a convenient reference for future exosome research and help the
development of exosome-mediated bone tissue regeneration (Fig. 1).

2. Exosomes

In 1983, Pan et al. found exosomes in reticulocytes, but exosomes
were initially regarded as products of cell metabolism and had no effect
on other adjacent cells [15]. However, Ratajczak et al. discovered for the
first time that exosomes could transfer the RNA contained in them to
other cells and tissues. In subsequent studies, exosomes mediated the
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transfer of mRNAs andmiRNAs and regulated the function and activity of
target cells, which has raised the study of exosomes to a new level [16,
17]. With further study, the role of exosomes in the immune response and
antigen presentation has been gradually found [18,19]. Exosomes play
an important role in the occurrence, diagnosis, and treatment of diseases
because they can mediate intercellular communication and have bio-
logical effects similar to those of their source cells. For example,
nicotine-treated macrophages can release exosomal miR-21-3p and
aggravate atherosclerosis by increasing vascular smooth muscle cell
migration and proliferation by acting on phosphatases and tonic homo-
logues [20]. miR-499, miR-133 and other exosomal miRNAs associated
with cardiovascular disease are up-regulated in patients with acute
myocardial infarction and heart failure. The exosomal proteins CD151
and miR-638 can also be used to help diagnose lung and colorectal
cancers [21]. The role of exosomes in orthopedic treatment is what we
are concerned about. In the following, we will introduce in more detail
how exosomes promote bone regeneration and cartilage regeneration.

In this section, we focus on the important parts of exosomes and the
functions of each part. The main content of this review is about exosomes
promoting bone regeneration. Therefore, we outline the process and
influencing factors of bone regeneration, and finally summarize in detail
how exosomes repair bone defects.

2.1. The structure and composition of exosomes

The size, density, and shape of exosomes are different due to the
content and state of their contents. Generally, exosomes are single-
membrane vesicles with a diameter of 30–200 nm, and their density is
1.13 (B cell-derived exosomes) - 1.19 (intestinal-cell-derived exosomes)
g/ml [22,23]. The exosomes produced by artificial drying show typical
cup-like or biconcave shapes, while they appear spheroid in solution
[24].

The composition of exosomes is very complex. There are nearly 4400
proteins, 194 lipids, 1639 mRNAs, and 764 miRNAs contained in exo-
somes from different resources, which also illustrates the diversity of
their functions [25].The complex compositions in exosomes determine
their functions. Exosomes exert physiological activities by loading pro-
teins. Tetraspanins (CD9, CD63, CD81, CD82) are related to cell pene-
tration, invasion, and fusion events. Heat shock proteins (HSP70, HSP90)
are involved in antigen binding and presentation. MVB formation
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proteins are involved in exosome release (Alix, TSG101). Annexins and
Rab are responsible for membrane transport and fusion (annexins and
Rab) [26]. Some proteins (Alix, flotillin, and TSG101) participate in
exosome biogenesis, and some proteins (TSG101, HSP70, CD81, and
CD63) are specifically enriched in exosomes and can be regarded as
exosomal markers [25]. RNA, as a hot spot in the study of exosomes,
plays an important role in intercellular communication. MicroRNAs
(miRNAs) are the most abundant among various RNAs (mRNAs, miRNAs,
lncRNAs, and circRNAs), accounting for over 42.32% of all raw reads and
76.20% of all mappable reads. It plays an important role in tumorigen-
esis, chromosomal abnormalities, protein phosphorylation, RNA splicing,
angiogenesis, and other biological functions [18,27]. As a template,
mRNA plays a crucial role in protein production. Some mRNAs are
unique in exosomes, and the mRNA in exosomes can be translated into
receptor cells and modify the protein expression programs of recipient
cells [28,29]. Studies have shown that lncRNAs also play a role in the
occurrence, development, and adhesion of tumors, especially in liver
cancer. LncRNAs in exosomes released by hepatoma cells can be trans-
ported to other cells and regulate cell functions. Exosomes released by
CD90þ cancer cells are rich in lncRNA H19, which can regulate endo-
thelial cells, promote the angiogenesis phenotype and intercellular
adhesion, and promote cancer cell metastasis [30,31]. Some studies have
shown that compared with normal people, 67 circRNAs are absent and
257 new circRNAs appear in patients with colon cancer, and the circR-
NAs in exosomes can be used as tumor markers because of their relatively
stable closed-loop structure [32]. In addition, the lipids in exosomes,
such as sphingomyelin (SM), phosphatidic acid, and cholesterol, can
enhance the stability and structural rigidity of exosomes. Moreover, the
lipids in exosomes also have biological activities. Studies have shown
that the unsaturated 22:6 fatty acid DHA from exosomes can inhibit the
activity of cholesterol epoxide hydrolase by acting on antioestrogen
binding sites [33,34].

2.2. Bone regeneration process and influencing factors

Bone can be regenerated in two different ways: intramembranous
ossification or endochondral ossification. Flat bones are mainly formed
through intramembranous ossification [35]. In areas with rich blood
supply and nutrients, MSCs promote osteoblast differentiation and
inhibit the chondrogenesis of mesenchymal progenitor cells through the
Wnt signaling pathway in the presence of the transcription factors Runx2
and Osterix (Osx/Sp7). Osteogenitor cells differentiated from MSCs
enlarge to form osteoblasts, which secrete osteoids to encapsulate oste-
oblasts to form osteocytes, and bone matrix is formed by calcification of
osteoid. These early bone tissues become the ossification center, a
trabecular bone, cancellous bone and periosteum were gradually formed
on the basics of ossification center. Vertebrae and long bones are mainly
formed by endochondral ossification. Briefly, the mesenchyme first
condenses to form a growth plate as a template, and after the prolifera-
tion of chondrocytes, a series of matrices rich in proteoglycans, type IIa
collagen, and aggrecan are produced by the resting cells on the growth
plate, which makes chondrocytes stop proliferating and start to hyper-
trophy. Then the expression of type IIa collagen is downregulated by
hypertrophic chondrocytes. Meanwhile, they synthesize type X collagen,
mineralize the matrix, and promote vascularization as well as the dif-
ferentiation and migration of osteoblasts. After the apoptosis of hyper-
trophic chondrocytes and the infiltration of osteoblasts and vessels, the
ossification begins [36]. Endothelial cells also play a role in bone
regeneration by stimulating the maturation and activity of osteoblasts. In
addition, the success of angiogenesis also determines the success or
failure of bone regeneration. Some bone regeneration failures are caused
by damage to new blood vessels or the absence of new blood vessels.
VEGF-mediated capillary invasion can regulate growth plate morpho-
genesis and trigger cartilage remodeling. VEGF is an important signal for
remodeling and is an important coordinator of chondrocyte death,
chondrocyte function, extracellular matrix (ECM) remodeling,
3

angiogenesis, and bone formation in the growth plate [37].
The process of bone regeneration is so complicated that it requires the

participation of various cells and precise regulation. Communication
through the secretion of cytokines has a short half-life and cannot be
transmitted over long distances. The unique function of exosomes in cell-
to-cell communication and genetic material transfer is gradually gaining
attention in bone defect repair.

2.3. Exosomes promote bone tissue regeneration

2.3.1. Exosomes promote osteogenesis
Bone marrowmesenchymal stem cells (BMSCs) derived exosomes can

promote bone regeneration by regulating osteogenic differentiation and
gene expression [38,39]. Zhao et al. found that MSC-derived exosomes
can shorten the cell cycle and increase the expression of related proteins
via MAPK signaling pathway and GLUT3, thereby promoting the prolif-
eration of osteoblasts [40]. Exosomes can also affect the remodeling and
regeneration of bone tissue through the transmission of miRNAs. Cui
et al. found that exosomes secreted by mineralizing osteoblasts (MOB)
are able to raise 91 miRNAs in bone marrow stromal cells (ST2), of which
four highly expressed miRNAs can be detected in exosomes. The upre-
gulated miRNAs tend to activate the Wnt signaling pathway by inhibiting
Axin1 expression and increasing β-catenin expression, and promote the
differentiation of ST2 into osteoblasts by increasing the expression of
Runx2 and ALP [41].

Narayanan et al. confirmed that exosomes could be endocytosed by
MSCs, and the endocytosed exosomes could increase the expression of
bone morphogenetic protein 9 (BMP9) and transforming growth factor
β1 (TGFβ1) in 2D cultures, which are good inducers of MSC osteogenic
differentiation. While in 3D cultures, both regular and osteogenic exo-
somes could upregulate Runx2 and Osterix, which are significant tran-
scription factors for the induction of osteogenic differentiation and
osteogenesis [42]. Xu et al. probed BMSCs-derived exosomal miRNAs
that 9 exosomal miRNAs were upregulated, and 4 miRNAs were down-
regulated [43]. Most upregulated miRNAs have a positive effect on
osteogenesis. MiRNA let-7 can promote osteogenesis by regulating high
mobility group AT-hook 2 (HMGA2), miRNA-199b can promote osteo-
genic differentiation by regulating Runx2, miRNA-218 promotes the
osteogenic differentiation of human adipose-derived stem cells (hASCs)
through the Wnt/β-catenin signaling pathway, and miRNA-135b can
regulate mineralization in the osteogenic differentiation of human un-
restricted somatic stem cells [44–46]. Regarding the downregulated
miRNAs, a study showed that miRNA-221 could downregulate the
osteogenic differentiation of stem cells [47].

Bone matrix mineralization refers to the process in which inorganic
salts such as calcium and phosphorus are deposited in bone tissue. This
process is related to osteoblasts and plays an important role in bone
regeneration. A study found that compared with the control group,
scaffolds containing exosomes had an increased presence of calcium and
phosphorus, indicating that osteogenic exosomes can induce matrix
mineralization of human bone marrowmesenchymal stem cells (HMSCs)
[42]. Tom et al. found that preosteoblast MC3T3-E1 cells treated with
C2C12 exosomes showed increased ALP activity and matrix mineraliza-
tion, which could promote osteoblast differentiation [48]. In addition,
exosomes from human induced pluripotent stem cells (hiPSC-MSCs)
upregulated the gene expression of MSCs derived from ovariectomized
(OVX) rats, and the results of alizarin red S staining showed that
compared to the control group, the deposition of minerals in the cells
treated with exosomes significantly increased [49].

2.3.2. Exosomes can promote cartilage regeneration
Cartilage is a highly differentiated connective tissue composed of

chondrocytes and intercellular matrix. Characterized by a lack of
vascular and neural innervation, it hardly has the ability of self-healing.
However, cartilage damage and defects caused by OA and sports injury
are prevalent in the clinic [50]. At present, the clinical treatments of
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cartilage damage and defects include conservative treatment and surgical
treatment. Conservative treatment includes rest, cold compress, weight
loss, and the usage of NSAIDs, amino acid glucose, hormones, calcium, or
vitamins. Surgical treatment includes joint replacement and autologous
cartilage transplantation. However, the therapeutic effect of these
methods cannot essentially regenerate cartilage. The emergence of tissue
engineering has brought new therapeutic methods for cartilage regen-
eration by combining chondrocytes or stem cells as “seed cells” with
scaffolds. However, these two kinds of seed cells have the disadvantages
of long treatment periods and contamination. The most crucial factor is
that the differentiation of chondrocytes and stem cells cannot be regu-
lated, which may lead to dedifferentiation of chondrocytes or hypertro-
phy and calcification in stem cell differentiation [51,52].

Using exosomes for cartilage regeneration can avoid these disad-
vantages caused by cells. As a messenger, exosomes are rich in genetic
materials and proteins, which can induce the expression of the chon-
drocyte markers (type II collagen and proteoglycan), increase the
expression of anabolic markers (ACAN, COL1, and COL2B), and reduce
catabolic markers (MMP-1, ADAMPS5) and inflammatory markers
(iNOS). Exosomes containing miR-146a can also promote M2 macro-
phage polarization, reduce inflammatory factor activation, and promote
cartilage growth [53,54]. It was shown that exosomes could accomplish
rapid cell proliferation and infiltration during cartilage regeneration
through CD73-mediated adenosine activation of AKT and ERK signaling
and the enhanced histone H3 acetylation. In addition, exosomes can also
affect the autophagy of chondrocytes by promoting the polarization of
M2 macrophages, inhibiting the expression of inflammatory factors IL-1β
and TNF-α, significantly increasing the autophagy level of chondrocytes,
thereby inducing a regenerative phenotype of chondrocytes, promoting
chondrocyte proliferation and enhancing matrix synthesis by inhibiting
the mTOR signaling pathway [55,56]. The Wnt/β-catenin pathway also
plays a key role in cartilage regeneration. MiR-8485 contained in the
exosome regulates GSK3-β expression and phosphorylation to activate
the Wnt/β-catenin pathway. The mRNA and protein levels of COL2A1,
ACAN, SOX9, and MATN3 were increased by downregulating GSK3-β
and targeting DACT1 in BMSCs. Overexpression of miR-8485 also
increased proteoglycan production in BMSCs [57].

2.3.3. Exosomes can promote angiogenesis
Blood vessels can transport nutrients and metabolic wastes, which are

important for bone regeneration. For bone defects with poor vasculari-
zation, delayed union or nonunion is prone to occur [58]. Xie et al. found
that compared with the untreated control, the experimental group of
human umbilical vein endothelial cells (HUVECs) in the presence of
exosomes grew faster and was proportional to the concentration of
exosomes [59]. Liu et al. found that exosomes derived from MSCs can
promote the proliferation, migration, and the tube-forming ability of
endothelial cells by activating the PI3K signaling pathway, thereby
increasing the microvessel density of the femoral head [60]. In addition,
another study found that exosomes derived from umbilical cord mesen-
chymal stem cells (uMSCs) can increase the expression of vascular
endothelial growth factor (VEGF) and hypoxia inducible factor-1α
(HIF-1α), thereby promoting bone regeneration and angiogenesis in rats
with femoral fractures, and HIF-1α plays an important role in this process
[61,62].

2.3.4. Exosomes can regulate macrophage polarization
Bone immunity is a hot topic in recent research. It aims to study the

basic interaction between the immune system and bone, mainly
involving the relationships between osteoblasts and osteoclasts, lym-
phocytes and osteoclasts, osteoblasts and hematopoietic cells. The dis-
covery of multiple immune functions of RANK/RANKL pathway further
promotes the progress of bone immunology [63]. As an important
effector of the innate immune system, macrophages play a key role in
host defense and inflammation. Macrophages can be activated and
polarized into two main types: pro-inflammatory M1 macrophages and
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anti-inflammatory M2macrophages. The first step of bone tissue repair is
to initiate a cascade of inflammatory responses. In the early stage of
inflammation, the pro-inflammatory factors produced by M1 macro-
phages destroy the tissue. Then M2 macrophages inhibit the inflamma-
tory response, remove the damaged tissue fragments, and restore
homeostasis. Benign inflammation can initiate healing, while excessive
inflammation hinders healing. Therefore, macrophage polarization plays
an important role in the process of bone healing [64].

Studies have shown that M2 macrophage polarization can promote
the osteogenic differentiation of MSCs and induce the formation of os-
teoblasts [65,66]. M1 macrophages induce bone destruction and form
fiber wrapping instead of new bone formation. However, bone tissue
engineering scaffolds usually induce M1 polarization, which leads to an
inflammatory foreign body reaction, forms granuloma, wraps the scaf-
folds with fibers, and finally leads to implantation failure [67,68]. Exo-
somes carry a large number of genetic materials and proteins. Some
genetic materials can promote the M2 polarization of macrophages by
downregulating the expression of PRKCCD and PTEN, promoting the
expression of p-AKT, and activating the PI3K/AKT signaling pathway
[69,70]. Proteins carried in exosomes can also regulate the polarization
of macrophages. Yuki Nakao et al. found that TNF-α-stimulated exosomes
could induce polarization of M2 macrophages by promoting CD73
expression [71]. Combining exosomes with bone tissue engineering
scaffolds can not only play the osteogenic role of exosomes but also
inhibit the excessive inflammatory response caused by scaffold implan-
tation and promote bone healing.

2.4. Summary

In recent years, research on exosomes has shown explosive growth. As
a medium of communication among cells, the lipids, proteins, and genetic
materials contained in exosomes have great potential in the diagnosis and
treatment of diseases. However, due to the limitation of production
technology, the extraction efficiency of exosomes is low. There is still a
long way to go from laboratory research to clinical application because of
its deficient standards of preparation, testing, and analysis. However, it is
pleasing to see that many studies are working to address these problems so
that they can be better served clinically [72,73].

3. The applications of exosomes-loaded biomaterials for bone
tissue engineering

Currently, tissue engineering can be applied to various clinical as-
pects, such as wound healing, corneal regeneration, bone repair, heart
valve repair, and liver and kidney diseases [74–77]. Compared with
traditional clinical treatments, bone tissue engineering has the advan-
tages of a shorter growth cycle, a sufficient supply of rawmaterials, and a
low probability of immune rejection and infection in promoting bone
repair [78]. The construction of bone tissue engineering mainly consists
of seed cells, scaffold materials, and growth factors. Since cell adhesion,
growth, and proliferation depend on the scaffold, the selection of scaffold
material plays an important role in the construction of bone tissue en-
gineering [79]. Therefore, scaffold materials used in bone tissue engi-
neering should meet the following requirements: (1) good
biocompatibility and biodegradability; (2) favorable plasticity; (3) a
three-dimensional porous structure that can support seed cells; (4) a good
material-cell interface; and (5) a stable structure [80,81].

Types of materials used for bone tissue engineering, sources of exo-
somes, and ways of attaching exosomes to bone tissue engineering.
(hBMSCs: human bone marrow mesenchymal stem cells, SHED: stem
cells from human exfoliated deciduous teeth, hUCMSCs: human umbili-
cal cord mesenchymal stem cells, rBMSCs: rat bone marrow stromal cells,
hGMSCs: human gingival mesenchymal stem cells, hDPSCs: human
dental pulp stem cells, hUMSCs: human umbilical cord mesenchymal
stem cells, SMSCs: synovial mesenchymal stem cells, ADSCs: adipose-
derived stem cells).



Table 1
Exosomes-loaded biomaterials for bone tissue engineering applications.

Scaffold materials Materials Exosome source Combination mode References

Inorganic materials Metal Schwann cells, hBMSCs, hADMSCs Filling, incubate [82–86]
β-TCP hiPS-MSCs, SHED, hiPS-MSCs Drip and lyophilize, incubate, adding dropwise [49,87,88]
HAP hBMSCs, hUCMSCs Inject, mix, load and cure [89]
BAG rBMSCs Drip and lyophilize [90]

Organic materials ECM BMSCs Inject [91]
Liposomes CXCR4þ NIH-3T3 Exosome-guided bone targeted delivery of Antagomir-188 [92]
PCL hBMSC, ATDC5 CP05 modification and Incubated with PCL [93,94]
PLA hGMSCs, hAD-MSCs Incubate, fix and dehydrate, drip and incubate [95,96]
PLGA hAD-MSCs, SHED Soak and incubate [97,98]
PEEK BMSCs Drip and incubate [99]
PLLA hDPSCs Physically attache [100]

Hydrogels BMSCs, hUMSCs, hiPS-MSCs, SMSCs, SHED, ADSCs Inject, dissolve and mix, dynamic projection stereolithography, irradiate [61,
101–110]

Fig. 2. Bone tissue engineering materials. The materials commonly used in bone
tissue engineering can be generally divided into metal materials, organic ma-
terials, and inorganic materials. Different materials have their own character-
istics and shortcomings. (TJR: total joint replacement, TCP: tricalcium
phosphate, HAP: hydroxyapatite, BAG: bioactive glass, PLGA: poly(lactic-co-
glycolic acid), PGA: polyglycolic acid, PCL: polycaprolactone, PLA: poly-
lactic acid).
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Exosomes regulate the proliferation and activity of osteoblasts and
promote angiogenesis, osteogenic differentiation, and cell matrix
mineralization, thus promoting bone tissue regeneration. These pro-
cesses are mainly achieved by the proteins, lipids, and genetic materials
inside the exosomes. Attaching exosomes to bone tissue engineering
materials not only provides a favorable environment for the function of
exosomes but also compensates for the shortcomings of bone tissue en-
gineering materials, such as slow angiogenesis and intercellular
communication barriers. Common exosomes used for bone tissue engi-
neering include BMSCs, human-induced pluripotent stem cell-derived
mesenchymal stem cells (hiPS-MSCs), human adipose mesenchymal
stem cells (hAD-MSCs), and other sources of exosomes. These exosomes
are combined with scaffolds from different sources by dropwise, co-
incubation, lyophilization or other methods. Beside traditional scaf-
folds, bone tissue engineering also involves various fillers, hydrogels,
nanotubes, etc (see Table 1). In the following section, we introduce
5

various examples of exosomes used in bone tissue engineering in recent
years (Fig. 2).

3.1. Exosomes-loaded inorganic materials for bone tissue engineering

Inorganic materials commonly used for bone tissue engineering are
metal materials, tricalcium phosphate (TCP), hydroxyapatite (HAP), and
bioactive glass (BAG), which have good toughness and biocompatibility
as well as different characteristics.

3.1.1. Metal materials
Metal materials are the most widely used materials in engineering

and are commonly used for cardiovascular stents and bone implantations
clinically. The excellent mechanical strength and load-bearing capacity
of metal materials make them particularly suitable for orthopedic im-
plantations, such as the internal plate fixation, artificial femoral heads
used in total hip arthroplasty, and artificial joints used in total knee
arthroplasty. Currently, commonly used metal materials include plat-
inum, stainless steel, titanium alloys, nickel alloys, magnesium alloys,
cobalt-based alloys, etc. Metal materials possess the advantages of good
biocompatibility, mild stretchability, easy production and processing,
corrosion resistance, and low modulus [111–113]. However, the poor
absorbability of metal materials sometimes requires surgically removing
them after bone healing. In addition, metal materials can be affected by
wear and stress shielding effects, resulting in harmful substances and
reduced bone density. The metal scaffolds can only provide a stable
platform, but it is difficult to attach other osteoinductive materials to
their surface [114]. Titanium alloys have become the most commonly
used metal materials in orthopedics because of their excellent biocom-
patibility, high friction coefficient, high porosity and corrosion resistance
[115–117]. Not only that, the micro/nano-textured layered titanium
morphology can also promote the secretion of exosomes, which in turn
promotes bone regeneration [82]. Recent studies have gradually focused
on the development of porous, 3D printed and nanoscale metal materials
and the modification of metal scaffolds. The research on the modification
of metal scaffolds by exosomes has achieved striking results. The excel-
lent porosity of the 3D printed titanium alloy scaffolds is not only
conducive to the attachment of exosomes, but also to the migration and
proliferation of cells. 3D printed titanium alloy scaffolds modified with
exosomes derived from human mesenchymal stem cells can upregulate
osteogenic miRNAs and promote osteogenesis through PI3K/Akt and
MAPK pathways [83]. Besides, attaching exosomes derived from
Schwann cells to porous Ti6Al4V scaffolds could promote osteogenesis.
Porous Ti6Al4V can reduce the elastic modulus of the material to make it
closer to natural bone tissue, with a closer connection between the
scaffold and the new bone and a better bone integration, which proves
that Ti6Al4V scaffolds with exosomes can promote the regeneration and
repair of bone tissues better than traditional scaffolds [84]. The genetic
material transfer function of exosomes plays a key role in the osteo-
genesis process. Similarly, a study applied bone morphology protein



Fig. 3. Application of exosome-loaded inorganic materials in bone tissue engineering (A) Autophagic activity of hBMSCs stimulated by experimental group or control
group. Representative confocal microscopic images of hBMSCs stimulated with experimental group or control group encapsulated nanotubes for 1, 3 and 7 days under
osteogenic medium. (B) hBMSCs were incubated with experimental group encapsulated-nanotubes or control group encapsulated nanotubes under osteogenic dif-
ferentiation for 4 days. The conditioned medium collected was measured using proteome profiling human XL cytokine array (Reproduced with permission of
Ref. [85]). (C) Three-dimensional reconstruction and sagittal images showed different reparative effects of HA, exosomes derived from MSCs (MSC-Exos), and
DMOG-stimulated MSCs (DMOG-MSC-Exos), and new blood vessels in calvarial defects are shown in three-dimensional reconstruction images (Reproduced with
permission of Ref. [89]).
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(BMP2) to stimulate macrophages and encapsulated the extracted exo-
somes in titanium nanotubes. With the advancement of materials science,
nanotechnology is increasingly being used in tissue engineering with its
unique advantages in drug delivery [118,119]. It was found that titanium
nanotube-containing exosomes could stimulate the bone activity of
BMSCs, while only BMP2/macrophage-derived exosomes could enhance
bone differentiation. The macrophages stimulated by BMP2 showed
different miRNA profiles with increased expression of miR-530, chr9_22,
532, and chr16_34,840. In addition, titanium nanotube-containing exo-
somes were found to stimulate autophagy activation of BMSCs, thereby
regulating MSC differentiation and self-renewal, showing a critical role
in MSC bone differentiation. The modification of metal scaffolds by
exosomes provides a new direction for the development of bone tissue
engineering materials for bone repair (Fig. 3A and B) [85].

In recent years, metal-organic frameworks (MOFs) have gradually
become a hot spot in materials research. MOFs are organic-inorganic
hybrid materials with intramolecular pores formed by organic ligands
and metal ions or clusters, and their advantages are structural and
functional diversity, porosity and large specific surface area. Kang et al.
used the features that exosomes could promote bone regeneration and
angiogenesis, Mg2þ could promote osteogenic differentiation and cal-
cium deposition, gallic acid could be anti-oxidant and anti-inflammatory,
to form PLGA/Exo-Mg-GA MOF composite scaffolds. The researchers
found that the composite scaffold could not only stably release exosomes
and magnesium ions, accelerate the adhesion and proliferation of cells,
but also exert anti-inflammatory and osteogenic effects, but the
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mechanisms of anti-inflammatory and osteogenic were not explained in
the experiment [86].

3.1.2. β-TCP
Tricalcium phosphate includes α-tricalcium phosphate (α-TCP) and

β-tricalcium phosphate (β-TCP). β-TCP is similar in composition to the
human autologous bone, with advantages of abundant source, high
safety, easy storage, being sterile and degradable, and the ability to
release calcium ions and sulfates in vivo to maintain the balance between
material degradation and osteogenesis and promote bone regeneration
[120–122]. Horch et al. demonstrated the remarkable degradability and
osteoconductivity of TCP in a clinical trial for the treatment of 156 cases
of mandibular defects [123]. β-TCP hardly degrades in the
non-weight-bearing area, while the degradation rate mediated by body
fluids is very fast in the weight-bearing area. Inoculating osteoblasts on
β-TCP scaffolds can slow the degradation rate [124], but β-TCP is unable
to promote bone repair. Therefore, a classical porous β-TCP scaffold was
modified with exosomes derived from human-induced pluripotent stem
cell-derived mesenchymal stem cells (hiPS-MSC-Exos) by Zhang et al.
[87] Compared with the pure β-TCP scaffold, the combined exoso-
me/β-TCP scaffold increased the expression of the PI3K/Akt signaling
pathway and showed higher osteogenic activity. The implantation of
exosome-loaded scaffolds not only upregulated the mRNA and protein
expression of bone-related genes but also promoted osteogenesis by
enhancing angiogenesis. Qi et al. dropped exosomes onto a porous β-TCP
scaffold and combined them through freeze-drying. The in vivo



Fig. 4. Application of exosome-loaded MBG in bone tissue engineering (A) An overview of the study. (B):(i) Principal component analysis (PCA) of miRNAs of MSC-
exos from different sources and conditions. (ii) Heatmaps of the differentially expressed miRNAs of BMSC-derived exosomes before and after osteoinductive treatment.
(iii) Heatmaps of the differentially expressed exosomal miRNAs of exosomes under different interventions. (C) Histological evaluation of the bone sections 12 weeks
post-implantation stained with VG (undecalcified), Masson's trichrome and HE (decalcified). (M: material; nb: new bone.) (Reproduced with permission of Ref. [90]).
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experiments showed that the hiPSC-MSC-Exosþβ-TCP scaffolds could
promote bone regeneration and vascular regeneration of osteoporotic rat
skull defect models in a concentration-dependent manner [49]. Another
study combining β-TCP with exosomes secreted by stem cells from
human exfoliated deciduous teeth (SHED) also demonstrated that exo-
somes/β-TCP enhanced the expression of angiogenesis-related genes,
osteogenesis-related genes, and phosphorylated (p)-AMPK and promoted
periodontal bone regeneration and vascular regeneration [88].

3.1.3. Hydroxyapatite (HAP)
HAP is the main component of human bone tissue, with great

biocompatibility and osteogenic capacity [125]. After being implanted in
the body, HAP will not induce toxicity, inflammatory reactions, or
foreign body reactions, and will exist as the stable calcium phosphate
(CaP) in human body fluids at neutral or alkaline pH. HAP also releases
calcium, phosphorus, and other elements that facilitate tissue repair in
vivo [126,127]. In addition, HAP particles can stimulate macrophages to
secrete angiogenic and osteogenic growth factors to promote bone
regeneration [128]. Morishita et al. applied a BMSCs-filled HAP scaffold
in the bone cavity after the curettage of bone tumors. No obvious adverse
reactions were observed after surgery, the implant and the bone were
integrated tightly three months post-surgery, and they completely fused
one year post-surgery [129].

HAP materials also have some properties that hinder their applica-
tions. Despite their large hardness, they are brittle and possess poor
fracture toughness. Besides, HAP materials have a long degradation time
7

and poor cell adhesion [130–132]. However, attaching exosomes
extracted from HMSCs to a classic HAP scaffold stimulated by
low-density dimethyl oxychloroglycine (DMOG) can activate the
AKT/mTOR pathway, promote the regeneration of HUVECs, and enhance
the osteogenic capacity of HA scaffolds further (Fig. 3C) [89].

3.1.4. Bioactive glass (BAG)
BAG has been known as the only artificial biological material that can

be bonded to bone and soft tissues so far. After implanted in the body,
BAG can form HAP on the glass surface through a series of reactions and
then firmly bond with bone tissue. The transformation ability is also an
indicator of its biological activity. In addition, BAG has potent osteo-
conductive and osteogenic properties, and can stimulate bone regener-
ation and bone repair through degradation products [133].

Common BAG materials include silicate, borate and phosphate. In the
early 1970s, the first generation of silicate-based BAG was developed by
Hench et al. but it tended to precipitate to form crystals, could not be
completely converted into HA and possessed a slow degradation rate in
vivo [134]. Borate BAG is highly reactive and can be almost completely
converted into HA. However, borate BAG will produce the cytotoxic
(BO3)3- dissolving in the body [135,136]. Phosphate BAG has a rapid
degradation rate that can be controlled by adding metal oxides such as
TiO2 and MnO2, but it is not widely used since phosphate BAG has poor
chemical durability and its degradation products Naþ and (PO4)2- will
cause a high pH environment which inhibits cell proliferation
[137–139].



Fig. 5. Application of exosome-loaded ECM in bone tissue engineering (A) Schematic illustration of the whole study. (B) (i): Micro-MRI findings. The red arrowheads
show the locations of the defects. (ii): Micro-CT findings, the red rectangles show the subchondral bone at the defect sites. (C) (iii): Macroscopic results for new
cartilage. The red circles show the locations of the defects. Scale bar ¼ 5 mm. (iv): ICRS cartilage repair macroscopic score. (*P < 0.05, **P < 0.01, ***P < 0.005,
****P < 0.001). (D) (v): Macroscopic view of the ACECM scaffold. (vi) SEM results of the cross-section of the ACECM scaffold. (vii): SEM results for a longitudinal
section of the ACECM scaffold. (viii): SEM results for BMSCs planted on the ACECM scaffold for 4 days (the red arrowhead indicates the clustered cells). (ix–xi)
Confocal laser observation of live/dead-stained BMSCs planted on the ACECM scaffold for 1, 4, and 7 days (green indicates live cells, and red indicates dead cells)
(Reproduced with permission of Ref. [91]).

W. Wang et al. Materials Today Bio 16 (2022) 100355
With the integration and development of material science and mo-
lecular biology, novel BAG materials are being modified in bone tissue
engineering, including those modified with exosomes. Liu et al. found
that miRNAs (let-7a-5p, let-7c-5p, miR-328a-5p, and miR-31a-5p) in
BMSC–OI–exos could regulate the competitive balance of Bmpr2/Acvr2b
toward Bmpr-initiated Smad1/5/9 phosphorylation to achieve the oste-
ogenic activity. The BMSC–OI–exos was freeze-dried, filled on the
layered mesoporous bioactive glass (MBG) scaffold, implanted in a rat
skull defect model, and the material was found to induce bone formation.
Although the freeze-drying process caused broken exosomes and a slight
decrease in ALP activity, there was no significant difference overall
compared with other loading methods. In addition, the high specific
surface area and microporosity of the BAG scaffold also protect and
facilitate the exosome attachment. These findings prove the reliability of
freeze-drying attachment and provide a new idea for the attachment
method (Fig. 4) [90].
3.2. Exosomes-loaded organic materials for bone tissue engineering

Organic materials used in bone tissue engineering include natural
polymer materials and synthetic polymer materials. Common natural
polymer materials include extracellular matrix and liposomes, and
common synthetic polymer materials include polycaprolactone (PCL),
polylactic acid (PLA), polyglycolic acid (PGA), and their copolymer poly
(lactic-co-glycolic acid) (PLGA). The following will review the
8

characteristics of different materials and how they exert osteogenic ef-
fects when loaded with exosomes.

3.2.1. Natural polymer materials
ECM, synthesized by various cells, is a complex network of macro-

molecules surrounding cells. Its main components include collagen,
elastin, and proteoglycans. ECM not only protects cells and provides a
good cellular microenvironment but also regulates cell functions by
communicating with endogenous cells [140]. ECM can also be used as a
material for bone tissue engineering. The tissue-derived ECM can main-
tain its properties in the organism that are beneficial to vascular regen-
eration [141]. However, there are still challenges in retaining these
properties. Besides, the method to form and maintain the structural
gradient of ECM in vivo remains to be further explored [142].

The artificially prepared ECMs are derived from organisms and can
provide a good microenvironment for cell growth and proliferation with
favorable biocompatibility. Scaffolds prepared by injecting exosomes
into the artificial ECM can promote cartilage regeneration by inhibiting
inflammation and enhancing the regeneration of osteochondral ECM.
However, the concentration of exosomes at the defect site is uncontrol-
lable with this injection method, indicating its limited application for
large bone defects (Fig. 5) [91].

Liposomes are synthetic microvesicles with phospholipid bilayers
resembling cell membranes. With the hydrophobic head end and the
hydrophilic tail end of phospholipids, it is possible to carry hydrophilic



Fig. 6. Application of exosome-loaded liposomes and PCL scaffolds in bone tissue engineering (A) Schematic illustration of exosome-guided miRNA blocking. (B) (i)
Biophotonic images of the organ distribution 4 h after intravenous injection of PBS, Cy5, Cy5 labeled liposomes and Cy5-labeled hybrid NPs, with various exosome-
liposome ratios. (ii) Representative fluorescence microscopic images of the femur 1, 2, and 4 h after injection of Cy5-labeled CXCR4þ hybrid NPs (Reproduced with
permission of Ref. [92]). (C) General idea of engineered exosome enhanced therapies on osteogenesis and angiogenesis. (iii) 3D-printed porous PCL scaffolds were
modified with 1,6-hexanediamine to generate the amino group on PCL scaffolds that were subsequently modified with the exosomal anchor peptide CP05. (iv)
Engineered exosomes were fabricated by encapsulating the VEGF plasmid DNA into ATDC5-derived exosomes. The well-designed bone scaffolds were constructed by
combining the engineered exosomes with the CP05 modified 3D-printed scaffolds, and eventually implanted into a rat radial defect model to promote osteogenesis (v)
and angiogenesis (vi). (D) Modification of 3D-printed PCL scaffolds. (vii) 3D-printed PCL scaffolds exhibited a highly intercommunicating porous morphology by SEM
observation (Left image for the top view and Right image for the side view). (viii) The graft efficiency of the anchor peptide CP05 was obviously higher in PCL NH2þ

than that in PCL NH2-. The CP05 was conjugated with Alexa Fluor 488 to present green fluorescence (Reproduced with permission of Ref. [93]).
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drugs in liposomes and hydrophobic drugs in bilayers [143]. As a carrier,
liposomes not only passively target the tumor area through enhanced
permeability and retention effects but also show controlled drug release
to reduce side effects and enhance drug stability [144]. Exosomes are
unable to exert sustained functions due to their short half-life. The
combination of exosomes and liposomes can complement each other. In
the elderly, miR-188 in BMSCs increases, and miR-188 induces adipo-
genesis of BMSCs to inhibit osteogenesis, while antagomir-188 inhibits
the adipogenesis of BMSCs and promotes osteogenesis. Hu et al. exploited
the high-level stromal cell-derived factor 1 (SDF1) of bone marrow to
recruit CXCR4þ cells homing. They combined exosomes with CXCR4 on
their surfaces and liposomes loaded with antagomir-188 to fabricate the
hybrid nanoparticles (NPs). In this study, the targeted aggregation of
CXCR4þ exosomes was demonstrated for the first time through in vivo
tracing experiments. The exosomes-loaded hybrid NPs accumulated in
the bone marrow, inhibited the adipogenic differentiation of MSCs, and
promoted their osteogenic differentiation. Unfortunately, the sustained
release of exosomes has not been verified to accumulate in the bone
marrow in this study (Fig. 6A and B) [92].
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3.2.2. Synthetic polymers materials
As a commonly used biodegradable polyester polymer material, PCL

is widely used in various tissue engineering applications, such as heart
tissue engineering, vascular tissue engineering, skin tissue engineering,
nerve tissue engineering and other fields, especially in bone tissue en-
gineering [145–148]. Approved by FDA, PCL is generally used as a
scaffold material for bone tissue engineering, with good biocompati-
bility, plasticity, toughness, and controllable degradation rate. However,
PCL itself has low mechanical strength and cannot bear weight, showing
no bioactive or osteoconductive properties. Besides, the low surface en-
ergy and the lack of surface signals on pure PCL make it difficult for cell
attachments [149–151].

Porous PCL scaffolds have been widely used in bone tissue engi-
neering, and the development of 3D technology gradually facilitates the
design and preparation of these porous materials. Zha et al. encapsulated
the VEGF plasmid in ATDC5-derived exosomes and planted the exosomes
in a 3D-printed PCL scaffold to prevent the unbalanced concentration
distribution and the embolism risk caused by intravenous injection
(Fig. 6C and D). In addition, they modified the PCL scaffold with the
anchoring peptide CP05 of exosomes to improve the efficiency of



Fig. 7. Surface characterization of engineered PLGA substrates (A) Scanning electron microscopy of PLGA scaffolds (PLGA), PLGA scaffolds coated with polydopamine
coating (PLGA/pDA), and PLGA scaffolds coated with polydopamine and exosomes (PLGA/pDA-Exo). (B) Distribution of PKH-26 labeled exosomes on the PLGA-only
scaffold (middle) and PLGA/pDA scaffold (right), with PKH-26-stained scaffold as control (left). (C) In vitro exosome release kinetics in saline from exosomes-loaded
PLGA by physical absorption (PLGA/Exo) and PLGA/pDA-Exo scaffolds. (D) Exosomes increased bone formation in critical-sized mouse calvarial defects. Mice were
treated with PLGA scaffolds (PLGA), PLGA scaffolds with polydopamine coating (PLGA/pDA), or PLGA scaffolds coated with polydopamine and exosomes (PLGA/pDA-
Exo). (i) Micro-CT images of bone formation in each group after 6 weeks. (ii) Quantitative comparison of new bone volume among the different groups. **p < 0.01
compared with groups without exosomes. Histological assessment of bone formation in each group: (iii) HE staining. (iv) Masson staining. The collagen in the bone
matrix was stained blue-green. The purple inclusions indicated by the white arrows were the remaining PLGA material. HB, host bone. Immunohistochemical staining
for the osteogenic markers (v) RUNX2 and (vi) osteocalcin (OCN). Dark-brown granules indicating positive staining are marked by red arrows. The black arrows
marked the newly formed tissue and white arrows indicated the area where the remaining PLGA material was located (Reproduced with permission of Ref. [97]).
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implantation and implanted the scaffolds in rat radius defect models. The
exosomes showed a strong osteogenic ability, VEGF plasmids displayed a
potent angiogenic ability, and the PCL scaffold that combines the exo-
somes and VEGF plasmids can promote osteogenesis and angiogenesis
both [93]. The PCL material itself can also be modified to optimize ma-
terial properties. For example, modification of PCL scaffolds with low
concentrations of silver ions not only inhibits the inflammatory process
but also promotes the osteogenic differentiation of BMSCs. In addition,
PCL scaffolds modified with silver ions and exosomes derived fromMSCs
can increase the expression levels of osteogenic genes (LP, OPN, Col-I,
Runx2) and promote the osteogenic differentiation of hBMSCs [94].

The FDA-approved PLA is also widely used as an important medical
material. In orthopedics, PLA is used in absorbable screws, meniscus
repair, and bone tissue engineering [152–154].As aliphatic polyester,
PLA can be transformed into lactic acid (LA) through hydrolysis and
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enzymatic hydrolysis in vivo, and its crystallinity determines its degra-
dation rate. PLA has remarkable advantages of good biocompatibility and
mechanical strength, low immunogenicity, and easy materials access.
However, PLA also has some limitations, such as complicated processing.
Besides, as a hydrophobic aliphatic polyester, the hydrophobicity, low
degradation rate, and low impact toughness of PLA also limit the appli-
cation [155,156]. However, attaching exosomes to PLA scaffolds directly
may lead to low attachment efficiency, so both the scaffolds and the
surface of exosomes can be modified to enhance their adhesion. A
“proton sponge” polyethyleneimine (PEI) was used to improve the
adhesion of exosomes derived from human gingival mesenchymal stem
cells (HGMSCs) and was applied to modify 3D printed porous PLA scaf-
folds, and the modified scaffold induced the expression of 31
osteogenesis-related genes and showed better osteogenesis in rat skull
injuries [95]. Composite materials are gradually becoming the



Fig. 8. Flow chart of encapsulation of exosomes by double emulsion technology and application of exosome-loaded PLGA scaffolds in bone tissue engineering (A)
Development of a dual flow-focusing junction microfluidic device to facilitate exosome encapsulation. The device was designed to facilitate the formation of a water/
oil/water double emulsion (i) via two flow focusing junctions (ii) where immiscible solvents contacted and form droplets which later become particles (iii). CAD
drawings of the device were used to simulate fluid flow using COMSOL, demonstrating the formation of droplets at both junctions (iv, v). Droplet size was controlled
by the relative flow rates of two immiscible solvents when they contacted at the flow focusing junction (vi). PDMS devices were interfaced with pressure-driven pumps
and droplet formation was visualized under a light microscope (vii, viii). Representative images shown. Scale ¼ 100 μm (Reproduced with permission of Ref. [100]).
(B) Characteristics of different samples. (ix) Illustration of surface modification of PEEK. Fe3þ acts as an ionic cross-linker that can interact with up to three 3,
4-dihydroxy-L-phenylalanine (DOPA) catechol functionalities to promote TA cross-linking. BMSC-derived Exos were reversibly bound to TA-SPEEK via hydrogen bond
formation between phosphate groups in Exos phospholipid and polyphenol groups in the TA molecule. (x) FE-SEM images of PEEK, SPEEK, TA-SPEEK and
Exo-TA-SPEEK. Scale bar represents 500 nm. (C) In vitro RAW264.7 cells polarization. (xi) IBa-1 and Arg-1 immunofluorescent staining of RAW264.7 cells on each
sample surface are shown three days following culture. IBa-1 was stained green, Arg-1 was stained red and nuclei was stained blue. Scale bar represents 50 μm. (xii)
IBa-1 and iNOS immunofluorescent staining of RAW264.7 cells on each sample surface three days after culture. IBa-1 was stained green, iNOS was stained red and
nuclei was stained blue. Scale bar represents 50 μm (Reproduced with permission of Ref. [99]).
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mainstream in which different materials complement each other. Maria
et al. developed a novel mineral-doped PLA porous scaffold by thermally
induced phase separation of PLA, CaSi, and dicalcium phosphate dihy-
drate (DCPD) and dropping exosomes from human adipose mesenchymal
stem cells (hAD-MSCs) onto the scaffold surface. They cultured the
scaffold in a culture medium to better fuse the exosomes with the new
scaffold. In vitro experiments showed that mineral-doped scaffolds could
form a microenvironment facilitating bone growth. The addition of
exosomes further increased the expression of osteogenic marker genes.
Maria et al. proved that mineral filling is beneficial to osteogenesis,
which provides a new direction for optimizing bone tissue engineering
scaffolds. Unfortunately, the mineral-doped PLA scaffolds were cultured
in simulated body fluids in vitro, but in vivo experiments have not been
conducted to prove their efficacy [96].

Similar to PLA, PGA is also commonly used in tissue engineering and
has excellent biocompatibility and biodegradability. PGA can be rapidly
degraded into non-toxic carbon dioxide and water in the body. The
degradation rate and mechanical properties of PGA can be controlled by
changing the ratio of LA and glycolic acid. Besides, PGA has strong
plasticity and can adjust its properties as needed. However, its poor load-
bearing stability makes it difficult to bear weight, the degradation rate of
11
PGA is too fast, and the acidic decomposition products can cause severe
inflammation [157–159]. PLGA is formed by random polymerization of
LA and glycolic acid. PLGA50:50, which consists of 50% LA and 50%
glycolic acid, is the most commonly used type, and different ratios of LA
and glycolic acid will lead to different properties. Generally, the drug
release and degradation rate of PLGA at a high LA proportion are rela-
tively slow, except that the degradation rate of PLGA50:50 is the fastest
[160,161]. Despite its excellent biocompatibility, PLGA has poor
load-bearing capacity and osteoconductivity and cannot promote cell
adhesion and proliferation. Therefore, other materials, such as chitosan,
HAP, and BAG are usually used in combination with PLGA [162–164].
Other modifications were also utilized to enhance the adhesion between
scaffolds and exosomes. A study combined exosomes from hASCs with
polydopamine-coating PLGA scaffolds by soaking. In mouse skull defect
models, the exosome-composite scaffold showed a stronger bone repair
ability than simple PLGA scaffolds. In this study, exosomes collected
within two days were suggested for scaffold implantation, consistent
with the clinical requirements for the timely treatment of bone defects. In
addition, it was speculated that the osteogenic ability of the extracted
exosomes might diminish with the loss of MSC cellular characteristics,
which has not been validated yet. Moreover, the attachment efficiency by
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soaking and the sustained release of exosomes from the scaffolds are not
ideal. Although the modification of polydopamine in this study could
achieve a certain sustained release, it was shown that only approximately
30% of the exosomes remained on the scaffold after 8 days, which is not
conducive to long-term bone repair (Fig. 7) [97]. To enhance the
sustained-release effect, W. Benton Swanson et al. used double emulsion
technology to encapsulate exosomes in PLGA-PEG-PLGA polymer mi-
crospheres and implanted them into PLLA nanoporous scaffolds. They
found that after a sudden release on the first day, the release curve of
encapsulated exosomes for the next 10 weeks was almost linear, indi-
cating the encapsulation method as an effective way to release exosomes,
thereby prolonging osteogenesis [100]. Compared with lyophilization,
surface adsorption using an affinity coating can protect exosomes,
therefore, researchers developed an exosome-affinity biomimetic poly-
dopamine coating applied on injectable PLGA microsphere scaffolds and
using SHED to induce exosomes in hypoxic culture to attach to the
scaffold surface. The microsphere scaffolds not only prolonged the low
retention and stability of exosomes in vivo, but also exhibited strong
osteogenic and angiogenic abilities [98].

Polyetheretherketone (PEEK) is an aromatic polymer material that is
chemically stable and maintains its stability at high temperatures. In
addition, PEEK as an implant is noncytotoxic and highly biocompatible.
Compared with Ti, osteocytes show stronger survival and proliferation
capabilities on the surface of PEEK [165]. However, PEEK has poor
osseointegration properties and biological activity after being implanted
in the body, and the addition of exosomes can complement the defi-
ciency. Exo-SPEEK can regulate the M2 polarization of macrophages via
the NF-κB pathway and has the characteristics of immunomodulation and
direct osteogenesis. To promote the binding of exosomes and PEEK, PEEK
was treated with concentrated sulfuric acid to form a porous structure on
its surface that facilitated osseointegration and a tannic acid layer on the
surface of sulfonated PEEK (SPEEK) by soaking. When dropping the
exosomes-containing solution on TA-Speek, the polyphenol groups in
tannic acid bind with exosomes, preventing them from being released
rapidly. In vivo experiments showed that Exo-TA-SPEEK could promote
osteogenesis and strengthen the osseointegration between the implant
and the new bone in the body (Fig. 8) [99].

3.2.3. Exosomes-loaded hydrogels for bone tissue engineering
Hydrogels are hydrophilic gels with cross-linked networks, including

natural hydrogels, synthetic hydrogels, and biohybrid hydrogels. Natural
hydrogels have different types of polymers, such as collagen, hyaluronic
acid (HA), fibrin, alginate, agarose, and chitosan [166]. Due to the high
plasticity, hydrogels can change their molecular structures and be syn-
thesized into temperature-responsive or pH-responsive hydrogels or
molecularly imprinted hydrogels for molecular recognition. Its plasticity,
porosity, and biocompatibility have led to its widespread use in treat-
ment and diagnosis, especially in tissue engineering, controlled drug
delivery, and bionanotechnology applications [167]. Exosomes attached
to bone tissue engineering scaffolds can promote the repair and regen-
eration of bone tissue. However, one of the prominent shortcomings of
exosomes is their short half-life, which is 2–4 min in plasma. Liu et al.
found that encapsulating exosomes in hydrogels could protect exosomes
and ensure their local concentration to prolong their half-life and allow
them to exert biological functions for several weeks [168]. Encapsulation
of exosomes from mir-375 overexpressed hAD-MSCs in hydrogels resul-
ted in slower and more controlled release of exosomes in vivo, and the
encapsulated exosomes could also inhibit IGFBP3 expression to promote
osteogenesis [101]. Studies have shown that exosomes can regulate
angiogenesis via the miR-21/NOTCH1/DLL4 signaling axis. Researchers
have encapsulated exosomes from human umbilical cord mesenchymal
stem cells (hucMSCs) in HA hydrogels and filled the hydrogels with
nanohydroxyapatite/poly-ε-caprolactone (nHP) scaffolds to fabricate
EXOs/Gel/nHP composite materials. The composite materials were then
placed in an artificial skull defect model. Through imaging examination
and histological analysis of the defect site in the 4th and 8th weeks,
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Zhang et al. found significantly more new bones and collagen ingrowth in
the composite material group than in the controls. In addition, it was
found through high-throughput sequencing that miR-21 is the most
abundant miRNA in exosomes derived from hucMSCs, and angiogenesis
and bone regeneration can be promoted in vitro and in vivo by regulating
miR-21 expressions [102]. Exosomes encapsulated in hydrogels can also
enhance the expression of vascular endothelial growth factor (VEGF) and
hypoxia-inducible factor-1α (HIF-1α) to promote fracture healing and
angiogenesis in a rat model of femoral neck fracture [61]. Similarly,
exosomal miR-451a also plays an important role in promoting bone
regeneration. The exosomes from adipose-derived mesenchymal stem
cells (ADSC-Exos) were mixed in injectable gelatine nanoparticles
hydrogels, and in vivo experiments demonstrated that miR-451a can
regulate macrophage M1 to M2 phenotype polarization to promote bone
healing [103].

However, as a bone tissue engineering material, hydrogels have poor
strength and load-bearing properties. HAP, the material resembling
human autologous bone, can be combined with hydrogels to complement
the shortcomings. Yang et al. combined exosomes with an injectable HAP
embedded in an in situ cross-linked hyaluronic acid-alginate (HA-ALG)
hydrogel system. After the combination, the elastic modulus of the
combined composite hydrogel increased, and the maximum stress
increased more than two folds. Besides, the water absorption capacity
decreased, making the hydrogel resemble a solid material. In addition,
the hydrolysis rate becomes slower, so the composite hydrogel has a
certain load-bearing capacity and can be used as a bone tissue engi-
neeringmaterial in vivo for a prolonged time. Under the scanning electron
microscope (SEM), a three-dimensional porous structure with a rough
outer surface of the composite hydrogel was observed, which facilitated
the attachment of exosomes. After injection into a rat skull injury model,
Yang et al. found more newly formed bone-like tissue and blood vessels
in the hydrogel-exo group [104].

Traditional hydrogels are more prone to damage when subjected to
external forces, which hinders the biological functions of hydrogels.
Zhang et al. prepared hydrogels with self-repair ability by cross-linking
chitosan with small-molecule dialdehydes. The self-repair hydrogel
could repair itself rapidly without specific stimulation after external force
damage [169]. Wang et al. placed the CHA/SF/GCS/DF-PEG hydrogel
with hucMSC-derived exosomes (hydrogel-exosomes groups) into the
artificial femoral condyle defect incision. The CT, X-ray, histological and
immunohistochemical analysis showed that compared with the obvious
bone defect area in the control group at 30 and 60 days, the hydrogel and
the tissue around the defect were already tightly connected in the
hydrogel and hydrogel-exosomes groups, with a tighter connection in the
hydrogel-exosomes group. After 90 days of implantation, the bone defect
in the control group was still visible, while the bone defect was healed in
the hydrogel and hydrogel-exosomes groups, and many new blood ves-
sels were formed in the new bone tissue in the hydrogel-exosomes group
[105].

Cartilage can hardly regenerate due to the lack of blood vessels and
nerves. Although stem cells can differentiate into cartilage, their differ-
entiation is not easy to regulate, and unexpected conditions such as hy-
pertrophy and ossificationmay occur. Stem cells mainly function through
the secretion of extracellular vesicles. Therefore, Liu et al. developed a
light-induced subamine cross-linked hydrogel as an exocytological tissue
patch for exosomes. This tissue patch can slowly release exosomes, pro-
mote the repair and growth of cartilage, and most importantly, connect
with the damaged cartilage seamlessly. The seamless connection is
essential for the repair and regeneration of bone or cartilage as in vitro
prefabricated tissue patches were unable to closely connect to defective
cartilage tissue, resulting in obvious gaps between the new tissue and
natural tissue and failed healing. In contrast, the EHG tissue patch in situ
formed in the experimental group could tightly and stably bond with the
natural cartilage matrix, presenting a seamless interface under SEM
[106]. However, conventional hydrogels are not easy to be attached in
wet surface, especially on the surface of cartilage. The emergence of



Fig. 9. Exosome-loaded hydrogels for cartilage regeneration (A) Schematic illustration of the one-step operation system for facilitating osteochondral defect
regeneration. (i) Stereolithography-based ECM/GelMA/exosome bioprinting and osteochondral defect implantation. (ii) Migration of chondrocytes to the defect
regions. (iii) Controlled administration of exosomes by the 3D-printed scaffolds. (iv) Enhanced chondrocyte mitochondrial biogenesis by the scaffolds. (B) Cartilage
ECM/GelMA bioink preparation. (v) Images of the hydrogel before and after cross-linking. (vi) SEM images of the hydrogel with 1–3 wt % ECM in different mag-
nifications (scale bar ¼ 100 μm or 50 μm). (vii) 2D and 3D AFM images of the hydrogel with different ECM concentrations. (viii) μCT reconstruction imaging of
repaired knees at 6 and 12 weeks after surgery in various groups. (C) Differentially expressed proteins in normal and OA chondrocytes. (ix) Heat map of 289
downregulated and 191 upregulated proteins in OA samples compared with normal samples. (x-xii) GO classification of differentially expressed proteins (Reproduced
with permission of Ref. [108]).
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mussel materials provides a solution to this problem. Mussel foot protein
can provide specific catechol groups to give mussels strong adhesion at
wet interfaces, while chondroitin sulfate (CS), a glycosaminoglycan, can
promote cartilage formation, the hydrogel to encapsulate exosomes was
made using a crosslinked network of alginate-dopamine, chondroitin
sulfate, and regenerated silk fibroin (AD/CS/RSF), CS has strong bonding
strength to the wet surface, after implantation in vivo, it can promote the
migration, retention and differentiation of BMSCs and realize cartilage
regeneration [107]. Chen et al. fabricated a 3D-printed ECM/Gel-
MA/exosome scaffold with SLA technology and found that the scaffolds
could regulate the mitochondrial function to reduce the degeneration
and damage to chondrocytes. In addition, the gelatin scaffold also pro-
moted the chondrocyte migration and the transformation of macro-
phages towards the M2 type in synovial joints to accelerate
osteochondral healing (Fig. 9) [108].

In the above, we reviewed the ECM as a scaffold to carry exosomes for
osteogenesis. The hydrogel can also play a similar role to the ECM,
13
because the hydrogel has similar properties to the ECM. Therefore, a
study incorporated aldehyde-functionalized chondroitin sulfate (OCS)
into hydrogels, and together with exosomes, which also promoted
cartilage regeneration, formed GMOCS-Exos hydrogels. GMOCS-Exos
hydrogel not only sustained the release of exosomes for 14 days, but
also promoted cartilage regeneration by promoting the polarization of
RAW cells fromM1 toM2 through the NF-κB pathway and attenuating IL-
1 damage to chondrocytes [170].

The gradual loss of cartilage cells causes joint cartilage damage and
osteoarthritis (OA), in which reactive oxygen species (ROS) are the
leading cause. Studies have shown that sleep can prevent the develop-
ment of OA because melatonin (MT) secreted during sleep, as the body's
ideal free radical scavenger, can protect cartilage cells and prevent the
occurrence of osteoarthritis [171]. Tao et al. found that the expression of
circRNA3503 increased significantly after the use of MT, which could
slow the OA development by acting as a miRNA sponge for
hsa-miR-181c-3p and hsa-let-7b-3p to slow the degradation of the



Fig. 10. Exosome-loaded hydrogels for OA treatment (A) As indicated at day 21, the pellets with different treatments were stained with Safranin O, Alcian blue and
Toluidine blue. Experiments were repeated at least three times, and representative results are shown. Error bars show standard deviation. (B) Schematic diagram of the
approach for combining sEVs derived from SMSCs (SMSC-sEVs) and sleep-related circRNA3503 used in this study. (C) Schematic diagram of the mechanism of sEVs
derived from SMSCs with circRNA3503 overexpression (circRNA3503-OE-sEVs). (D) Schematic diagram summarising the mechanism by which circRNA3503-OE-sEVs
prevent OA progression (Reproduced with permission of Ref. [109]).
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cartilage ECM. Thus, Tao et al. isolated circRNA3503-loaded sEVs from
SMSCs and used PDLLA-PEG-PDLLA triblock copolymer gels as carriers of
exosomes. In vivo and in vitro experiments demonstrated that
PDLLA-PEG-PLLAD gel containing circRNA3503-OE-sEVs could prevent
the development of OA, providing a new research direction for OA
treatment (Fig. 10) [109].

At present, the pore size of common hydrogels is mostly nanoscale.
However, a study shows that after the nanoporous hydrogel is implanted
into the body, it may hinder the migration of cells and the generation of
new tissues, and reduce the survival rate of cells, which undoubtedly
prevents the “seed cells” from fully functioning. Therefore, large-pore
hydrogels came into being. Ma et al. used the method of double-
crosslinking microfibers (μ-fibers) to prepare sodium alginate (SA) and
hyaluronic acid (HA) μ-fibers, and then used ultraviolet (UV) light to
cross-link the free HA macrofibers. Molecular chain to form large-pore
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hydrogels blocks with fixed structures. KGN, which can promote carti-
lage differentiation and cartilage regeneration, is encapsulated in PLGA
microspheres, and encapsulated in large-pore hydrogel together with
exosomes, in vivo, exosomes and KGN are sequentially released to regu-
late inflammatory responses and promote MSCs migration and chon-
drocyte differentiation [110].

4. Conclusion and further perspectives

The process of natural bone growth is slow, which makes bone
healing difficult, while bone grafts, the most commonly used clinical
treatment, are faced with problems such as limited sources, high cost,
and immune rejection. Tissue engineering brings new potentials for the
rapid recovery of bone defects, with MSCs as the most commonly used
“seed cells.” However, stem cells are inevitably limited due to immune
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rejection, uncontrollable differentiation processes, and the death of
attached cells during differentiation. Therefore, why should the “seed
cell” be a real cell?

In cell-free therapy, exosomes have been a hot topic in recent years,
especially in bone tissue engineering. Exosomes rely on the proteins,
lipids, and RNA contained in their vesicles to regulate the proliferation
and activity of osteoblasts and simultaneously promote angiogenesis,
osteogenic differentiation, and cell matrix mineralization to enhance
bone tissue regeneration. Attaching exosomes to bone tissue engineering
materials not only provides a favorable environment for exosome func-
tion but also compensates for the disadvantages of bone tissue engi-
neering materials, such as slow angiogenesis and intercellular
communication barriers. However, exosomes themselves have the
problem of a short half-life and a fast metabolism when injected into the
body, so the scaffold has to both “attach” and “retain” the exosomes. This
review also discussed the various methods, including encapsulating
exosomes to enhance the binding between exosomes and scaffolds and
inducing the directional aggregation of exosomes in bone, which all
aimed to achieve the sustained release of exosomes and prolong their
function time. Recently, the emergence of composite materials and 3D
printing has provided various options for the attachment of exosomes,
but there are still some potential problems. For example, it is still difficult
to regulate the exosome release by scaffolds. Although a slow release is
possible, a stable release has not been achieved, and the most suitable
release rate for bone growth has not been explored yet. In addition, the
degradation rate of scaffolds is difficult to match the bone regeneration
cycle. Bone defects may not be healed completely with scaffolds of a fast
degradation rate; otherwise, the slow-degraded residual scaffold will
affect bone regeneration.

Exosomes also have some shortcomings, mainly because of their un-
clear function mechanism and especially their isolation and purification
technology that needs to be improved. A general manufacturing practice
standard for exosomes has not been established, and stable character-
ization is still lacking for exosome isolation. Currently, ultrafiltration is
the most commonly used method for isolating exosomes, which is easy to
operate and screen based on the size. However, this method also has
problems with membrane blockage and vesicle interception. Although
these problems can be solved by tangential flow filtration, the efficiency
of tangential flow filtration is too low to meet the large consumption.
Size-exclusion chromatography is a potential production method with
less damage to exosomes, which screens exosomes by gravity.

Although there is still a long way to go in exosome studies, research
on exosomes has been increasing in recent years, especially on the
combination of exosomes and tissue engineering, which provides a new
direction for bone injuries that are difficult to repair. In the future, we
hope to see the improved production efficiency and quality of exosomes
and that their function mechanism can be gradually revealed. Based on
the functional characteristics, the matched scaffold can stably release
exosomes at the most appropriate rate, and the exosomes can maximize
their function.
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