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miRNA, which is a common non-coding RNA, can target various mRNAs to regulate their physiological
activities. Therefore, miRNAs play an important role in various physiological and pathological processes,
and so they have been proposed as a powerful tool to treat different diseases efficiently. However, the
characteristic of miRNA degradation in vivo limits its further clinical application. Exosomes have the ad-
vantage of crossing the biological barrier and achieving long-distance communication with cells, so they
are excellent vectors for miRNAs. By studying the biogenesis of exosomes, the way for loading miRNAs,
the mechanism of targeting, and disease occurrence and development, it is confirmed that exosomes
can enrich specific endogenous miRNAs and regulate a variety of physiological activities, such as pro-
moting cancer cell apoptosis, regulating lipid metabolism and promoting angiogenesis. It is shown that
exosomes loaded with miRNAs have good performance in the fields of cancer, neurodegenerative diseases,
cardiovascular disease treatment, and regenerative medicine. In this paper, the application and research

progress of exosomes carrying miRNA in the above fields are systematically described.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

miRNAs are endogenous small non-coding RNAs (20-24 nu-
cleotides) that participate in various physiological and patholog-
ical processes through post-transcriptional regulation by regulat-
ing multiple mRNAs and miRNA levels [1]. It is demonstrated that
the level of miRNAs can influence the occurrence and development
of diseases and the regulation of drug resistance, so miRNAs can
treat various incurable diseases such as cancer and neurodegen-
erative diseases as promising gene drugs. For instance, miR-34a
and miR-16-5p have the potential to treat cancer because miR-34a
can participate in tumor repression and autophagy regulation, and
miR-16-5p can induce apoptosis and inhibit cell migration [2,3].
At present, some miRNA drugs are undergoing clinical trials, and
great progress has been made in the research and development of
miRNA drug patents and miRNA therapy [4]. However, there are
some barriers to the clinical application of miRNAs such as the in-
stability in vivo and difficulty associated with crossing biological
barriers.
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To overcome these problems, nanoparticles have been used as
drug carriers to carry genes effectively and promote the targeting
of receptor cells. The miRNA nanocarriers can be inorganic ma-
terials, organic materials, and inorganic/organic materials, such as
magnetic nanoparticles [5], mesoporous silica, carbon nanotubes,
quantum dots [6], dendrimers [7], liposomes [8], intelligent hy-
drogels [9], peptides [10,11], metal-organic frameworks (MOFs).
For example, the gold nanorods with single-stranded DNA could
be used to load complementary miRNAs. Interestingly, the single-
stranded DNA with distinct melting temperatures enables the con-
trolled release of miRNA by adjusting the powers of the near-
infrared laser [12]. Kang and co-workers synthesized a semicon-
ducting polymer to load miR-7, this nanocarrier could target tu-
mor treatments by the guidance of a near-infrared (NIR) pulse
laser [13]. Zhao et al. utilized ZIF-8 for the delivery of miR-34a-m
through electrostatic and coordination interactions to realize syn-
ergistic therapeutic for three negative breast cancer [14]. Although
these nanocarriers protect miRNA from degradation in vivo, pro-
mote cell internalization and improve the targeting performance of
miRNA, these nanocarriers still have some problems just like poor
biocompatibility, potential cytotoxicity, and short cycling times.
More unfortunately, the difficulties of large-scale production of
nanoparticles and crossing the biological barrier still limit the clin-
ical application of nanoparticles [15,16]. To solve these problems,
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some natural functional biomaterials, such as egg white [17], can-
cer cell-platelet-fusion-membrane vesicle and erythrocyte carriers
[18], have been more and more widely used as drug carriers in the
recent year. Among these, exosomes have attracted much attention
as miRNA drug delivery systems.

Extracellular vesicles are highly heterogeneous vesicles secreted
by various types of cells, with sizes ranging from several nanome-
ters to microns. Depending on the source, extracellular vesicles
can be classified as exosomes, microvesicles, apoptotic bodies, and
so on. Exosomes were found in the endosome structure of multi-
vesicular bodies (MVBs) with sizes ranging from 30 nm to 120 nm
[19]. Exosomes are involved in a variety of physiological and patho-
logical activities, such as immune responses, cardiovascular dis-
eases, central nervous system-related diseases, and cancer progres-
sion [20]. Exosomes carrying abundant proteins, nucleic acids, and
other biological macromolecules can be endocytosed into recipi-
ent cells through multiple mechanisms, such as clathrin-mediated
endocytosis, or can directly fuse with the cell membrane to send
sorts to the recipient cells with the corresponding biological activ-
ity [21]. It is reported that exosomes have good biocompatibility
and biodegradability, can protect miRNAs from degradation, pro-
long blood circulation time, and cross various physiological bar-
riers, such as the blood-brain barrier [22] and cell membrane.
In addition, exosomes can not only load miRNA drugs by tradi-
tional electroporation and freeze-thaw methods but can also en-
rich specific miRNA drugs by studying the endogenous cargo sort-
ing pathway, which enables exosomes to load more miRNA drugs.
With the advantages of crossing the biological barrier and endoge-
nous loading miRNA, an increasing amount of evidence indicates
that exosomes have good potential as excellent miRNA carriers for
the treatment of various diseases. For instance, exosomes carrying
miR-644-5p inhibited the apoptosis of ovarian granulosa cells by
targeting p53, which has the potential to treat premature ovar-
ian failure (POF) and restore ovarian function [23]; the exosome-
mediated delivery of miR-155 inhibitors can prevent DSS-induced
colitis [24], and exosomes carrying miR-21 can critically main-
tain photoreceptor activity against N-methyl-N-nitrosourea (MNU)
damage by targeting programmed cell death 4 (PDCD4) and have
potential therapeutic effects on photoreceptor cell apoptosis and
retinal dysfunction [25]. This article mainly discusses the potential
application and challenges of exosomes as miRNA drug carriers in
cancer, neurodegenerative diseases, cardiovascular diseases, and re-
generative medicine (Fig. 1).
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Fig. 2. The biogenesis of exosomes.

2. Biogenesis of exosomes

The formation of exosomes experienced continuous invagina-
tion of the intima and the formation of MVBs (Fig. 2). First, the
plasma membrane buds inward so that some cell-surface proteins,
extracellular metabolites, and lipids enter the cell to form the early
sorting endosome (ESE). Before the formation of late sorting endo-
somes (LSEs), ESEs can fuse with the membrane of the trans-Golgi
network and endoplasmic reticulum to enrich the proteins of ESEs.
Subsequently, ESEs mature into LSEs [26]. The invagination of the
LSEs leads to the generation of MVBs, which contain abundant in-
traluminal vesicles (future exosomes). Distinct proteins take part
in the process, such as endosomal sorting complexes required for
transport proteins (ESCRT), ceramide, RAB31 [27], and sphingosine-
1-phosphate (S1P) [28]. Of these, ESCRT is the most perfect driv-
ing factor for the early maturation of endosomes and the forma-
tion of MVBs. First, the ESCRT-0 complex binds to ubiquitinated
cargo to promote the invagination of the plasma and further re-
cruit ESCRT-I and ESCRT-II, which appear to be responsible for
the invagination of the membrane. Then, ESCRT-II combines with
ESCRT-I and is activated to bind to ESCRT-III. Thus, vesicles are sep-
arated from the cytoplasmic membrane by the ESCRT-III complex
[29,30]. It has been reported that part of the MVBs can undergo
degradation in the lysosomes and another part can move along
microtubules and then fuse with the plasma membrane to re-
lease exosomes by exocytosis. In the secretion process, it has been
shown that Ras-related proteins such as the Rab27A, Rab27B pro-
tein, and Rab11 protein are the key regulatory factors [31]. Rab27A
and Rab27B can regulate the distribution of multivesicular endo-
somes (MVEs) in cells and promote the secretion of exosomes [32].
It is an approach that is considered for the control of exosome
secretion.

Because of the biogenesis of exosomes, exosomes contain dif-
ferent surface proteins, intracellular proteins, RNAs, DNAs, amino
acids, and metabolites. Thus, exosomes, as carriers of various
biomacromolecule drugs, have attracted much interest. The se-
creted exosomes can transport biological macromolecules into the
cell in a variety of ways, such as endocytosis and fusion with cell
membranes, to realize the regulation of life activities. By studying
the biological pathway of exosomes, it is possible to realize the
controllable production of exosomes and increase the drug loading
rate of exosomes.
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Fig. 3. The isolation of exosomes. Reproduced with permission [33]. Copyright 2020, Elsevier Ltd.

3. Isolation of exosomes

Recently, there has been an increasing number of choices for
isolating exosomes. Among these methods, exosomes are mainly
separated according to their density, size, and immunoaffinity
(Fig. 3) [33]. As we know, the membrane of exosomes has many
special receptors and proteins so that exosomes can be enriched
by specific antibodies based on the common markers of exo-
somes. Therefore, immunoaffinity capture is a promising approach
for isolating exosomes selectively and can be applied to the ex-
amination and prognosis of diseases efficiently. Traditional im-
munoaffinity capture which can specifically isolate exosomes by
co-incubating exosomes with magnetic beads with antibodies on
the surface has some problems just like long process times, low
purity. So microfluidic devices based on immunoaffinity-based cap-
ture have been developed for efficient exosome separation and iso-
lation. For example, Kang et al. developed a microfluidic device
with melanoma-specific antibodies, which could be used for the
separation of melanoma exosomes [34]. Yang et al. reported a pH-
responsive superparamagnetic nanoparticle cluster (SPMN) for the
precise and mild separation of blood TfR+ exosomes [35]. However,
the separation of antigen-antibody after binding is difficult, so it is
possible to destroy the vesicular structure of exosomes.

Based on different sizes, techniques such as size exclusion
color blocking, microfluidic filtration, and field-flow fractionation
[36] can be used to remove large cell fragments and protein aggre-
gates in order to achieve the purpose of separating and purifying
exosomes. Size exclusion chromatography (SEC) has a specific dis-
tribution of spherical beads, so it can separate exosomes from cell
debris and soluble proteins according to the residence time. Ow-
ing to the low cost and speed of isolation, SEC may be an option
for the large-scale processing of exosomes [37]. In addition to tra-
ditional SEC, a variety of microfluidic systems based on size sep-
aration have been developed to separate exosomes from large cell
debris and protein aggregates. For example, Wu et al. separated ex-
osomes with a complete structure and approximate size via acous-
tic waves and microfluidics [38]. Compared to ultracentrifugation
(UCQ), the size-based separation method can maintain the integrity
of exosomes and prevent protein contamination.

However, the standard method of isolating exosomes continues
to be UC, including gradient centrifugation. UC separates molecules
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with different densities at different rates according to the density
of vesicles to obtain relatively pure exosomes. First, a low centrifu-
gal force was used to remove cellular debris and increase the cen-
trifugal force to remove microbubbles. Finally, exosomes are ob-
tained by UC at 10000g [39]. The exosome yield obtained from UC
is among the highest, but there is a risk of contamination by solu-
ble proteins and destruction of exosome integrity. Density gradient
UC is a more stringent form of UC and is used to obtain exosomes
with higher purity [36]. The limitation of this method is with re-
spect to its throughput and the contamination of lipoproteins. All
of these methods have their limitations, so there is still a long way
to go to achieve the efficient separation of exosomes, which signif-
icantly limits their further application.

4. Methods of loading drugs in exosomes

The loading of miRNAs into exosomes is an important prob-
lem. Currently, there are mainly endogenous and exogenous load-
ing methods. This section introduces endogenous and exogenous
loading methods and discusses the researchers’ attempts to in-
crease exosome loading efficiency (Fig. 4).

4.1. Endogenous load strategy

Endogenous loading occurs when cells secreting exosomes syn-
thesize both exosomes and miRNAs, after which they load miRNAs
into exosomes through a sorting mechanism. This method main-
tains the integrity of the exosome membrane. At present, trans-
fection is the most common method of endogenous transfer. The
target miRNA expression plasmid was introduced into the mother
cell by transfection, and the secreted exosomes contained the tar-
get cargo. For example, Mark et al. transfected target cells with
a miR-146b expression plasmid by electroporation, and they ob-
tained exosomes containing miR-146b released by the target cells
[40].

The loading of exosomes with special miRNAs can be promoted
by discussing the mechanism of miRNA sorting into exosomes so
that the content of miRNA in exosomes can be increased. Some
studies have shown that the special binding motif of miRNA can
be specifically recognized by some proteins (such as hnRNPA2B1,
hnRNPA1, HuR) and selectively loaded into exosomes [41]. Carolina
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et al. showed that sumoylated hnRNPA2B1 can recognize the spe-
cific short motifs of miR-198 [42]. The level of miR-198 in ex-
osomes can be increased by the overexpression of hnRNPA2B1.
Therefore, specific miRNA levels can be increased by increasing the
content of hnRNPA2B1 or by inserting a specific motif into the de-
sired miRNA motif. Furthermore, researchers fused exosomal mem-
brane protein CD9 with HuR, which is a protein that can interact
with miR-155 effectively. The results showed that the presence of
CD9-HuR significantly enriched miR-155 entering exosomes [43].
Similarly, Sutaria et al. used the TAT peptide/HIV-1 transactivation
response (TAR) RNA-interacting peptide to enhance the loading of
modified miR-199a into exosomes by 65-fold [44]. Therefore, the
high efficiency of miRNA loading in exosomes can be achieved by
using proteins that can specifically bind to miRNA.

Further studies on the separation mechanism of exosome car-
gos have the potential to increase the loading of specific miRNA
drugs. However, different loading methods need to be adjusted for
different cell types and miRNAs, which limits their further devel-
opment.

4.2. Exogenous load strategy

At present, commonly used methods to achieve exogenous
loading are electroporation, freeze-thaw, and co-incubation. Elec-
troporation was initially used to load exogenous genes into liv-
ing cells. Because of the similar membrane characteristics of ex-
osomes and cell membranes, electroporation can also be used
to load miRNAs in exosomes. Electroporation is the formation of
pores in the exosome membrane under the action of an electric
field, and miRNA enters the exosomes through diffusion. Exosomes
were then incubated at 37 °C to allow the exosomes to fully re-
cover. Liang et al. used electroporation to load miR-21i and 5-FU
into exosomes to treat colon cancer [45]. However, this method can
cause damage to the exosome membrane and the accumulation of
miRNA [46].

The principle of the freeze-thaw cycle is that through repeated
freezing and thawing, the exosome membrane will be slightly dis-
rupted so that the cargo can diffuse into the exosomes. Won Lee
et al. successfully synthesized exosomes containing miR-140 using
the freeze and thaw method. Their studies confirmed that exo-
somes maintain the bioactivity of miR-140 and participate in carti-
lage healing [47].

In addition, miRNAs can be successfully loaded by simple incu-
bation. For example, miR-150 can be loaded into exosomes by co-
incubation at 37 °C for 1 h. Unfortunately, the loading efficiency
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is low because there is no external force during loading [48]. To
solve the problem of the low loading efficiency of simple incuba-
tion and to effectively increase the content of nucleic acid cargo
in exosomes, Jeyaram et al. generated a pH gradient across exo-
some membranes by the protonation of exosomes to enhance vesi-
cle loading of miRNAs so that the load of miRNAs in this method
is similar to that of electroporation and ultrasound [49].

Although the loading effects of exogenous loads on cargo are
different, these techniques may lead to the aggregation of exo-
somes or their cargo and can change their physicochemical and
morphological characteristics [50]. Therefore, it is necessary to de-
velop more efficient and mild nucleic acid loading methods for ex-
osomes.

5. Strategy of targeted therapy

Targeting cells, tissues, or organs can achieve more precise
treatments with fewer side effects, so it is a research focus of the
nano-drug system. For example, the precise and controllable re-
lease of drugs can be achieved by designing a pH-sensitive, GSH-
responsive, or H,0,-responsive nanoparticle system [51-53]. This
paper will introduce the approaches of exosome targeting from
two perspectives: passive targeting and active targeting.

5.1. Passive targeting

Passive targeting is a method of targeting without chang-
ing the genome of exosome-producing cells. Selecting the ap-
propriate exosome-producing cells according to the target cells
was used to achieve the target. For example, Peter et al. found
that bone marrow mesenchymal stem cells (MSC-Exo) can also
be driven by inflammation, and specifically target the brain le-
sions in mice [54]. The exosomes derived from the RAW264.7
macrophage cell line not only secrete anti-inflammatory media-
tors but also have inflammation targeting properties. He et al. pro-
duced curcumin-containing exosomes (Ex-cur) by incubating cur-
cumin and macrophage RAW264.7. This work demonstrated that
Ex-cur can target ischemic brain tissue and accumulate in the is-
chemic region; therefore, Ex-cur can effectively reduce the accu-
mulation of ROS and treat ischemia-reperfusion injury [55].

Another passive targeting method is exosome engineering,
which involves embedding homing peptides or specific antibod-
ies on the surface of exosomes, which can target specific cells
[56]. Yan et al. modified the folic acid polyethylene glycol choles-
terol complex (FPC) on macrophage-derived exosomes. In inflam-
matory tissue, a large number of activated macrophages express
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folic acid receptors (FRs), and thus the accumulation of exosomes
can be promoted by folic acid. In addition, polyethylene glycol
can improve the stability of the drug delivery system and can fix
the FPC into the exosome membrane with cholesterol. The results
show that the modified exosomes have a more obvious accumu-
lation in the inflammatory site [57]. Further, Royo et al. exhibited
that the removal of sialic acid residues on the surface of exosomes
allows more exosomes to reach the lung and accumulate in the
lung, which confirms that the glycosylation of extracellular vesicles
can change their biodistribution in vivo [58]. Therefore, the surface
modification of exosomes by glycosylation is another method for
exosome engineering to achieve exosome targeting [59]. In addi-
tion to the above two methods, the exosome surface can be mod-
ified by click chemistry and non-covalent modification. For exam-
ple, Tamura et al. modified cationic amylopectin on the surface of
exosomes by electrostatic interactions, which can target the dam-
aged liver [60].

Magnetic nanoparticles have a good response to an external
magnetic field, which can achieve local aggregation under the ac-
tion of an external magnetic field [61]. Therefore, the introduc-
tion of magnetic nanoparticles into exosomes is a potential way of
achieving targeting. Li et al. magnetically introduced Fe304 parti-
cles into mesenchymal stem cells, and the secreted exosomes were
modified with magnetic nanoparticles on the surface, which can
be targeted under the action of an external magnetic field [62].
Liu et al. modified the surface of magnetic nanoparticles with an-
tibodies targeting CD63 on the surface of exosomes, which can be
connected to exosomes expressing CD63 protein and achieve ag-
gregation at the infarct site under magnetic guidance. Interestingly,
another antibody (anti-myosin light chain) is modified on the sur-
face of the magnetic nanoparticles, which can target damaged car-
diomyocytes and achieve dual targeting. Compared with pure mag-
netic targeting, it has a better targeting effect [63].

It can be seen that the exosomes have better targeting abil-
ity through the engineering of exosomes, and dual targeting is
a way of further improving the targeting ability. Inspired by the
virus targeting multiple receptors on the cell surface simultane-
ously to achieve enhanced adhesion, Wang et al. modified exo-
somes with two different ligands to improve their targeting ef-
fect, which can effectively target cancer cells [64]. In addition to
functionalizing exosomes using traditional physicochemical meth-
ods, exosomes can also achieve targets by modifying the genome
of exosome-producing cells.

5.2. Active targeting

Active targeting can express a special ligand to achieve targeting
by changing the transcriptome to produce exosomes. To achieve
the target, one strategy is to combine the gene of the exosome
membrane protein and the target protein to transfect the donor
cell. Among them, membrane proteins act as anchors to anchor the
targeted peptides on the surface of exosomes, and Lamp2b is cur-
rently the most common membrane protein (Fig. 5A) [28]. For ex-
ample, the Lamp2b gene was fused with the gene of the ischemic
myocardium-targeting peptide, and the complete gene sequence
was cloned into the plasmid. The plasmid was then transfected
into mesenchymal stem cells. Therefore, the exosomes secreted by
the transfected cells contained the fusion protein and could tar-
get ischemic cardiomyocytes, promote the weakening of inflamma-
tion and apoptosis, reduce fibrosis, and enhance angiogenesis and
cardiac function [65]. Lydia et al. engineered self-derived dendritic
cells to express Lamp2b fused to the neuron-specific RVG pep-
tide to target neurons, microglia, and oligodendrocytes. Thus, RVG-
targeted exosomes can effectively treat Alzheimer’s disease [66].

In addition to targeting peptides directly binding to the
transmembrane protein, targeted peptides containing the trans-
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membrane domain can also be constructed to achieve targeting
(Fig. 5B). Ohno et al. produced exosomes that can express the
GE11 peptide that can target the epidermal growth factor receptor
(EGFR) fused to the transmembrane domain of the platelet-derived
growth factor. Exosomes can target tumor tissues expressing the
EGFR receptor without any major organ damage [67]. Because
EGFR is upregulated in several types of cancer cells, it has the po-
tential for overall cancer treatment. In addition to the above two
methods, exosomes can be targeted by inducing overexpression of
targeted proteins in donor cells [68]. The exosomes produced by
rat choroidal epithelial cells that overexpress folate receptor-a can
target brain parenchyma, which opens up a new way of achieving
brain drug targeting (Fig. 5C) [69].

6. Application of exosomes as drug delivery

miRNA is a small non-coding nucleotide sequence that can tar-
get multiple genes and mediate different cell pathways; there-
fore, it is crucial in the occurrence and progression of a variety
of diseases. Therefore, miRNAs can regulate physiological activi-
ties and treat various diseases, enabling the overcoming of compli-
cated diseases. Despite the rapid development of disease diagnosis
and treatment in recent years, cancer, neurodegenerative disease,
cardiovascular disease, tissue regeneration, and chronic inflamma-
tion are still incurable diseases, which will affect the quality of pa-
tients’ lives and even cause death. As a drug to treat these diseases,
miRNA can prolong life and improve the quality of life, which is
still a hot research topic. However, the delivery of miRNAs remains
a challenge owing to the instability of miRNAs.

Compared with other drug carriers, exosomes have the advan-
tages of being nontoxic, non-immunogenic, and have excellent bio-
compatibility, long cycle time, and can cross a variety of phys-
iological barriers. In addition, exosomes can not only load miR-
NAs through conventional external methods, such as electropora-
tion and freeze-thaw but can also load miRNAs through endoge-
nous pathways. The loading rate of miRNAs can be improved by
studying the regulation of endogenous pathways. Therefore, ex-
osomes have the potential to carry more miRNAs. Studies have
shown that exosomes inherit the unique characteristics of mother
cells and have homing characteristics, which can target specific tis-
sues in vivo [70]. For instance, the exosomes secreted by MSCs and
macrophages can target inflammatory tissues [54,55]. Finally, exo-
somes can be absorbed by cells through almost all major uptake
pathways, effectively carrying cargo into cells. It has been reported
that many pharmaceutical companies have focused on the develop-
ment of therapeutic exosomes as vectors for gene and RNA therapy
[71]. Therefore, exosomes have good potential in the treatment of
various diseases with miRNA drug carriers. By exploring the liter-
ature of exosome loaded miRNA, it is found that exosome carry-
ing miRNA is mainly used in cancer treatment, nerve regeneration,
cardiovascular diseases, and regenerative medicine, so this chap-
ter mainly introduces the research progress of exosomes as miRNA
vectors when treating cancer, neurodegenerative diseases, and so
on.

6.1. Exosomes in cancer therapy

Cancer is one of the most threatening diseases to human life.
At present, the treatment of cancer is still based on traditional
chemotherapy, radiotherapy, and surgical resection, but these treat-
ment methods have high recurrence frequency, great damage to
the body, and may produce drug resistance. Therefore, there is an
urgent need for new therapies to prolong the life and improve the
quality of life of cancer patients. In recent years, immunotherapy
and gene therapy which can effectively control tumor growth and
inhibit tumor metastasis have attracted people’s attention as new
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cancer treatments. For example, editing oncogenes or tumor sup-
pressor genes by CRISPR/Cas9 technique [72] or designing nanopar-
ticles loaded with mRNA and immunosuppressant R848 as a cancer
vaccine to stimulate the immune system could both inhibit tumor
growth effectively [73]. Among these, therapeutic miRNAs may be
expected to enter the clinic as the next generation of therapeutic
drugs.

In the development of tumors, tumor-derived exosomes can act
as messengers to mediate intercellular communication, regulate
cancer cells and their microenvironment, promote tumor growth
and metastasis, and tumor immune escape [74]. In this process,
miRNAs in exosomes play an important role, such as miR-19b-
3p, miR-17-5p, miR-30a-5p, and miR-106a-5p are involved in the
pathogenesis of gastric cancer. Let-7b-5p, miR-224-5p, miR-122-
5p, miR-615-3p, and miR5787 can be downregulated in exosomes
secreted by gastric cancer cells [75]. miR-122 can inhibit the mi-
gration and invasion of hepatoma cells [76]. Therefore, specific
miRNAs in exosomes can be used as the basis of tumor diagnosis
[77,78] and development stage, and exosomes loaded with miRNAs
that can inhibit tumors are also widely used in tumor therapy.

6.1.1. Exosomes in glioblastoma

Glioblastoma multiforme (GBM) is the most common and in-
curable kind of primary brain tumor, with high invasiveness and
specificity. Conventional surgical resection cannot completely re-
move tumor cells in the brain, resulting in a high mortality rate
of glioblastoma, with an average overall survival rate of 15 months
[22]. Recent studies have shown that miRNAs can regulate the mi-
croenvironment of glioma, and play an important role in tumor
proliferation, invasion, angiogenesis, and immune escape. For ex-
ample, Bronisz et al. explored the role of miR-1 in glioblastoma
multiforme and confirmed that miR-1 could reduce the adhesion
of glioblastoma multiforme cells and inhibit the growth, invasion,
and angiogenesis of glioblastoma multiforme by targeting ANXA2,
which is the main component of the cancer signaling network
[79]. miR-7 targeting the XIAP gene could enhance the sensitivity
of glioma cells to tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) and promote the apoptosis of cancer cells [80]. Stud-
ies have shown that miR-146b could bind to EGFR mRNA to reduce
the expression of the EGFR gene in malignant glioma and reduce
glioma cell motility and invasion. Therefore, miRNAs are consid-
ered as promising therapeutic drugs.

Exosomes are excellent carriers for carrying miRNA to treat
glioblastoma because of their ability to cross the blood-brain bar-
rier. Mark et al. used exosomes derived from bone marrow mes-
enchymal stem cells to load miR-146b, which could effectively
transfer miR-146b to tumor cells and inhibit the growth of tu-
mor cells without affecting normal astrocytes. In vivo experiments
showed that the intratumoral injection of M146-Exo significantly
reduced the growth of glioma in the rat brain [40]. And Mo-
hamed et al. prepared primary glioma cells that could stably ex-
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press and secrete miR-302-367 exosomes. The orthotopic xenograft
of miR-302-367-expressing cells could change the proliferation
and tumorigenicity of adjacent glioblastoma cells in a paracrine-
dependent manner, which could effectively treat malignant glioma
[81]. It is reported that miR-124a rich exosomes obtained by trans-
fecting bone marrow mesenchymal stem cells could target Fork-
head box (FOX) A2 to interfere with the lipid metabolism of tu-
mor cells and promote the apoptosis of glioma cells [82]. Yu et al.
found that miR-199a not only inhibits glioma cells by inhibiting
the expression of arf GTPase-activating protein-2 (AGAP2), which is
found to be over-expressed in glioma to mediate endosomal traf-
ficking. More importantly, miR-199a could improve the therapeu-
tic efficacy of glioma by enhancing the sensitivity of temozolo-
mide to chemotherapy, which could provide a new strategy for
the treatment of glioma in combination with chemotherapy. As
shown in Figs. 6A and B, miR-199a-containing exosomes secreted
by transfected human bone marrow mesenchymal stem cells could
more effectively inhibit the invasion and migration of gliomas than
transfected human bone marrow stem cells [83].

It can be seen that miRNA can effectively treat gliomas by in-
hibiting tumor growth and migration, and by improving the sensi-
tivity of glioma cells to chemotherapy. A large number of studies
have shown that exosomes are excellent carriers that can protect
miRNAs in vivo, successfully transport them to glioma cells, and
maintain their original activity. However, the use of exosomes as a
carrier to treat gliomas clinically still has a long way to go, for ex-
ample, to further confirm whether exosomes carrying miRNA can
pass through the blood-brain barrier.

6.1.2. Exosomes in breast cancer

In addition to the treatment of gliomas, miRNA-loaded exo-
somes can also treat a variety of common tumors, similar to breast
cancer. Breast cancer is still cancer with the highest morbidity and
mortality among women worldwide. According to GLOBOCAN data,
the incidence of breast cancer in 2020 accounted for 11.7% of the
total incidence rate, and the mortality rate accounted for 15.5% of
the total female mortality rate [84]. At present, the main obstacles
to the treatment of breast cancer are drug resistance and distant
metastasis, including bone metastasis, lung metastasis, and brain
metastasis. Many studies have shown that miRNAs can regulate the
microenvironment of breast cancer, and can play an important role
in the drug resistance and metastasis of breast cancer cells; simi-
lar to miR-381 [85], miR-190 can suppress breast cancer metastasis
[86] and miR-22 can induce tamoxifen resistance [87]. Therefore, it
is a potential drug and is a target for the treatment of breast can-
cer.

Exosomes loaded with miRNAs that regulate drug resistance can
be used to improve the therapeutic effects of breast cancer. For
example, the overexpression of miR-567 blocked the formation of
autophagy, which could effectively reverse the resistance of breast
cancer cells to trastuzumab. The drug resistance of different breast
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cancer cells could be eliminated by miR-567 in exosomes, which
could improve the chemosensitivity of breast cancer (Fig. 6C) [88].

Moreover, exosome-loaded miRNAs could inhibit tumor migra-
tion by regulating the content of corresponding proteins. Exosomes
loaded with miR-381 could promote apoptosis, migration, and in-
vasion of breast cancer cells by significantly downregulating the
expression of EMT-related genes and proteins [89]. Park et al. con-
firmed that a variety of miRNAs could reduce the expression of
aquaporin 5 to inhibit the migration of breast cancer cells. For ex-
ample, miR-19b-3p and miR-19a-3p could directly bind to AQP5
mRNA to regulate AQP5 protein translation, while miR1226-3p
regulated aquaporin 5 by degrading the AQP5 gene. They used ex-
osomes that express IL-4R to load miR-19b-3p by taking advantage
of the high expression of IL-4R on the surface of breast cancer
cells. They also significantly improved the efficiency of exosomes
loaded with miRNA into MDA-MB-231 cells, and targeted the treat-
ment of breast cancer cells. The loaded miR-19b-3p entered breast
cancer cells and significantly inhibited the migration of breast can-
cer [90]. To deliver miRNA to breast cancer cells more effectively,
Ohno et al. used exosomes that express the transmembrane re-
gion of the PDGF receptor with GE11 peptide to load let-7a. Let-
7a was successfully delivered to breast cancer tissues expressing
EGFR by intravenous injection of exosomes, which confirmed the
potential for the systemic application of exosome-loaded miRNA in
the treatment of breast cancer [67]. Interestingly, exosome-loaded
miRNA can also act on immune cells to inhibit tumor progres-
sion, besides directly acting on tumor cells. Exosomes loaded with
miR-130 or miR-33 increased the expression levels of miR-130 and
miR-33 in macrophages. Then, macrophage polarization could be
changed from M2 to M1 phenotype, which decreased the migra-
tion and invasion ability of cancer cells [91].

Therefore, exosomes loaded with miRNA can not only specifi-
cally target breast cancer cells, regulate the physiological activities
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of breast cancer cells, improve the chemosensitivity of breast can-
cer, inhibit the metastasis of breast cancer, and promote the elimi-
nation of cancer cells by acting on immune cells. It provides a ray
of light for the treatment of metastatic breast cancer.

6.1.3. Exosomes in other cancers

Exosomes carrying miRNA can be used not only in glioma and
breast cancer but also in other common cancers. For instance, the
results showed that the miR-193a loaded exosomes could inhibit
the resistance of cisplatin and the migration and invasion of tu-
mor cells, promote the apoptosis of tumor cells and inhibit the
tumor volume and weight [92]. Bone marrow mesenchymal stem
cell-derived exosomal miR-206 could be transferred into osteosar-
coma cells and target TRA2B for osteosarcoma treatment (Fig. 7)
[93]. The expression of miR-139-5p was decreased in bladder can-
cer cells. Exosomes overexpressing miR-139-5p could target PRC1
and showed an inhibitory effect on bladder cancer in vitro and in
vivo [94].

In addition to increasing the sensitivity of cells to chemothera-
peutic drugs or targeting corresponding genes to promote tumor
cell apoptosis, exosomes carrying miRNA could also inhibit tu-
mor migration and metastasis to inhibit the further deterioration
of cancer. For example, human umbilical cord mesenchymal stem
cell-derived exosomal miR-375 could inhibit the proliferation, inva-
sion, and migration of esophageal squamous cell carcinoma cells,
the formation of tumor ball, and tumor growth [95]. Therefore,
the exosomes containing miRNA are a potential drug for curing
esophageal squamous cell carcinoma. Chen et al. found that the
exosomes loaded with miR-6785-5p inhibited angiogenesis and
metastasis in gastric cancer by targeting inhibin subunit beta A
(INHBA) [96]. The exosomes loaded with miR-199a-3p by electro-
poration could inhibit the expression of c-Met-to inhibit the pro-
liferation and invasion of tumor cells. It was showed that the exo-
somes were the excellent drug delivery system of miR-199a-3p to
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effectively prolong the circulation time of miR-199a-3p in vivo and
inhibit the peritoneal diffusion of the ovarian cancer mouse model
[97]. The hypoxic environment of colorectal cancer can lead to
epithelial-mesenchymal transition (EMT) to promote cancer metas-
tasis. Zhang et al. reported that miR-1255b-5p inhibits EMT by tar-
geting human telomerase reverse transcriptase (hTERT). The over-
expression of miR-1255b-5p hypoxic exosomes reduced EMT, tu-
mor progression, and liver metastasis to treat colorectal cancer ef-
ficiently [98].

Taken together, exosomes can carry exogenous and endogenous
miRNAs, target specific genes, and have shown promising results
for the treatment of various common cancers, such as breast can-
cer and bladder cancer. Therefore, intensive studies on exosomes
play a key role in increasing the efficacy of cancer therapy. At
present, the screening of different miRNA target genes and the
study of their mechanism of action on cancer can provide an idea
for the research of new cancer-targeting drugs.

6.2. Exosomes in neurodegenerative diseases

Generally, neurodegenerative disease is a serious disease that
may lead to inflammation and apoptosis of nerve cells. It is a kind
of special debilitating disease that may cause disability and seri-
ous death. Currently, neurodegenerative diseases can be classified
as acute and chronic neurodegenerative diseases. We will introduce
the application of exosomes as a good vector of miRNAs in neu-
rodegenerative diseases from these two perspectives.

6.2.1. Exosomes in acute neurodegenerative diseases

Acute neurodegenerative diseases include stroke and brain in-
jury. Stroke remains a major health problem in today’s world to
cause more and more people to pass away. The majority of strokes
are caused by cerebral aorta occlusion, resulting in ischemic neu-
ron death and blood-brain barrier damage, which can lead to death
and disability [99]. Clinically, intravenous thrombolysis and other
means can restore the blood supply to the brain, saving the lives
of patients, but cerebral ischemia-reperfusion affects nerve cells
and their subsequent recovery. An increasing body of evidence has
shown that miRNAs can help the recovery of nerve injury and can
be used in the treatment of stroke. Because exosomes can cross the
blood-brain barrier, many researchers have tried to use exosome-
loaded miRNAs to treat stroke.

At present, the ability of exosomes secreted by cells to replace
cells in the treatment of stroke recovery has attracted the atten-
tion of researchers. A large number of studies have shown that
exosomes secreted by cells carrying miRNA can promote stroke re-
covery. For instance, exosomes secreted by mesenchymal stem cells
contain miR-133b, miR-184, and so on, to promote nerve and vas-
cular regeneration, resulting in the reduction of the ischemic bor-
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der area in the brain and the improvement of functional recovery,
which was a potential drug for the treatment of stroke [100,101].
Moreover, neurons and microglia in the brain may also secrete ex-
osomes to protect the damaged nerves. Huang et al. found that
miR-124-3p carried by microglia exosomes could target PDE4B to
inhibit the activity of mTOR signaling, thus inhibiting neuronal in-
flammation [102]. Further, M2 microglia-derived exosomes, includ-
ing miR-214, reduced ischemic brain injury and promoted neu-
ronal survival, and effectively treated ischemic strokes [103]. It
has been demonstrated that neurons might release exosomes con-
taining miR-98, which could be delivered to microglia to target
platelet-activating factor receptors (PAFRs), inhibit the phagocyto-
sis of microglia to damaged and salvageable neurons, reduce in-
flammatory damage, and facilitate the recovery of damaged nerves
[104].

Exosomes rich in certain miRNAs can be obtained by stimulat-
ing the mother cells or transfecting the corresponding miRNAs. Ex-
osomes rich in miR-17-92 clusters could be obtained by transfec-
tion, which could improve neurological function and promote func-
tional recovery after stroke [105]. Interestingly, Haupt et al. stim-
ulated bone marrow mesenchymal stem cells with lithium to in-
crease the level of miR-1906 in exosomes. By reducing the TLR4
abundance and inhibiting the activation of the B nuclear factor
kappa light chain enhancer signaling pathway, they reduced the
inflammatory response at the infarct site and promoted nerve re-
covery [106].

Further studies have confirmed that engineered exosomes can
achieve targeted therapy. Yang et al. used RVG-Lamp2b-modified
exosomes to load miR-124, which could promote neurogene-
sis to achieve neuroprotection and nerve remodeling to achieve
neuron-specific targeting. Fig. 8 showed that there were almost no
fluorescent-labeled miRNAs in the ischemic part of the brain. The
miRNA encapsulated by unmodified exosomes could partially enter
the ischemic part, while the exosomes modified with RVG-Lamp2b
could enter the core of the ischemic region, confirming that the
engineered exosomes had good targeting ability [107].

6.2.2. Exosomes in chronic neurodegenerative diseases

Chronic neurodegenerative diseases such as Alzheimer’s dis-
ease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and
amyotrophic lateral sclerosis (ALS) are commonly generated by the
accumulation of misfolded/aggregated mutant proteins, leading to
irreversible brain tissue damage [108]. Among these neurodegener-
ative diseases, AD is caused by hyperphosphorylated microtubule-
associated protein tau and amyloid-8 (AB) peptide [109,110] re-
sulting in the deposition of neuronal tangles, which can cause cog-
nitive impairment, affect daily life, and even completely lose self-
care ability. The ability to achieve early diagnosis and treatment of
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AD is still a research hotspot. Here, we mainly discuss the thera-
peutic potential of exosome-loaded miRNAs in AD.

It has been demonstrated that miRNAs have excellent poten-
tial for the early diagnosis and treatment of AD owing to their in-
volvement in the development of AD. Cao et al. found that miR-
195 could downregulate synaptojanin 1 (synj1) by binding to the
miRNA synjl. Therefore, AB was dumped through the lysosomal
degradation pathway, and the hyperphosphorylation of tau was
improved to improve cognitive impairment and amyloid plaque
load [111]. The expression of amyloid-8 precursor protein (APP)
and B-site APP-cleaving enzyme 1 (BACE1) could be reduced by
miR-298 to reduce the content of AB so that miR-298 might be
a suitable drug for AD therapy [112]. Similarly, miR-31 could also
mediate the modulation of APP and BACE1 to treat AD [113]. In
conclusion, miRNA can reduce the expression of A protein in a
variety of ways, which shows the good potential of miRNA in the
treatment of AD.

Exosomes are suitable carriers for carrying miRNA drugs for
neurodegenerative diseases because of their ability to cross the
blood-brain barrier and their low immunogenicity. For instance, Ja-
hangard et al. confirmed that miR-29 in exosomes had a possible
therapeutic effect in reducing the pathological effects of A8 pep-
tide, making it a promising drug for the treatment of AD [114]. Re-
cent studies have shown that AD may lead to brain hypoxia, nerve
injury, and A8 accumulation. Mesenchymal exosomes containing
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miR-223 could protect neurons at the cellular level via the PTEN-
PI3K/Akt pathway [115]. Therefore, exosomes carrying miRNA could
improve the clinical symptoms of AD by downregulating the con-
tent of AB in the brain and protecting neurons.

Exosomal miRNAs regulate the activity of multiple physiologi-
cal pathways in neurodegenerative diseases. Therefore, miRNAs can
be treated not only as diagnostic and prognostic criteria for neu-
rodegenerative diseases but also as a potential drug system for the
treatment of neurodegenerative diseases. Currently, there is still
much work to be done to realize the treatment of neurodegenera-
tive diseases. Research on the early diagnosis of neurodegenerative
diseases and the exploration of exosomes carrying miRNA drugs
may be an avenue for the prevention or treatment of neurodegen-
erative diseases in the future.

6.3. Exosomes in cardiovascular diseases

The morbidity and mortality of cardiovascular diseases remain
high worldwide despite dramatic diagnostic and therapeutic ad-
vances. Myocardial infarction is the leading cause of death involv-
ing cardiovascular disease, which leads to hypoxia, lack of nutri-
ents, and irreversible cardiac damage. Therefore, the prevention,
treatment, and prognosis of myocardial infarction are particularly
important.

It has been demonstrated that miRNA is involved in the oc-
currence and development of myocardial infarctions, so it plays
an important role in the prevention and treatment of myocardial
infarction [116]. For instance, miR-30e and miR-92a could regu-
late lipid metabolism to prevent atherosclerosis, which might lead
to vascular stenosis; thus, it was an important cause of myocar-
dial infarction [117]. Therefore, miR-92a and miR-30e might pre-
vent the occurrence of myocardial infarction to some extent. miR-
NAs could promote the survival of myocardial cells and maintain
the metabolic balance in cells by regulating autophagy by miR-
NAs. miR-210 could regulate the vascular endothelial growth factor
(VEGF) and hepatocyte growth factor (HGF) to the proliferation and
migration of endothelial cells, stimulate the formation of capillary-
like structures, promote the formation of cardiac blood vessels, and
improve ventricular remodeling [118]. Overall, miRNA can prevent
and treat myocardial infarction, but its degradation in vivo limits
its further application in cardiovascular disease.

Exosomes can protect miRNAs from degradation and act as
postmen to facilitate long-distance communication of cells. Stud-
ies have shown that the exosomes secreted by the damaged heart
can protect miRNAs from degradation in the blood, and can stim-
ulate the bone marrow to secrete exosomes to realize the repair
of myocardial damaged cells [119,120]. Therefore, exosomes loaded
with miRNAs as medicine are the future direction of cardiovascu-
lar disease. Xu et al. confirmed that melatonin could promote the
upregulation of miR-201/miR-211 in exosomes secreted by vascu-
lar smooth muscle cells, directly target BMP2 (a growth factor that
induces bone formation), and reduce the osteogenic differentiation
and aging of vascular smooth muscle cells to reduce vascular calci-
fication and aging [121]; it might be used for the prevention of
myocardial infarction in the future. One of the treatment direc-
tions of myocardial infarction is to protect the damaged myocar-
dial cells and reduce the apoptosis of myocardial cells. Exosomes
from young bone marrow mesenchymal stem cells contained miR-
136, which could downregulate the apoptotic peptidase activating
factor (Apafl), improve the activity of elderly bone marrow mes-
enchymal stem cells, improve the survival rate of cardiomyocytes,
and enhance their myocardial repair function [122]. Later stud-
ies have shown that exosomes containing miR-21 [123] or miR-
144 [124] could also prevent cardiomyocyte apoptosis and effec-
tively improve ischemic cardiovascular disease. It is another fea-
sible method of promoting cardiac angiogenesis and restoring the
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blood supply of the ischemic myocardium. Exosomes secreted by
ischemia were rich in miR-222 and miR-143, which could promote
the proliferation and migration of endothelial cells and promote
angiogenesis [125]. Besides, exosomes released by human umbilical
vein endothelial cells (HUVECs) by the stimulation of shock wave
therapy (SWT) could improve angiogenesis and reduce myocardial
fibrosis (Fig. 9). Further studies showed that the therapeutic ef-
fect of exosomes in receptor cells was mainly achieved through
miR-19a-3p [126]. Youn et al. prepared exosomes of cardiac pro-
genitor cells (CPC) rich in miR-322 by electroporation. It was con-
firmed that CPCexo-322 could promote the increase of the NOX2
gene to produce more reactive oxygen species, thereby increas-
ing endothelial cell migration and capillary formation and promot-
ing angiogenesis to reduce infarct size. The results showed that
CPCex0-322 could play a good role in heart protection [127]. Fur-
thermore, it was demonstrated that cardiomyocytes have the po-
tential for endogenous proliferation, and could be reactivated to
promote the proliferation of adult heart tissue, which provided
new possibilities for new therapeutic strategies [128]. Although the
ability of self-renewal of adult cardiomyocytes is very rare and lim-
ited, Wang et al. found that an injectable hydrogel containing miR-
302 could promote the proliferation of cardiac myocytes within a
certain range [129]. Khan et al. found that exosomes derived from
embryonic stem cells carried miR-294 to deliver stimulation in the
heart, promote angiogenesis, and enhance endogenous myocardial
repair based on CPC and cardiomyocyte proliferation after myocar-
dial infarction [130]. Therefore, exosomes may be combined with
tissue engineering to promote angiogenesis and cardiomyocyte re-
generation.

Overall, miRNA-rich exosomes can be obtained by stimulat-
ing specific cells, such as mesenchymal stem cells and embryonic
stem cells. Exosomes rich in miRNA are excellent drugs to alleviate
atherosclerosis and vascular calcification, and they play a role in
the early prevention of myocardial infarction. After myocardial in-
farction, exosomes loaded with miRNA can reduce myocardial cell
apoptosis and promote angiogenesis to achieve cardiac protection.
Therefore, exosomes are excellent vectors loaded with miRNAs and
are potential drugs for the treatment of myocardial infarction.

6.4. Exosomes in bone regenerative

miRNAs are important regulators of gene expression in various
physiological and pathological processes. They can promote tissue
repair and regeneration, and has potential applications in regen-
erative medicine. Presently, there have been many studies on the
use of miRNAs as genetic drugs to promote tissue regeneration,
and most of the studies have focused on bone regeneration. For
example, Zhang et al. found that miR-26a resulted in the upregula-
tion of osteogenic factors, such as runt-related transcription factor
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2 (Runx2) and osteocalcin (OCN), to induce osteogenic differenti-
ation by targeting Gsk-3b. Further studies have shown that long-
term miR-26a could promote the repair of bone defects and over-
come the damaged bone healing in osteoporotic mice [131]. In ad-
dition, miRNAs play a crucial role in osteogenic differentiation to
promote bone formation and regeneration [132].

Exosomes with the advantages of non-immunogenicity and ex-
cellent biocompatibility have been proposed as powerful tools for
the treatment of bone defects. Xiong et al. demonstrated that
M2 macrophage-derived exosomes containing numerous miR-5106
could accelerate healing in vivo because miR-5106 could target
SIK2 and SIK3 to promote osteoblast differentiation (Fig. 10) [132].
miR-140 was loaded into exosomes by the freeze-thaw method,
which could promote the differentiation of bone marrow mes-
enchymal stem cells into chondrocytes and promote cartilage heal-
ing [47].

Researchers have embedded exosomes in hydrogels or loaded
them onto scaffolds to optimize the application of exosomes in
vivo, achieve long-term miRNA release, provide sites for enriching
stem cells and support bone, and have great potential in bone tis-
sue engineering. Exosomes containing miR-375, which could tar-
get insulin-like growth factor 3 (IGFBP3) to exert osteogenic ef-
fects, were embedded in a commercial hydrogel. In vivo experi-
ments showed that exosomes effectively treated skull defects with
a slow and controlled release [133]. Hu et al. prepared an in-
jectable and UV-cross-linked Gelma/nanoclay hydrogel loaded with
exosomes containing miR-23a-3p to realize the complete filling of
the defect and the controlled sustained release of exosomes. Their
study confirmed that the hydrogel could promote the prolifera-
tion, migration, and differentiation of chondrocytes and hBMSCs,
which provided a novel promising therapeutic method for carti-
lage defect therapy [134]. Titanium scaffolds could support the at-
tachment of stem cells and the mineralized bone matrix. Exosomes
derived from bone marrow mesenchymal stem cells rich in os-
teogenic miRNA onto titanium scaffolds could effectively induce
and promote new bone regeneration [135].

The traditional treatment of bone injury is mainly bone trans-
plantation, including autologous transplantation, allogeneic trans-
plantation, and xenotransplantation. However, autologous trans-
plantation is limited by bone supply, and allogeneic transplantation
and xenotransplantation may increase the risk of disease transmis-
sion and immune rejection. In recent years, bone tissue engineer-
ing based on biomaterials to repair bone defects has attracted ex-
tensive attention. The combination of bone tissue engineering and
nano drug delivery system to improve bone regeneration microen-
vironment and promote osteoblast differentiation is a development
direction of bone defect repair in the future [136-138]. Bone tis-
sue engineering scaffolds, such as tofu-based scaffold [139], com-
bined with exosomes loaded with miRNA, can regulate bone tissue
microenvironment and promote bone repair. Therefore, exosomes
loaded with miRNA to promote bone regeneration as a cell-free
therapy have broad application prospects.

7. Conclusion and future works

miRNA is a noncoding RNA and a promising gene drug. Re-
cently, exosomes have attracted much attention as promising car-
riers of miRNA drugs. Compared with traditional miRNA drug car-
riers, exosomes have the following advantages: (1) Exosomes are
natural carriers of cell production and have good biocompatibil-
ity. (2) The surface of exosomes is rich in proteins, such as CD47,
to prevent the phagocytosis of macrophages and exhibit the po-
tential for a long cycle time. (3) Exosomes can cross a variety of
biological barriers and enter cells in various ways, such as endo-
cytosis. (4) Exosomes can be loaded with miRNA drugs in an en-
dogenous manner. Therefore, exosomes have the potential to load
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more miRNA drugs by exploring the endogenous loading mode. (5)
Exosomes have homing abilities, which can be targeted by active
and passive methods. Exosomes have good targeting ability and
can transport goods to target cells more effectively [51,53].

However, the application of exosomes as miRNA carriers still
has some difficulties to overcome. Firstly, the large-scale secre-
tion of exosomes is still a serious problem, which leads to a low
yield [140]. Therefore, it is necessary to develop a simpler and
more efficient method to realize the mass production of exosomes.
Secondly, the external storage methods for exosomes need to be
improved because existing storage methods such as lyophilization
and spray drying are unable to meet the demand of long-term stor-
age and the maintenance of biological activity [141]. Finally, ex-
osomes are highly heterogeneous, which makes exosomes loaded
with different miRNAs have different effects on physiological and
pathological activities. Therefore, the efficient and rapid separa-
tion of exosomes that suit the purpose is still a major factor re-
stricting them from entering the clinic. Although there is still a
long way to go for exosomes as miRNA carriers in clinical practice,
exosomes show excellent therapeutic effects in cancer treatment,
neurodegenerative diseases, cardiovascular diseases, and regener-
ative medicine owing to their excellent biocompatibility and other
characteristics. In conclusion, exosomes will have broad application
prospects in many diseases as an excellent carrier of miRNA drugs
in the future.
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