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a b s t r a c t

A traditional Chinese medicine (TCM) monomer is a bioactive compound extracted from Chinese herbal
medicines possessing determined biological activity and pharmacological effects, and has gained much
attention for treating neuronal diseases. However, the application of TCM monomers is limited by their
low solubility and poor ability to cross the blood-brain barrier (BBB). Exosomes are small extracellular
vesicles (EVs) ranging in size from 30 to 150 nm in diameter and can be used as drug delivery carriers
that directly target cells or tissues with unique advantages, including low toxicity, low immunogenicity,
high stability in blood, and the ability to cross the BBB. This review discusses the biogenesis, components,
stability, surface modification, isolation technology, advantages, and disadvantages of exosomes as drug
carriers and compares exosomes and other similar drug delivery systems. Furthermore, exosome-
encapsulated TCM monomers exert neuroprotective roles, such as anti-inflammation, anti-apoptosis,
anti-mitophagy, and anti-oxidation, in various neuronal diseases, including Alzheimer's disease (AD),
Parkinson's disease (PD), multiple sclerosis (MS), and cerebral ischemia and reperfusion (CI/R) injury, as
well as anti-drug resistance, anti-tumorigenesis, anti-angiogenesis, and promotion of apoptosis in brain
tumors, providing more inspiration to promote the development of an exosome-based delivery tool in
targeted therapy for neuronal diseases.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Traditional Chinese medicine (TCM) is a medical system with a
specific theoretical style that is gradually built on medical and life
practices and experiences based on long-term accumulation and
continuous summarization [1]. It is characterized by indigenous
medicine that contributes to the maintenance of health to hinder,
diagnose, and intervene in physical and mental illnesses differently
from modern Western medicine founded on theories, beliefs, and
experiences. The oldest classic of TCM originated in Huangdi Neij-
ing, also known as the Inner Canon of Huangdi or the Yellow Em-
peror's Medicine Classic, which dates back to antiquity, with a
history spanningmore than 4,000 years [2]. TCM is deeply rooted in
the Chinese philosophy of Yin-Yang and the Five Elements (Wu
Xing), including a mixture of ancient philosophy, clinical experi-
ences, primitive knowledge of medicine, regional cultures, and
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religious beliefs. It is worth noting that TCM is a holistic system and
emphasizes harmonywith the universe [1,3]. Therefore, TCM exerts
multifaceted therapeutic effects through a comprehensive
approach that combines multiple methods, including Chinese
herbal medicine, herbal enemas, acupuncture, Chinese massage
(Tui Na), mind/body exercises, and dietary therapy [4]. Treatment is
characterized by a definite curative effect, relatively few toxic and
side effects, and wide indications; however, the properties of ma-
trix complexity, component diversity, and low levels of active
components pose challenges for the study of TCM [5]. TCMs mainly
include natural medicines such as plant, animal, and mineral
medicines, as well as preparations in which these natural medi-
cines are formulated into various dosage forms [6]. The composi-
tion of TCMs is complex and generally comprise a large number of
active ingredients with different chemical structures, physico-
chemical properties, concentrations, and pharmaceutical and/or
toxic activities, such as flavonoids, alkaloids, lignins, phenols, ter-
penoids, amino acid derivatives, organic acids, polyketides, ste-
roids, and sugars [7].

A TCM monomer extracted from a single TCM or TCM pre-
scription, is considered as an active component with a determinate
molecular formula and spatial structure in TCM (Table 1) [8e25],
and has shown biological activities and pharmacological effects,
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Table 1
The list of chemical structure of traditional Chinese medicine (TCM) monomers
introduced in this article [8e25].

TCM monomer Chemical structure Refs.

Pal [8]

Ber [8,9]

Cory-B [10]

Hed [11]

Nef [11]

Bai [11,12]

Cur [13e20]

ECG [21]

RSV [22]

Que [23]

Table 1 (continued )

TCM monomer Chemical structure Refs.

DHT [24]

SAB [25]

CPT [25]

Pal: palmatine; Ber: berberine; Cory-B: corynoxine-B; Hed: hederagenin; Nef:
neferine; Bai: baicalin; Cur: curcumin; ECG: epicatechin gallate; RSV: resveratrol;
Que: quercetin; DHT: dihydrotanshinone; SAB: salvianolic acid B; CPT:
cryptotanshinone.
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such as anti-inflammatory, antibacterial, anti-diabetic, and anti-
tumor effects [26]. TCM monomers have unique and novel phar-
macological advantages that allow them to achieve therapeutic
outcomes similar to those of conventional therapies with reduced
toxicity and side effects. The study of TCMmonomers improves the
efficacy of TCM and provides a scientific basis for its application in
modern medicine [27].

TCMmonomers have also gained attention due to their potential
to treat neuronal diseases. However, the use of TCM monomers to
treat neuronal disorders presents some challenges. Among them,
the characteristics of poor solubility and bioavailability in aqueous
conditions, high degradation rate, poor targeting, and low delivery
efficiency, especially the poor ability to cross the blood-brain bar-
rier (BBB) to target the central nervous system (CNS) of TCM, have
restricted their clinical efficacy [28]. To address these issues, re-
searchers have begun to explore novel drug delivery systems, such
as exosomes. This review systematically introduces the mecha-
nisms by which TCM monomers are loaded into exosomes to pre-
vent and treat various neuronal diseases.

2. The introduction of extraction of TCM active component

TCM monomers can be divided into alkaloids, flavonoids, terpe-
noids, saponins, phenols, quinones, and other substances, and are
characterized by low concentrations in TCM, complicated structures,
various types, and unstable properties. These special characteristics
of TCM monomers pose a significant challenge for the isolation and
purification of a single pure active component from complex TCM
mixtures. The hot water isolation method, which is the earliest
leaching method, is a traditional and popular approach. Enzyme-
assisted extraction (EAE) facilitates water isolation with high impu-
rity removal and purification efficiency. Physical methods such as
ultrasound and microwave-associated extraction (MAE) are also
common approaches for TCM extraction. Recently, with the
development of technology, new separation methods, including
semi-bionic-, supercritical fluid-, and molecular imprinting
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technology (MIT)-associated extraction, have also been used for TCM
extraction.

2.1. Hot water extraction (HWE)

Water is an ideal polar solvent for the extraction of polar and
hydrophilic molecules. High temperatures promote the dissolution
of polar and hydrophilic macromolecules from the cell wall, making
them more easily dissolved in water [29]. The HWE process is
simple, with a single extraction solvent, a simple device, and low
cost, especially without solvent pollution and environmental pro-
tection [30]. However, the long duration and high temperatures
make it difficult to control the temperature, resulting in the
degradation of the compound and reduction of its biological ac-
tivity [31]. Furthermore, this traditional isolation technology has a
large number of water-soluble impurities, and it is difficult to
isolate the target product from the mixtures, leading to a low
extraction efficiency [32]. In other words, HWE is the most com-
mon and convenient method of extracting a target product.

2.2. EAE

The EAE technique uses the catalytic power of enzymes to break
down complex biological structures, facilitating the release of
intracellular active components from cells [32]. This approach is
highly valued for its mild reaction conditions, which make it
environmentally friendly, efficient, easy to operate, and cost-
effective in terms of both investment and energy requirements
[33]. The specificity and selectivity of enzymes are key character-
istics that can influence the extraction process. Enzymes such as
proteases, cellulases, amylases, glucanases, and endoproteases are
used in EAE to catalyze cell wall degradation. However, because a
single enzyme may not be sufficient to meet the extraction objec-
tives, a cocktail of enzymes with a broad spectrum of activities is
often used to disrupt the cell wall more effectively [33,34]. EAE can
improve the level of hydrolysis as a result of the synergistic effects
between different enzymes. Optimizing conditions for enzymatic
activity is crucial for EAE. Each enzyme has an optimal set of re-
action conditions, including enzyme concentration, temperature,
time, and pH, which collectively affect the extraction efficiency
[35]. The optimal conditions for a mixture of enzymes may differ
from those for a single enzyme. Therefore, it is important to
consider the synergistic effects, types of substrates, and presence of
enzyme inhibitors. EAE is not typically used in isolation but is often
combined with other extraction methods to increase the yield of
chemical components. EAE not only serves as an auxiliary process
for water extraction, but also aids in impurity removal and purifi-
cation, thus enhancing the extraction activity.

2.3. Ultrasound-associated extraction (UAE)

UAE is a modern technique that utilizes the physical effects of
ultrasoundwaves to enhance the release of active components from
plant materials. This technology operates based on the principle of
cavitation, in which ultrasound waves generate microbubbles in a
liquid medium. These bubbles grow and collapse violently, pro-
ducing shock waves and microstreams that disrupt cell walls and
release their contents [36]. Compared to traditional extraction
methods such as HWE, UAE operates at lower temperatures, has a
higher yield and efficiency, shorter extraction time, ismore versatile
andmore suitable for various plantmaterials and target compounds
[37]. However, the application of UAE has some challenges. The
3

extraction efficiency is affected by the limited conversion rate of
sound energy to mechanical energy, insufficient ultrasonic power
can lead to lowextraction rates, and prolonged sonication can cause
thermal effects that candegrade heat-sensitive ingredients [38]. The
yield and purity of the target compound can be affected by extrac-
tion processes that involve several factors, such as ultrasonic fre-
quency and power, number of ultrasound cycles, ratio of plant
material to solvent, and time [39]. In summary, UAE is a promising
technique for the extraction of medicinal compounds and offers
advantages such as speed, efficiency, and preservation of heat-
sensitive ingredients. However, careful consideration of opera-
tional parameters and equipment characteristics is necessary to
optimize the extraction process and achieve optimal results.

2.4. MAE

MAE is a separationmethod to extract bioactive compounds from
natural sources. It is based on the thermal effect of microwaves,
which causes polar substances, particularly water molecules in the
cells of the material, to absorbmicrowave energy and produce heat.
This rapid increase in intracellular temperature leads to the vapor-
ization of water, which in turn generates pressure that breaks cell
walls and membranes, creates pores, and facilitates the release of
active ingredients into the solvent [40].MAE iswidely used to isolate
compounds such as polysaccharides, volatile oils, flavonoids, and
alkaloids. MAE offers advantages, such as a high extraction rate,
short extraction time, and reduced solvent consumption. However,
it is not applicable to active ingredients with poor water absorption
and heat-sensitive components, such as proteins and peptides [32].
In other words, the MAE is considered as an auxiliary tool that is
limited by the transformation rate of heat power.

2.5. Semi-bionic extraction (SBE)

SBE technology simulates the transport process of oral medicine
in the gastrointestinal tract using pH-optimized artificial gastric
and intestinal juices for successive elution and isolation, based on
the principle of a biopharmacological perspective, combining ho-
listic drug research with molecular drug research [41]. SBE can
improve extraction efficiency, shorten the production cycle, and
reduce costs. However, it introduces invalid constituents and is
adversely concentrated and refined [38]. SBE is widely applied in
pharmacological research in the laboratory; however, its practical
large-scale applications have not yet been realized.

2.6. Supercritical fluid extraction (SFE)

SFE is a sophisticated green separation technique that controls
the critical temperature and pressure of a component using a su-
percritical fluid as an extracting agent to selectively isolate and
purify components according to their molecular mass, boiling
point, and polarity [42]. SFE integrates the properties of distillation
and liquid-liquid extraction, and uses various solvents such as CO2,
which have low toxicity, non-flammability, cost-effectiveness, and
high purity [43]. Moreover, the low temperature of supercritical
fluids can protect heat-sensitive substances and is suitable for
isolating bioactive components from TCM. However, long-term
processing can cause solvent waste and degradation of bioactive
substances. Furthermore, the problems of large equipment size,
high equipment costs, and high operational demand also make the
application of SFE a challenge [38]. SFE is an advancement in
extraction technology that provides a sequence of benefits that can
strengthen the efficiency and quality of natural product research.
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However, the challenges involved in its implementation must be
considered, and further optimization and technological advance-
ments may be necessary to overcome these limitations.

2.7. MIT

MIT is a molecular recognition technology based on the prin-
ciple of selective recognition and binding to specific target mol-
ecules that mimic the recognition properties of biological
antibodies or receptors [44]. Molecularly imprinted polymers
(MIPs) are prepared in three steps: i) imprinting, where functional
monomers are arranged around a template molecule to form
complexes through covalent or non-covalent interactions; ii)
polymerization, where the complexes are cross-linked to form a
stable network, which is then solidified; and iii) template removal,
where the template is extracted, leaving behind specific binding
sites that can selectively recognize the target molecule [45]. The
prepared MIPs have three main characteristics: structure pre-
dictability, identification specificity, and application extensiveness
[46]. MIPs are easy to synthesize and can be produced in large
quantities with strong mechanical and chemical stabilities, high
selectivity, and high affinity [38]. However, some problems are
also associated with MIPs, such as inefficient adsorption and
desorption, complex preparation processes, poor batch-to-batch
reproducibility, and potential contamination. Despite these chal-
lenges, the potential applications of MIPs are universal and they
are used in many fields, such as sample pre-concentration for the
extraction and concentration of analytes from complex samples,
as stationary phases in chromatography, as bioassays and bio-
sensors, and as enzyme and receptor mimics [47]. With the
development of technology, new methods will be developed to
address the current limitations of MIPs, such as improving their
reproducibility and reducing the complexity of their preparation,
further expanding the range of applications of MIT technology in
various scientific and industrial fields.

3. Exosomes

Small extracellular vesicles (EVs) produced in the endosomes
of eukaryotic cells are called exosomes, and their diameter is
usually 30�150 nm [48]. All cell types secrete exosomes, which
are found in blood, urine, gastric acid, and other components [49].
Exosomes play crucial roles in cell communication by transferring
various proteins, metabolites, and nucleic acids to recipient cells,
thus affecting many life activities and are also associated with the
occurrence of many diseases [50]. Furthermore, exosomes can be
used as drug delivery carriers to treat various diseases, particularly
neuronal disorders. Exosome-mediated drug delivery has the ad-
vantages of low toxicity, low immunogenicity, and high engi-
neering capabilities, which can improve drug targeting and
delivery efficiency. By encapsulating drugs in exosomes, drugs
containing TCM monomers can be directed at cells more effi-
ciently, improving therapeutic efficacy and reducing side effects
[51].

3.1. Biogenesis of exosomes

Fusion of nuclear endosomes and plasma membranes is the
main method of exosome production [48]. The limiting mem-
brane of early endosomes sprouts inward to form exosomes
[49]. Subsequently, bioactive substances begin to accumulate in
the early sorting endosomes. Early sorting endosomes become
late sorting endosomes under the combined action of other
related proteins required for transport and endocytic sorting
complexes [52]. Double invaginations of the plasma membranes
4

then form multivesicular bodies (MVBs). After completion of this
process, MVBs fuse with the plasma membrane to secrete exo-
somes [53].

3.2. Components of exosomes

Exosomes contain many bioactive cargo originating from the
cell, including nucleic acids, lipids, metabolites, and cytosolic and
cell-surface proteins, which can be delivered to target cells to
execute biological functions [54]. The exosome incorporates many
compounds of late endosomes, such as tetraspanins (CD63, CD9,
and CD81), membrane transport and fusion proteins (Rab, GTPases,
and flotillin); moreover, it also contains various heat shock proteins
(e.g, heat shock protein 70 (HSP70) and HSP90) and MVB biogen-
esis proteins (e.g., alg-2 interacting protein-x (Alix) and tumor
susceptibility gene 101 (TSG101)), and all of these proteins can be
considered as markers of exosomes [55]. Furthermore, certain
proteins that exist in specific exosomes, determined by their
maternal cells, can reflect the functional states of parental cells
under pathological or physiological conditions [56].

3.3. Stability

Stability is strongly associated with resistance to aggregation,
structure maintenance, and avoidance of protein degradation,
which are crucial for exosomes to act as drug delivery carriers.
Methods for detecting exosomal stability include quantifying sur-
face markers, such as CD63 or CD81, to check protein degradation;
characterizing colloidal stability through measurements of zeta
potential, size distribution, and concentration using nanoparticle
tracking analysis (NTA); and visualizing morphology by electron
microscopy [57]. Exosome stability is significantly affected by
storage parameters, including temperature, time, and freeze-thaw
cycles; osmotic pressure and pH are also important for exosomal
stability [58]. For example, the levels of protein and RNA inclusions
of exosomes decreased at 10 days at room temperature compared
to storage at �70 and 4 �C. Exosomes are stable at 4 �C for the short
term (within 7 days) and below �70 �C for the long term, with the
storage temperature being the most favorable condition for long-
term preservation of fresh exosomes [59].

3.4. Surface modification of exosomes

Recently, exosomes have been explored as nanoscale carriers for
drug delivery in biomedicine. Several studies have shown that nat-
ural exosomes spread in theextracellular spacesandbiofluidsby free
diffusion and are randomly uptaken by recipient cells. For example,
exosomes labeled with fluorescence dye/probe can be detected in
the liver, spleen, kidney, pancreas, and other organs by intravenous,
intraperitoneal, or subcutaneous injection, indicating the uncon-
trolled location of exosomes in vivo [60]. Ensuring the targeting ca-
pacity of natural exosomes is required to deliver the desired cargo to
specific tissues or cells. Several technologies have been developed
for exosome surfacemodification: 1) genetic engineering,which is a
common approach for producing surface-modified exosomes, in
which exosome-originating cells use plasmid vectors that encode
targeting ligands fused with transmembrane proteins such as tet-
raspanins, lysosome-associated membrane protein (Lamp), and
glycosylphosphatidylinositol (GPI) [61]; 2) the click chemistry
technology covalent modification, which involves attaching an
alkyne group to the exosome surface via a condensation reaction
with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide-N-
hydroxysuccinimide (EDC-NHS). This alkyne group can then be
covalently linked to an azido group on a target moiety in the pres-
ence of copper, a reaction known as “click” due to its efficiency and
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reliability [20]. Genetic engineering and click chemistry are widely
used approaches to produce surface-modified exosomes. In addi-
tion, somenon-covalentmodificationmethods are also exploited for
yielding targeted exosomes: 1) multivalent electrostatic in-
teractions, which strengthen the efficiency of exosome targeting to
negatively charged biological membranes by coating the exosome
membrane with a positive charge imparting moiety [62]; 2) the
ligand-receptor interaction, which is the correlation between exo-
some surface natural receptors and targeting ligands [63]; 3) hy-
drophobic interaction/membrane engineering,where the exosome-
liposome hybridmembrane acquires targeting capacity through the
fusion of exosomal membranes with functionalized liposomal
membranes [64]; 4) aptamer-based surfacemodification, where the
aptamer technique that fuses with nucleotide sequences is used for
exosomal surface modification [65]; and 5) modification by
anchoring the CP05 peptide, inwhich the CP05 peptide has a strong
affinity for the second extracellular loop of CD63, a protein that is
frequently found on the surface of exosomes. This makes it an
effective linker between therapeutic agents and the exosome sur-
face [66].

3.5. Separation of exosomes

Standardized isolation strategies are crucial for the study and
clinical application of exosomes. Different exosome separation
technologies have been explored based on their size, shape, den-
sity, and surface proteins, including ultracentrifugation (UC),
polymer precipitation (PP), immunoaffinity capture (IC), ultra-
filtration (UF), size exclusion chromatography (SEC), and microfl-
uidics-based techniques [67].

3.5.1. UC
UC is the most common exosomal separation technology and is

considered as the gold standard for exosome isolation. UC is based on
divergence in the density and size of the exosomes and impurities in
the sample. First, the samples were centrifuged at 300, 2000, and
10,000 g to remove dead cells and cell debris, which could be
replaced by filtration, and the supernatant was centrifuged at high
speed (~100,000 g) to pellet exosomes. Typically, an additional high-
speed centrifugation step is implemented to wash the exosome
pellet in phosphate-buffered saline (PBS) to reduce protein con-
taminants [68]. As a maturemethod, UC is suitable for isolating most
samples at low operating costs. However, the separation process is
time-consuming (>4 h), with poor repeatability, impurity potential,
and risk of exosome damage that affects biological activity [69].

3.5.2. IC
The IC method for exosome isolation uses specific interactions

between antigens and antibodies to selectively capture and purify
exosomes from biological samples [70]. Exosomes contain specific
proteins, lipids, and polysaccharides on their surfaces that can be
targeted by antibodies. By immobilizing these antibodies on a solid
surface, such as magnetic beads, exosomes with matching antigens
can be specifically bound and separated [71]. The IC method can
isolate specific subpopulations of exosomes based on target anti-
gens, which is crucial to studying the functions of particular exo-
some types, yielding highly pure exosome preparations that are
beneficial for downstream applications such as proteomics or
functional assays. Various exosome subpopulations can be isolated
by selecting different antibodies [72]. However, this method is
time-consuming and requires expensive and specific antibodies,
which ultimately result in a low yield of exosomes due to their
incomplete elution of beads [73]. This separation method is
particularly useful for research on specific diseases in which
disease-specific exosome markers can be detected and studied.
5

3.5.3. PP
PP technology alters the solubility of exosomes in solution.

Polymers, such as polyethylene glycol (PEG), are added to the
sample, which interacts with water molecules and reduces the
solubility of exosomes, causing them to precipitate from the so-
lution [72]. After low-speed centrifugation to remove cells and
debris, the supernatant was mixed with a polymer solution,
incubated and centrifuged again at low speed to pellet exosomes
[74]. This method can be used for large sample volumes, yield a
high quantity of exosomes, and preserve the integrity of exosomes
without complex equipment or lengthy procedures [75]. However,
the use of polymers may introduce impurities, such as protein
aggregates and lipoproteins, into exosome preparations, poten-
tially affecting their biological activity and interfering with sub-
sequent analyses, such as proteomics or mass spectrometry [76].
To overcome this challenge, the precipitation method can be used
together with other separation techniques, such as the immu-
noaffinity method, to improve the purity and specificity of the
isolation.
3.5.4. UF
UF is a membrane-based separation technique that is gaining

popularity in the field of exosome isolation because of its
simplicity and efficiency. The principle of UC is based on its size
using a membrane with a specific pore diameter or molecular
weight cutoff (MWCO), which retains larger impurities while
passing through smaller particles, such as exosomes [77]. This
technology can be used in combination with low-speed centrifu-
gation to concentrate samples and remove large impurities. UF
can be divided into dead-end filtration (DEF; liquid flow is in the
same direction as filtration, leading to rapid filter clogging) and
tangential flow filtration (TFF; liquid flow is perpendicular to
filtration, reducing clogging and improving membrane life and
equipment stability) depending on the pressure [78]. UF is one of
the simplest methods for exosome separation, requiring minimal
equipment and expertise, allowing rapid purification of large
sample volumes in a short amount of time, and it does not require
expensive special equipment or harmful chemical reagents.
However, this method has some disadvantages, including mem-
brane clogging, exosome deformation, loss of exosomes, and the
risk of contamination with fluid components smaller than the
filter pore size [79]. UF is a valuable tool for exosome isolation due
to its ease of use and efficiency.
3.5.5. SEC
SEC, also known as gel filtration chromatography, is a technique

used to separate particles according to their size and is particularly
useful for the isolation of exosomes from biological fluids. The
principle of UC is based on differences in size, using a porous sta-
tionary phase (e.g., Sephadex, Sepharose, Sephacryl, and BioGel P)
in a column through which a mobile phase (biological fluid) is
passed and the larger particles elute first because they cannot enter
the pores and thus take a shorter path, and the smaller particles,
including exosomes, penetrate the pores and elute later [80,81].
SEC has many advantages, including the high purity of isolated
exosomes by minimizing protein contamination, maintaining the
biological activity and structure of exosomes, minimizing sample
loss compared to UF, requiring less time to complete in 15 min, and
isolating specific subsets of EVs using materials with different pore
sizes [82]. However, SEC cannot effectively separate contaminants
of sizes similar to those of exosomes, resulting in a low yield of
exosomes [82]. In summary, SEC is a valuable method for exosome
isolation that offers high purity, preservation of biological activity,
and scalability.
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3.5.6. Microfluidics-based techniques
The microfluidics-based method is a cutting-edge technology

that has emerged as a powerful tool for the isolation and analysis of
exosomes due to its ability to integrate multiple processes into a
single chip [83]. The principle of microfluidic-isolated exosomes is
based on physical properties (size, density, surface antigens, etc.),
immunoaffinity, and contact-free [82]. This method could be
applied to point-of-care diagnostics, liquid biopsy, and personal-
ized medicine in the future [84]. However, it also meets certain
requirements, including the need for further validation and large-
scale testing of microfluidics-based methodologies, improving the
sensitivity and specificity of exosome detection and isolation, and
Fig. 1. The description of advantages and disadvantages of exosomes as a drug carrier for tre
blood-brain barrier (BBB), to target neural cells, better security, various ways of administratio
However, the properties of difficult to separation of exosome, poor ability to cross the BBB o
have restricted exosome to be TCM monomers delivery system in clinical application. AD: A
HSP: heat shock protein; Alix: alg-2 interacting protein-x.
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combining other detection and analysis methods for comprehen-
sive exosome research. In summary, microfluidics offers a versatile
and efficient approach to exosome research with the potential to
transform diagnostics and therapeutics.

3.6. The advantages and disadvantages of exosomes as drug
carriers

3.6.1. The advantages of exosomes as drug carriers for targeting the
brain

Exosomes have been identified as promising natural carriers for
drug loading and delivery for the following reasons (Fig. 1). The first
atment of neuronal diseases. As a drug delivery tool, exosome have the ability to cross
n in vivo, and effectively encapsulating traditional Chinese medicine (TCM) monomers.
f TCM monomers with large molecular weight, off-target, heterogeneity, and low yield
lzheimer's disease; TSG101: tumor susceptibility gene 101; ncRNAs: non-coding RNAs;
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is its ability to cross the BBB. The BBB is a semi-permeable barrier
composed of glial cells (astrocytes and microglia), pericytes,
specialized brain microvascular endothelial cells (BMECs) con-
nected by tight junctions, and a basement membrane [85]. This
barrier governs homeostasis, which can limit the transportation of
ions and micro- and macro-molecules between blood and neural
tissues [85]. The BBB is one of the main problems faced by tradi-
tional drug delivery to the CNS because almost all large-molecule
drugs and more than 98% of small-molecule drugs have difficulty
penetrating the CNS. Exosomes can freely cross the vascular wall
and the extracellular matrix benefits from its endogenous charac-
teristics and small size [86]. Furthermore, several studies have
suggested mechanisms underlying the interaction between exo-
somes and the BBB. For example, Yuan et al. [87] found that
macrophage-derived exosomes can bypass the BBB, depending on
the interaction of integrin lymphocyte function-associated antigen
1 (LFA-1) with intercellular adhesion molecule 1 (ICAM-1) of brain
microvessel endothelial cells. Furthermore, Chen et al. [88] found
that HEK293T-derived exosomes can overcome the BBB through
activation of BMECs endocytosis induced by the inflammatory
cytokine tumor necrosis factor-a (TNF-a). TCMmonomers can cross
the BBB after being loaded into exosomes to treat neuronal diseases
(Fig. 2). Second, it has a better targeting capability. Studies have
Fig. 2. Traditional Chinese medicine (TCM) monomers can cross the blood-brain barrier (BBB)
medium, exosome can load with TCM monomers using sonication, room temperature incub
injected into rats or mice major through intranasally, intravenously delivery pathway, then e
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found that exosomes have lower immunogenicity and stronger
specific targeting abilities than traditional drug carriers when used
as drug delivery vehicles. Compared to liposomes, their homing
ability to tumor tissues is ten times greater, which also confirms the
good targeting ability of exosomes [89]. Exosomes contain various
homingmolecules (ligands, magnetic materials, and pH-responsive
motifs) on their lipid bilayer membranes, which contribute to the
identification of specific cell types and enable the acquisition of
targeting features for drug delivery in vivo or in vitro. For example,
exosomes containing Tspan8 are prone to combine with CD11b and
CD54-positive cells [90]. Third, it improves security. The surfaces of
exosomes are wrapped in the membranes of various cells,
improving their biocompatibility and safety [91]. Traditional drug
carriers can cause toxic immune reactions in vivo, resulting in
greatly reduced therapeutic effects, while exosomes are not prone
to immune reactions due to their improved endogenous biocom-
patibility [92]. Based on the good biocompatibility of exosomes, the
stability and effectiveness of drugs contained in exosomes can be
effectively improved [93]. Various proteins contained in the exo-
somal membrane also facilitate their use as drug delivery vehicles.
Four transmembrane proteins, CD9 and CD81 (on the exosome
membrane promote fusion between exosomes and cells), CD55,
and CD59, enhance the stability of exosomes in circulation. CD47
after being loaded into exosomes. After separation from the supernatant of cell's culture
ation, and freeze-thawing cycle methods. Exosomes encapsulated TCM monomers were
xosome-TCMs monomers can cross BBB to target diseased brain region.



Table 2
The therapeutic outcome and pros/cons of exosome encapsulated traditional Chinese medicine (TCM) monomer in various neuronal disease model [8e25].

Naïve or
modified exosome

TCM
monomer

Animal/cell model Administration way Therapeutic outcome Pros/cons Refs.

Naïve exosomes Ber/Pal APP/PS1 mice Intravenously: tail vein
injection at the same time every
two days for a total of 21 days

Anti-inflammatory effects both in vitro and in vivo;
increasing drug accumulation in the hippocampus,
cortex, and striatum; strengthening cognitive
impairment and nerve injury in vivo by accelerating Ab
elimination and anti-inflammatory cytokine secretion

Pros: the Ber/Pal combined therapy exhibits better and
more comprehensive therapeutic effects than single-
drug treatment
Cons: low yield of exosomes, lack of organic targeting

[8]

Naïve exosomes Ber SCI mice Intravenously: tail vein
injection

Anti-inflammatory and anti-apoptotic effect, alleviation
moto function

Pros: exosome-Ber can cross BBB and blood spinal
barrier, reach the spinal cord injury site through the
cerebrospinal fluid circulation; exosomes provide a
drug platform and have synergistic effect with drugs

[9]

Fe65-exosomes Cory-B 5� FAD mice Intraperitoneally or
intravenously: alternate days
for 45 days

Inducing neuronal cells autophagy and ameliorating
cognitive function of AD mice

Prons: Fe65-exosomes can bypass BBB and target APP
overexpressed neuronal cells

[10]

Naïve exosomes Bai, Hed, and Nef APP/PS1 mice Intravenously: tail vein
injection at a dose of 100 mg/kg

Reducing the level of huntingtin74, p301L tau, A53T a-
synuclein, aggregation of Ab (1�42), enhancing
autophagy, and ameliorating the learning and memory
ability in vivo

Pros: high bio-availability, crossing BBB with the
molecular weight lower than 1109 Da of monomer
Cons: off-target effects; not applicable to large-scale

[11]

Naïve exosomes Bai tMCAO and pMCAO
rats

Intravenously: tail vein
injection

Reducing cell apoptosis by attenuating ROS production
in vitro and depressing the infarct area neurological
scores while the integrity of neuronal structure in vivo

Pros: exosome-Bai easily cross the BBB, allowing more
Bai to target brain tissues; the migratory and brain
targeting abilities features of exosome-Bai was acquired
from its origin cells (macrophages), to promote the
accumulation of Bai in the brain ischemic region
following pMCAO

[12]

Naïve exosomes Cur Injection of OA on
one side of
hippocampal area
of mice

Intravenously: a single dose of
cur at 0.4 mg/kg

Inhibiting tau phosphorylation through the Akt/GSK-3b
pathway, ameliorating of learning and memory
deficiencies in OA-induced AD mice

Pros: Cur-treated macrophage derived exosomes can
enhance the penetration of cur across the BBB into the
brain through interaction between LFA-1 and ICAM-1

[13]

Naïve exosomes Cur 6-OHDA induced
PD

Nasally: at a dose of 10 mg/kg
body weight

Decreased the brain inflammation, aggregated of a-
synuclein, and cell apoptosis in the dopaminergic TH
positive neuron, and improved the impaired learning
and memory ability in PD mice

Pros: hEnSCs-exosomes can delivery and transfer safe
and effective payload in long-term, and sustain release
manner into neuronal cells through intranasal injection
way

[14]

PR-exosome Cur MPTP-induced PD
model mice

Intranasally injection Eliminating a-synuclein aggregation and promotion of
the growth of neurite length and branches in vitro and
the improvement of movement behavior and
coordination ability in PD mice

Pros: three-Pronged Synergistic Treatment of PR-
exosome/PP@Cur

[15]

Naïve exosomes Cur MOG peptide
induced EAE mice

Intranasally: exosome-Cur was
administered intranasally daily
for 31 days using the protocol
described above and was
initiated on day 4 after
immunization with the MOG
peptide

Anti-inflammatory effects: reduction in the number of
microglial cells

Pros: no side effects with nasally injection; exosomes
are taken up by microglial cells (~60%)/nonmicroglial
cells (~40%)

[16]

Naïve exosomes Cur MCAO rats Intravenously: tail vein
injection, exosomes-cur (10 mg/
mL cur) was administered to
MCAO rats after 2 h of occlusion

Decreasing of inflammatory cytokines expression level,
ROS generation, Cyt c release, and infarct area; rescuing
the loss of tight junction proteins and improving
neurological performance in MCAO rats

Prons: exosomes protected Cur from degradation in
plasma; accumulation of exosome-Cur in ischemic
regions were driven by the inflammation-mediated
targeting ability of exosomes

[17]

Naïve exosomes Cur Ischemia
reperfusion-injured
mic

Intranasally: alternate nostrils
(2 mL � 5 times) started within
an hour of I/R and sham surgery
and continued till seven days.

Improvement in neurological scores, lessening in lesion
volume, brain water content, and inflammation effect;
normalization astrocytes and neuronal expression,
decreasing in ICAM and improvement in VE-cadherin
levels in brain vessels; and alleviating tight junction
proteins loss

Pros: more solubility and stability of Cur in exosomes
and the integrity of exosomes-Cur was preserved.
Cons: the treatment of I/R-injured mice was started
within an hour of injury which does not clinically
implicate the conditions of the stroke patients who
sometimes reach to the hospitals after hours of ischemic
insult; the lack of additional mice groups treated with
Cur and embryonic stem cells alone to compare the
combined MESC-exosome-Cur effects; and time points
analysis of available Cur concentrations in the blood and
mice brain tissues

[18]
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c(RGDyK)-exosomes Cur MACO mice Intravenously: vein tail
injection 12 h or 24 h after
reperfusion

Decreasing pro-inflammatory cytokines (TNF-a, IL-1b,
and IL-6) mediated by NF-kB and inhibiting expression
level of caspase-3

Pros: the exosomes surface can be modified by bio-
orthogonal chemistry easily and rapidly; cRGD-
exosome can preserve intact exosomes shape and the
bioactivity of their cargo, and can be internalized into
brain cells to exert its neuroprotective roles Cons:
whether the modified exosomes maintain the basic
characteristics of natural exosomes like low
immunogenicity should be evaluated in the future

[19]

RGE-exosomes Cur Orthotopic glioma-
bearing nude
mouse model

Intravenously: tail vein
injection, every other day for
total seven times

RGE-exosome-SPION/Cur had capability for targeted
imaging of glioma and inhibiting the growth of tumor

Prons: the technology combination of exosome-SPION/
Cur with MRI can early precise diagnosis and response
evaluation of glioma Cons: the precise mechanism of
exosome interaction with cells, exosome crossing BBB,
the long-term effects of exosome, the optimal dose,
treatment time, temperature control, and monitoring of
magnetic flow hyperthermia for the synergistic effect of
SPIONs need to be further explored

[20]

Naïve exosomes ECG Rotenone-induced
SHSY5Y cells

e Enhancing cell viability and antioxidative effects and
inhibiting autophagy and cell apoptosis

[21]

Naïve exosomes RSV EAE mice Intranasally: daily doses of RSV
and exosome (3 mg/kg RSV,
30 mL)

Reducing of the expressions of pro-inflammatory
cytokine (TGF-b, INF-g, IL-6, and IL-17)

Pros: macrophages derived exosomes modified by click
chemistry methods had little effect on the natural
properties of exosomes, and fit for treatment of
neurodegenerative diseases

[22]

mAb GAP43-exosomes Que MCAO/R model Intravenously: tail vein
injection

Inhibiting ROS production via activation of the Nrf2/HO-
1 pathway in vitro and in vivo

Pros: the stability and solubility of exosomal Que were
significantly enhanced; mAb GAP43 conjugated to the
surface of exosomes can be internalized into I/R injury
neuronal cells dependent on the interaction between
exosome and GAP43 expressed on neurons in the
ischemic region; and naïve plasma exosome exerted a
synergistic neuroprotective effect against I/R injury

[23]

R-exosomes TMZ/DHT Tumor-bearing
mice

Intravenously: tail vein every
day, a total of six times.

R-exosome- TMZ/DHT could accurately target the
tumor site and exerted good antitumor roles via
activating immune system in vivo and in vitro, and
reduction TMZ resistance in gliomas

Pros: R-exosome-TMZ/DHT have no toxicity or visible
organ impairment in vivo

[24]

pHybrid-exosomes-Lips
nanovesicles

SAB/CPT orthotopic BALB/c
nude mice bearing
U87-Luc
xenograft tumors

Intravenously: tail vein
injection

The synergistic efficiency of pHybrid-SAB-CPT is major
dependent on its cytotoxicity on cancer cells and anti-
angiogenesis via depriving the nutrients supplied by
new blood vessels in tumor, which are associated with
SHP-2 upregulation induced STAT3 signal pathway
suppression and anti-angiogenesis caused by VEGF
inhibition

Prons: pHybrid/SAB-CPT can target tumor and
accumulated in deep tumor regions and pHybrid
nanovesicles have features in drug delivery, cell
targeting, and tissue penetration

[25]

Ber: berberine; Pal: palmatine; APP: amyloid precursor protein; PS1: presenilin 1 ; SCI: spinal cord injury; BBB: blood-brain barrier; Cory-B: corynoxine-B; FAD: family Alzheimer's disease (AD); Bai: baicalin; Hed: hederagenin;
Nef: neferine; tMCAO: transient middle cerebral artery occlusion; pMCAO: permanent middle cerebral artery occlusion/reperfusion; ROS: reactive oxygen species; Cur: curcumin; Akt: protein kinase B; GSK-3b: glycogen
synthase kinase-3b; OA: okadaic acid; LFA-1: lymphocyte funciton-associated antigen 1; ICAM-1: endothelial intercellular adhesion molecule 1; 6-OHDA: 6-hydroxydopamine hydrochloride; PD: Parkinson's disease; TH:
tyrosine hydroxylase; hEnSCs: human endometrial stem cells; PR: penetratin (P) and rabies virus glycoprotein (RVG29) peptides; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; PP: ROS-responsive amphiphilic polymer
poly(propylene sulfide)-polyethylene glycol (PPS-PEG); MOG:myelin oligodendrocyte glycoprotein; EAE: refractory experimental autoimmune encephalitis; I/R: ischemia and reperfusion injury; VE: vascular endothelial; MESC:
mouse embryonic stem cell; c(RGDyK): cyclo(Arg-Gly-Asp-D-Tyr-Lys) peptide; TNF-a: Tumor necrosis factor-a; IL-1b: interleukin-1b; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells; cRGD: cyclo(Arg-Gly-
Asp); RGE: RGERPPR; SPION: superparamagnetic iron oxide nanoparticles; MRI: magnetic resonance imaging; ECG: epicatechin gallate; RSV: resveratrol; TGF-b: transforming growth factor-b; IFN-g: interferon-g; mAb:
monoclonal antibody; GAP43: growth-associated protein-43; MCAO/R: middle cerebral artery occlusion/reperfusion ; Nrf2: nuclear factor erythroid-2-related factor 2; HO-1: heme oxygenase-1; R: reassembly; TMZ: temo-
zolomide; DHT: dihydrotanshinone; pHybrid: BBB penetrated exosomes-liposome hybrid nanovesicles; Lips: lipidosomes; SAB: salvianolic acid B; CPT: cryptotanshinone; SHP-2: Src homology-2 domain-containing protein
tyrosine phosphatase 2; STAT3: signal transducer and activator of transcription 3.
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Table 3
The list of loading method, encapsulation efficiency (EE)/loading capacity (LC), and exosome origin in various neuronal diseases [8e25].

TCM monomer Exosome origin Loading method EE(%)/LC (%) Disease Refs.

Ber/Pal Microglial cells Sonication LC: 15.43 ± 2.19 (Ber) and14.05 ± 2.90 (Pal) AD [8]
Ber M2-type primary peritoneal macrophages Sonication LC: 17.13 ± 1.64 SCI [9]
Cory-B HT22 cells Sonication LC: 28% AD [10]
Bai, Hed, and Nef Neuro-2a and differentiated PC-12 cells Room temperature incubation e AD [11]
Bai RAW264.7 cells Sonication EE: 45.7 and LC: 11.4 I/R [12]
Cur Macrophage RAW264.7 Cur pre-treated cells EE: 84.8 and LC: 15.1 AD [13]
Cur hEnSCs Room temperature incubation EE: 31 PD [14]
Cur MSCs e LC: 75.53 PD [15]
Cur EL-4 cells Incubation e MS [16]
Cur RAW264.7 cells Incubation EE: 82.7 and LC: 14.5 I/R [17]
Cur MESC Freeze-thawing cycle e I/R [18]
Cur Whole blood Sonication EE: 34.0 and LC: 13.6 I/R [19]
Cur RAW264.7 cells Electroporation e Glioma [20]
ECG Fresh bovine milk Sonication LC: 25.96 ± 0.45 PD [21]
RSV RAW264.7 cells Sonication LC: 19.34 ± 0.37 MS [22]
Que Whole blood of SD rats Sonication EE: 34.0 and LC:13.6 I/R [23]
TMZ/DHT GL261 Sonication EE: 83.99 ± 2.54 (DHT) Glioma [24]
SAB/CPT Serum of rats Electroporation EE: 89.7 ± 2.57 (SAB) and 84.7 ± 9.35 (CPT) Glioma [25]

EE% ¼ (weight of exosomal TCM monomer/weight of initially added TCM monomer) � 100%; LC% ¼ (Weight of exosomal TCM monomer/Weight of exosomal TCM
monomer) � 100%. Ber: berberine; Pal: palmatine; AD: Alzheimer's disease; SCI: spinal cord injury; Cory-B: corynoxine-B; Bai: baicalin; Hed: hederageni; Nef: neferine; I/
R: ischemia and reperfusion injury; Cur: curcumin; hEnSCs: human endometrial stem cells; MSCs: mesenchymal stem cell; PD: Parkinson’s disease; MS: multiple sclerosis;
MESC: mouse embryonic stem cell; ECG: epicatechin gallate; RSV: resveratrol; Que: quercetin; SD: Sprague-Dawley; TMZ: temozolomide; DHT: dihydrotanshinone; SAB:
salvianolic acid B; CPT: cryptotanshinone.
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improves macrophage resistance to exosomes [93]. Fourth, it is
easier to administer (Table 2) [8e25]. Exosomes can be delivered
via various routes, including intravenous, subcutaneous, intraperi-
toneal, intratumoral, nasal, and oral administration, which are
conducive to target tissues in different disease models [94]. The
diversity of drug administration ways also indicates the high
flexibility and compatibility of exosome-based drug delivery.
Finally, the TCM monomers were encapsulated (Table 3) [8e25].
Monomeric active ingredients of TCMs can be loaded into exosomes
due to their low toxicity and side effects. Several loading methods
have been applied using physical treatments, including sonication,
electroporation, extrusion, freeze-thawing, surfactant treatment,
and dialysis, to achieve various therapeutic effects [94].

3.6.2. The challenges of exosomes as drug carriers to target the
brain

Although exosomes have broad prospects as drug carriers, their
applications face some challenges (Fig. 1). First, it is very difficult to
isolate and extract exosomes due to the similarity in physical and
chemical properties between the EV subtypes. Mainstream exo-
some extraction methods have advantages and disadvantages. As
discussed above, UC can yield high-purity exosomes, but equip-
ment is expensive and can easily damage exosomes during the
separation process. Although UF is simple and can achieve high-
throughput separation, the purity of isolated exosomes is low.
The chemical precipitationmethod is simple and high-throughput;
however, it cannot isolate high-purity exosomes. Exosomes iso-
lated by SEC have high purity and are suitable for all types of
samples; however, the protein is easily contaminated during
operation, the instrument is expensive, and the operation pro-
cedure is complex [48]. Second, exosomes have a good capability to
cross the BBB; however, the relationship between the molecular
weight of TCM and exosomes needs to be further explored. Tang
et al. [11] found that TCM such as ginsenoside Rb1 (molecular
weight: 1109.29 Da) with a molecular weight greater than
1109.29 Da cannot cross the BBB even after encapsulating into
exosomes, implying that while exosomes facilitate TCM by
bypassing the BBB. Exosomes also depend on themolecular weight
of the cargo compounds, highlighting a key parameter for the
future pharmacological development of exosomes as drug carriers.
Third, exosomes are considered as suitable candidates to carry
10
various cargoes, including TCM, RNAs, and proteins. However, it
should be noted that exosomes can still have off-target effects with
non-specific biodistribution to unintended organs (liver, spleen,
lungs, kidneys, and pancreas). For example, exosome-berberine/
palmatine (Ber/Pal) can penetrate the heart and kidney besides
the target brain [8]. Interestingly, the surfaces of exosomes can be
modified or engineered for diseased cell- or tissue-specific tar-
geting. For example, engineered exosomes were produced by
hippocampal neuronal cells by transfection of the Fe65 over-
expressing plasmid, followed by exosomes expressing Fe65 on
their surface to interact with amyloid precursor protein (APP) in
Alzheimer's disease (AD) cells, strengthening the ability of exo-
somes to internalize by AD diseased cells [10]. Moreover, the
attendant problem is whether engineered exosomes that preserve
the basic features of natural exosomes, such as low immunoge-
nicity, should be explored in the future. Fourth, exosomes derived
from different cell sources have different characteristics, such as
the transmission of Ab as well as hyperphosphorylated tau cleav-
age products contained in exosomes secreted by AD neuronal cells
AD [95]; tumor cell-derived exosomes can spread various compo-
nents, including gene, protein, and cytokines to affect other types
of cells [96]. In addition to encapsulated compounds, their char-
acteristics can affect diseases. Therefore, the selection of exosomes
from appropriate cell sources plays a crucial role in their use as
drug carriers. Fifth, even given the recent developments in exo-
some technology, large-scale production of exosomes is still not
employed, and the low yield of cell-derived exosomes and the long
preparation time limit their use in clinical treatment. For example,
every 2.13� 108 cells produced 1mg of exosomes [8]. Furthermore,
the composition of exosomes exhibits high heterogeneity, due to
differences in cell sources and physiological and pathological
states. Therefore, it is essential to develop technologies that can
increase exosome productivity and reduce costs. Interestingly,
some studies have shown that the yield of exosomes can be
dramatically increased dozens of times through low-level electrical
treatment (0.34 mA/cm2) and production boosters, revealing a
promising exosome extraction method [97]. Some studies have
suggested that conditioned media from the stem cell industry
could be a stable source and that immortalized mesenchymal stem
cell (MSC) cell lines could be used to replace primary cells to
improve the yield, quality, and homogeneity of exosomes [98].
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3.7. Comparisons of exosomes and other synthetic nanoparticles
like liposomes

Recently, exosomes have gained considerable attention as a
novel type of bionanoparticle for drug delivery compared to syn-
thetic nanoparticles, such as synthetic polymeric and lipidic
nanoparticles (liposomes), which are associated with high pro-
duction costs, reproducibility issues, toxicity, and high immuno-
genicity. Similar drug-delivery systems have been extensively
explored as nanocarriers for drug delivery. Liposomes are
composed of lipids, mainly phospholipids, which have a hydro-
philic head and hydrophobic tail to form a bilayer structure that
encloses an aqueous space [99]. Exosomes offer several advantages
over liposomes in drug delivery. First, as natural endogenous
nanocarriers, exosomes exhibit excellent biocompatibility and
bioavailability, reducing the risk of immune rejection and toxicity
compared to liposomes, which can be immunogenic due to their
synthetic nature [100]. Second, exosomes possess targeting speci-
ficity due to the presence of transmembrane and membrane-
anchored proteins that facilitate endocytosis and interaction with
specific cell types, thus improving the delivery of their cargo to
target cells [101]. Third, unlike liposomes, which are manually
equipped with cargo, exosomes inherit bioactive materials from
their parent cells that can have therapeutic benefits [102]. Fourth,
exosomes functionality can be improved through preconditioning
(cytokines, hypoxia/hypoxia, drugs, and physical interventions) or
engineering, further enhancing their therapeutic potential [103].

However, exosomes also have several disadvantages compared
to liposomes in drug delivery. First, the yield of exosomes is much
lower than that of liposomes. Exosome production is limited by the
capacity of parent cells to secrete them, making large-scale pro-
duction challenging and costly [104]. Second, exosomes are natu-
rally packed with proteins and nucleic acids, making it difficult to
load them with the desired therapeutic cargo, resulting in lower
cargo-loading efficiency compared to liposomes [101]. Third, exo-
somes can be heterogeneous in size and composition, affecting
their stability, biodistribution, and therapeutic efficacy. The quality
control of exosomes is more complex than that of liposomes due to
their endogenous origin and variability in composition and prop-
erties [105]. Fourth, although exosomes can be engineered to
improve their functionality, the process is complex and requires a
deep understanding of the molecular mechanisms involved in
exosome biogenesis and function [94]. Fifth, the regulatory land-
scape of exosome-based therapeutics is still evolving, and there
may be challenges in defining standards for their production,
characterization, and clinical use.

4. The potential effect of an exosome loaded with TCM
monomers in neuronal diseases

4.1. Exosome-encapsulated TCM monomer in AD

AD is a highly influential neurodegenerative disease character-
ized by plaques, tau phosphorylation, and neurodegeneration
[106]. Individuals with AD experience severe memory deficits and
cognitive impairments, with gradual deterioration in all aspects of
brain function. Currently, no fully effective medications have been
approved for clinical treatment due to the complexity of AD, which
is caused by multiple factors [107]. Mainstream treatments for AD
involve the use of cholinesterase inhibitors, such as donepezil,
galantamine, and N-methyl-D-aspartate-receptor antagonists, as
well as glutamate receptor antagonists, such as rivastigmine and
memantine [108]. However, these drugs provide only temporary
relief from symptoms and cause serious adverse reactions. There-
fore, there is an urgent need to identify new and effective drugs for
11
the treatment of AD. In view of the complexity of AD, TCM mono-
mers often have low toxicity and rare adverse effects, providing safe
and effective options for drug development; however, their appli-
cation is limited by the BBB [109]. Moreover, exosomes, as natural
delivery vectors, have better biocompatibility than other synthetic
nanocarriers and can cross the BBB by carrying TCM monomers to
target the brain. This property makes exosomes a promising
research direction for drug delivery, particularly for the treatment
of AD [110].

The contents loaded into exosomes were confirmed to possess
enhanced bioavailability and can be applied at a lower, non-toxic
concentration than those of the compounds alone for therapeutic
effects. The TCM monomers baicalin (Bai), hederagenin (Hed), and
neferine (Nef) were isolated from Scutellaria baicalensis Georgi,
Hedera nepalensis K. Koch var. sinensis, and Nelumbo nucifera Gaertn,
respectively. They were loaded separately into exosomes and then
can dramatically reduce the level of neurodegenerative disease
proteins, including huntingtin 74 (HTT74), P301L tau, and A53T a-
synuclein and increase autophagy and facilitate autophagic
degradation of mutant proteins compared to monomers alone.
Furthermore, exosome-encapsulated Nef (10 mg/kg) could signifi-
cantly eliminate Ab (1�42) aggregates, prevent their formation
in vitro, and improve the learning and memory ability of APP/PS1
double transgenic mice in vivo [11]. Zhao et al. [8] explored the roles
of exosomes encapsulated Ber and Pal, which are isoquinoline al-
kaloids and the main extracts of Rhizoma Coptidis, and proved to be
more effective than the free Ber/Pal group in the treatment of AD.
Microglia-derived exosomes were isolated and purified using SEC
and then coloaded with Ber and Pal into exosomes (exosomes-Ber/
Pal, 10 mg/kg; Ber, 1.22 mg/kg; and Pal, 1.5 mg/kg) using ultra-
sonication combination with the freeze-thaw cycle method.
Microglia-derived exosomes coloaded with the Ber/Pal delivery
vehicle improved targeting and penetrating of drugs into the brain
and strengthened the therapeutic role of Ber/Pal, including inhib-
iting expression levels of inflammatory cytokine-nitric oxide (NO),
TNF-a, interleukin-1b (IL-1b), IL-4, and IL-1, protecting neurons,
reducing synaptic damage, and ameliorating Ab pathological
symptoms. The inflammatory response of microglia was sup-
pressed by Pal/Ber by prohibiting the activation of the nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB) by
blocking the phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(Akt) and mitogen-activated protein kinase (MAPK) signaling
pathway; meanwhile, activating the adenosine 50-monophosphate
(AMP)-activated protein kinase (AMPK) pathway [8]. Furthermore,
curcumin (Cur) was isolated from Curcuma longa rhizomes and has
been identified as a natural polyphenol with the ability to regulate
tau protein phosphorylation [111]. To address the challenges in the
solubility and bioavailability of Cur, researchers have treatedmouse
macrophages with Cur and produced Cur-containing exosomes
(Exosome-Cur) from these cells [112]. This strategy significantly
improved the solubility and stability of Cur, while improving its
bioavailability in tissues [13]. The therapeutic efficacy of Exosome-
Cur was evaluated in the okadaic acid (OA)-induced AD animal
model. Exosome-Cur (100 mg/mL of Cur for seven consecutive days
of injection) can activate the neuronal survival signaling pathway-
Akt/glycogen synthase kinase-3b (GSK-3b) and further inhibit tau
phosphorylation, thus preventing neuronal death both inside and
outside the cell and alleviating the symptoms associated with AD
[13]. Engineered exosomes have been constructed to increase the
ability of the brain to target and cross the BBB. Iyaswamy et al. [10]
designed Fe65 overexpressing exosomes on their surface derived
from hippocampal neurons (Fe65-Exosome), which can target APP
overexpressed-neuron cells under AD conditions in vivo or in vitro.
Fe65-Exosome encapsulated corynoxine-B (Cory-B) (Fe65-
Exosome-Cory-B; 20 mg/kg), a natural autophagy inducer isolated



Fig. 3. Integrative figure of molecular mechanism of traditional Chinese medicine (TCM) monomers-loaded exosomes for the treatment of neurodegenerative disease. (A) Curcumin
(Cur) and resveratrol (RSV) encapsulated into exosomes exerted their anti-inflammation functions via weakening the expressions of tumor necrosis factor-b (TNF-b), interferon-g
(IFN-g), interleukin-6 (IL-6), IL-17, which are associated with the activation of microglia in multiple sclerosis (MS). (B) Berberine (Ber)/palmatine (Pal), Cur, corynoxine-B (Cory-B),
and neferine (Nef) encapsulated into naïve exosome or engineered exosomes played neuroprotective roles in Alzheimer's diseases (AD), including anti-inflammation, pro-survival,
and pro-autophagy through inhibiting nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and activating protein kinase B (Akt) signaling pathway. (C) Cur or
epicatechin gallate (ECG) encapsulated into naïve exosome or engineered exosomes played neuroprotective roles in Parkinson's disease (PD), including anti-apoptosis, anti-
mitophagy, and pro-survival via inhibiting reactive oxygen species (ROS) induced apoptosis and putative kinase 1 (PINK)/Parkin mediated autophagy, ultimately depressed a-
synuclein aggregation and neurotoxicity in PD conditions. GSK-3b: glycogen synthase kinase-3b; NFT: neurofibrillary tangles; mTOR: mammalian target of rapamycin; ULK: Unc-51
like autophagy activating kinase 1; PI3K: phosphatidylinositol 3-kinase; BECN1: beclin-1; Atg12: autophagy-related 12; LC3-II: microtubule-associated protein-1 light chain 3-II;
Ub: ubiquitin; SQSTM1/P62: sequestosome-1; APP: amyloid precursor protein; Bcl-2: B-cell lymphoma-2; Bax: Bcl-2-associated X protein; Cyt c: cytochrome c.
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from Uncaria rhynchophylla, allowed APP-targeted delivery of Cory-
B through APP receptor-dependent endocytosis and induced
autophagy through beclin-1 (BECN1), autophagy-related 5 (Atg5),
and autophagy-related 7 (Atg7) of APP overexpression neuronal
cells by restraining the natural interaction between Fe65 and APP,
ultimately decreased AP pathology and improved cognitive and
locomotor behavior in ADmice [10]. The design of these novel drug
delivery systems not only improves the bioavailability of the TCM
monomer, but also opens up new possibilities for the precise
treatment of AD (Fig. 3).

4.2. Exosome-encapsulated TCM monomer in Parkinson's disease
(PD)

PD is the secondmost common neurodegenerative disorder. The
neuropathological hallmarks of PD are that severe impairment of
dopaminergic projection neurons in the substantia nigra (SN)
causes deficiency of dopaminergic innervation in the striatum and
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is accompanied by accumulation of intracellular inclusions con-
taining a-synuclein (called Lewy bodies) in other brain tissues,
ultimately resulting in deterioration of motor functions [113]. The
most common treatment strategy for PD is based on the pharma-
cological substitution of striatal dopamine with enzyme inhibitors
and levodopa and involves deep brain stimulation through surgery
[114]. However, long-term drug use generally reduces efficacy and
produces side effects in patients with PD. Currently, there is no
effective treatment to prevent or terminate the pathological pro-
cesses of PD [115]. One of the greatest challenges is the develop-
ment of novel drugs with good therapeutic effects and fewer
adverse effects.

The enhancement of glial cell activation, oxidative stress, and
inflammation is closely associated with the pathological process of
PD. Various studies have shown that Cur has anti-inflammatory and
antioxidant effects in neurodegenerative diseases [116]. Cur was
loaded into exosomes derived from human endometrial stem cells
(hEnSCs) (exosome-Cur), whose roles were detected in a 6-
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hydroxydopamine hydrochloride (6-OHDA)-induced PD mice
model by intranasal injection. hEnSCs exosome-Cur (10 mg/kg) can
decrease brain inflammation, a-synuclein aggregation, and cell
apoptosis in the dopaminergic tyrosine hydroxylase (TH)-positive
neuron, as well as improve the impaired learning and memory
ability in PD mice [14]. Additionally, epicatechin gallate (ECG), one
of the most effective catechins present in various plants and foods,
was incorporated into fresh bovine milk-derived exosomes (exo-
some-ECG). Exosome-ECG showed more effective anti-apoptosis
protective functions, including reducing the apoptosis rate and
the expression of caspase-3, B-cell lymphoma-2 (Bcl-2)-associated
X protein (Bax), and anti-mitophagy, including downregulated
expression of parkin/phosphatase and tensin homolog (PTEN)-
induced putative kinase 1 (PINK1) and Atg5, compared to free
ECG in the rotenone-induced PD cell model [21]. Furthermore, Peng
et al. [15] constructed a self-oriented nanocarrier with a three-
pronged synergistic treatment for PD. The micellar core was self-
assembled by reactive oxygen species (ROS)-responsive amphi-
philic polymer poly (propylene sulfide) (PPS)-PEG loading Cur and
superparamagnetic iron oxide nanoparticles (SPIONs) (PP@Cur),
and the outer core was MSC-derived exosomes modified with
octadecyl chains-penetratin (P) (SA-p) and -rabies virus glycopro-
tein (SA-RVG29) peptides (PR-exosome). The PR-exosome/PP@Cur
nanocarrier could cross the BBB and target the SN. This was facili-
tated by the MSC-derived exosome shell that promoted drug
migration to the lesion, and the Cur concentration in the SN of PD
mice administered PR-exosome/PP@Cur was 67.26 mg/g, which was
higher than that of wild-type mice. Furthermore, Cur was accu-
rately delivered to dopaminergic neurons by PR-exosome/PP@Cur
nanocarriers and played a neuroprotective role by improving
nerve axon growth and decreasing the a-synuclein aggregation-
induced neurotoxicity, ultimately improving movement behavior
and coordination ability of PD mice [15]. Therefore, the drug de-
livery and curative effects of TCM monomers in PD improved
greatly when loaded into exosomes compared to free drugs (Fig. 3).

4.3. Exosome-encapsulated TCM monomer in multiple sclerosis
(MS)

As the most common inflammatory disease of the CNS, MS is
generally characterized by demyelination and neuronal damage
and loss, which can eventually lead to neurological dysfunction
[117]. It is caused by autoimmune reactions to self-antigens. Clinical
symptoms vary depending on the location of nervous system le-
sions. Generally, it is related to BBB erosion by inflammatory cells
[118].

Their limited ability to cross the BBB is one of the obstacles to
traditional cell therapy and drug therapy in the treatment of MS,
while exosomes can freely cross the BBB and diffuse into the blood.
Furthermore, its non-immunogenicity endows exosomes with
good stability and long-lasting systemic circulation and does not
cause cytotoxicity, with greater safety [119]. Cur loaded in exo-
somes (exosomes-Cur, 1.5 nmol in 10 mL PBS) can significantly
reduce neuroinflammation by targeting activated microglia and
reducing the number of microglial cells by nasal administration in
lipopolysaccharide (LPS) induced mice and myelin oligodendrocyte
glycoprotein peptide-induced experimental autoimmune enceph-
alomyelitis mice [16]. Although exosomes encapsulated in TCM
drugs have good therapeutic effects on brain inflammation, their
distribution in the CNS requires further exploration. Zheng et al.
[22] first designed and synthesized five N-acyl side chain sialic acid
analogs of different lengths and then screened the best metabolic
precursors for exosome labeling through biorthogonal click
chemistry. Then, they found that macrophage exosomes had
obvious fluorescence signals and long residence times in the brain
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and spinal cord andwere strongly colocalized withmicroglia. Based
on this finding, microglia-derived exosome-encapsulated resvera-
trol (RSV&exosome) was further developed for the treatment of
MS, and intranasal administration of RSV&exosome (3 mg/kg RSV,
30 mL) significantly decreased the expression of inflammatory fac-
tors, including transforming growth factor-b (TGF-b), interferon-g
(IFN-g), IL-1b, IL-6, and IL-17, further inhibited the inflammatory
response mediated by activated microglia and NF-kB, ultimately
suppressed weight loss and improved behavior of EAE mice [22].
Furthermore, spinal cord injury (SCI) caused by irreversible motor
neurons is associated with immune activation of resident macro-
phages/microglia. Ber loaded into M2-type primary peritoneal
macrophage-derived exosomes (exosomes-Ber) using an ultrasonic
method plays a crucial role in mediating its anti-inflammatory ef-
fects. Exosomes-Ber can reduce the M1 protein marker inducible
NO synthase (iNOS) and apoptotic cytokines (TNF-a, IL-1b, IL-6,
caspase-9, and caspase-8) and improve the M2 protein marker
mannose receptor (CD206) in vitro. Exosome-Ber plays an impor-
tant the anti-inflammatory and anti-apoptotic effect by inducing
macrophages/microglia from the M1 phenotype to M2 phenotype
polarization by reducing the expressions of the M1 protein marker
iNOS and apoptotic cytokines (TNF-a, IL-1b, IL-6, caspase-9, and
caspase-8) but enhancing the expression of the M2 protein marker
CD206 in vitro, ultimately alleviated motor function in SCI mice
model with exosomes-Ber injection (5 mg/kg) [9]. Therefore, the
development of endogenous immunocytes as delivery vehicles
offers new opportunities for inflammatory brain disease treatment,
providing experimental evidence for the development of novel
exosome-based diagnostics and therapeutics in the future (Fig. 3).

4.4. Exosome-encapsulated TCM monomer in cerebral ischemia and
reperfusion (CI/R) injury

Ischemic stroke is an acute cerebrovascular disease character-
ized by sudden onset and focal neurological deficits, accounting for
85% of all cerebral strokes [120]. It is one of the leading causes of
death worldwide, with high rates of disability, morbidity, and
recurrence. Approximately 6 million people die from stroke each
year, and the lifetime risk of stroke is estimated to range from 8% to
10% [120]. The main cause of ischemic stroke is CI/R injury, a
pathological condition characterized by recovery of blood supply to
the brain after restriction; however, the concomitant reoxygenation
process can cause further damage [27]. Thrombolysis therapy is
currently a common clinical method for restoring blood and oxygen
supply to the damaged brain; however, sudden recanalization of an
occluded artery can produce ROS, trigger an inflammatory
response, and lead to tissue cytotoxicity and CI/R injury [121]. The
recombinant tissue plasminogen activator (rtPA) is the only drug
approved by the U.S. Food and Drug Administration (FDA) to treat
acute cerebral infarction. However, many patients are unable to
benefit from this treatment due to its narrow treatment time
window and association with hemorrhagic complications [122].

Numerous studies have indicated that ROS rapidly accumulates
after ischemic stroke. These ROS further exacerbate brain damage
by inducing mitochondrial-mediated apoptosis and BBB impair-
ment. The timely clearance of ROS can help alleviate these injuries
and promote recovery of brain function [17]. Therefore, strategies to
reduce ROS production are generally adopted to promote recovery
after ischemic stroke. Quercetin (Que), a natural flavonoid poly-
phenol widely found in various foods, exerts antioxidant effects by
removing free radicals. Que incorporated intomonoclonal antibody
(mAb) growth-associated protein-43 (GAP43) coupled exosomes
(mAb GAP43 exosome-Que) can improve neuronal survival by
specifically targeting damaged neurons and interacting with
GAP43, which is expressed in damaged neurons via a monoclonal



Fig. 4. Integrative figure of molecular mechanism of traditional Chinese medicine (TCM) monomers-loaded exosomes for the treatment of cerebral ischemia and reperfusion (CI/R).
Curcumin (Cur), baicalin (Bai), quercetin (Que), and ginsenoside Rg1 (Rg1) encapsulated into naïve or engineered exosomes played neuroprotective roles in CI/R injury, including
anti-oxidation, anti-apoptosis, pro-survival of neurons, enhancing the structure integrity of blood-brain barrier (BBB), and anti-inflammation via inhibiting reactive oxygen species
(ROS) induced neurons apoptosis, decreasing tumor necrosis factor-a (TNF-a)/interleukin-1b (IL-1b), activating phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) signaling
pathway. Nrf2: nuclear factor erythroid-2-related factor 2; SOD1: superoxide dismutase 1; Gpx-1: glutathione peroxidase 1; HO-1: heme oxygenase-1; NQO1: NAD(P)H quinone
dehydrogenase 1; mAb: monoclonal antibody; Bcl-2: B-cell lymphoma-2; Bax: Bcl-2-associated X protein; Cyt c: Cytochrome c; cRGD: cyclo(Arg-Gly-Asp).
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antibody against GAP43 (mAb GAP43). mAb GAP43 exosome-Que
(3.4 mg/mL injection) activated the nuclear factor erythroid-2-
related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) pathway to
inhibit ROS production, reduced infarct volume, and resulted in
more significant neurological recovery compared to free Que or
Fig. 5. Integrative figure of molecular mechanism of traditional Chinese medicine (TCM) m
drotanshinone (DHT), curcumin (Cur), salvianolic acid B (SAB)/cryptotanshinone (CPT), and gin
synergistic anti-tumor roles, including anti-drug resistance, anti-tumorigenesis, anti-angiog
TNF-a: Tumor necrosis factor-a; RGE: RGERPPR; SPION: superparamagnetic iron oxide nanopa
Signal transducer and activator of transcription 3; VEGF: Vascular endothelial growth factor
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Que carrying exosomes treatment in the middle cerebral artery
occlusion/reperfusion (MCAO/R) induced rat [23]. Moreover, Bai
incorporated into macrophage-derived exosomes (exosome-Bai,
containing Bai at a concentration of 1.6 mg/mL injection) also
exerted its therapeutic role by reducing ROS production and
onomer-loaded exosomes for the treatment of glioma. TCM monomers including dihy-
senoside Rg3 (Rg3) coloaded into engineered exosomeswith other components exerted

enesis, and promoting apoptosis in glioma. TMZ: Temozolomide; IL-1b: Interleukin-1b;
rticle; SHP2: Src homology-2 domain-containing protein tyrosine phosphatase 2; STAT3:
; ATO: arsenic trioxide; Ce6: chlorin e6; BBB: blood-brain barrier.
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inhibiting neuronal cell apoptosis through upregulation of the
Nrf2/HO-1 pathway in MCAO rats [12]. The anti-inflammatory ef-
fect of Cur was further strengthened by its incorporation into em-
bryonic stem cell-derived exosomes (mouse embryonic stem cell
(MESC)-exosome-Cur) or macrophage-derived exosomes (exo-
somes-Cur), which can target the ischemic region driven by
inflammation. MESC-exosome-Cur (total 10 mL injection,
Cur:Exos ¼ 1:4) or Exos-Cur (Cur: 10 mg/mL) can dramatically
reduce ROS accumulation in lesions and inhibit BBB damage by
increasing the expression of the tight junction protein-claudin-5/
occludin and mitochondrial-mediated neuronal apoptosis, which
is confirmed by the downregulated expressions of Bax, cleaved
caspase-3, and release of cytochrome c (Cyt c), and normalize as-
trocytes and neuronal expression in MCAO animal model [17,18].

To improve the targeting ability of exosomes for clinical appli-
cations, engineered cyclo(Arg-Gly-Asp-D-Tyr-Lys) peptide
(c(RGDyK))-conjugated exosomes (cRGD-exosomes) were con-
structed using click chemistry. cRGD-exosome can specifically
target the ischemic brain depending on the high affinity of
c(RGDyK) for the integrin avb3 in reactive cerebral vascular endo-
thelial cells after ischemia. Cur packaged in cRGD-exosome (cRGD-
exosome-Cur, 100 or 300 mg for different experiments) has a strong
inhibition of the inflammatory response and cellular apoptosis in
the lesion region in MCAO mice, which was confirmed by the
downregulated expressions of proinflammatory cytokines, such as
TNF-a, IL-1b, IL-6, and pro-apoptotic protein-cleaved caspase-3
[19]. Luo et al. [123] successfully constructed cRGD-exosome-
encapsulated ginsenoside Rg1 (G-Rg1) (cRGD-exosome-Rg1,
1 mg/mL injection), which could also effectively and specifically
enter the ischemic brain of rats and exert neuroprotective effects by
promoting angiogenesis and neurogenesis by activating the PI3K/
Akt pathway [123]. Therefore, TCM monomers loaded onto exo-
somes can significantly decrease ROS generation, inhibit inflam-
mation, and eventually suppress neuronal cell apoptosis induced by
CI/R injury compared to drugs alone (Fig. 4).

4.5. Exosome-encapsulated TCM monomer in glioma

Brain cancer, especially glioma, has a low survival rate due to its
aggressiveness and difficulty in treatment [124]. Currently, surgery,
chemotherapy, radiotherapy, and immunotherapy, which are the
main cancer treatment methods, face certain challenges and side
effects when used alone or in combination. For example, brain
surgery requires extreme precision to avoid damaging sensitive
brain tissues, while the use of chemotherapy drugs is often limited
by their low specificity, high toxicity, unstable efficacy, and drug
resistance [125]. Brain cancer is extremely challenging to treat,
mainly because the BBB not only helps prevent common bacterial
infections, but also limits drug access to the brain [126]. Therefore,
there is an urgent need to develop novel drugs and delivery tools
that can cross the BBB to target brain tumor cells.

First-line chemotherapeutic agents, temozolomide (TMZ) and
dihydrotanshinone (DHT), loaded into homologous glioma cell-
derived exosomes (R-exosomes-TMZ/DHT), have been shown to
reverse drug resistance and enhance lesion-targeted drug delivery.
Moreover, R-exosomes-TMZ/DHT (the doses of TMZ and DHT were
1 mg/kg and 35 mg/kg) has synergistic anti-tumor effects, including
activation of the immune system for immunotherapy, inhibition of
glioma proliferation, and enhancement of glioma cell death with the
combined treatment of TMZ and DHT in the orthotopic glioblastoma
(GBM)-bearing mice model [24]. Furthermore, Cur and SPIONs
encapsulated in neuropilin-1-targeted peptide (RGERPPR, RGE)-
modified exosomes (RGE-exosome-SPION/Cur) have good glioma-
targeting ability, mediated by the interaction between RGE and gli-
oma cells overexpressing protein, neuronilin-1 (NRP-1), and good
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anti-tumor therapy efficiency with reduced side effects [20]. RGE-
exosome-SPION/Cur (Cur concentration of 15 mg/mL) had a strong
role in targeted imaging of glioma mediated by SPION and signifi-
cantly reduced tumor size when treated with Cur, which showed a
good synergistic effect of early diagnosis and precise evaluation of
glioma [20]. Recently, synthetically bioengineered exosome-
liposome hybrid nanovesicles have provided a novel strategy for
drug delivery and brain diseases. These hybrid nanovesicles possess
the advantages of exosomes, including their ability to cross biological
barriers and the positive role of liposomes in improving the drug-
loading capacity and stability of nanovesicles. A novel biomimetic
nanovesicle, BBB penetrated exosomes-liposome hybrid nano-
vesicles (pHybrid), was designed for drug delivery to the brain via
membrane fusion between blood exosomes and CGNKRTR peptide
(tLyp-1) peptide-modified liposomes. pHybrid nanovesicles coloa-
ded with salvianolic acid B (SAB) and cryptotanshinone (CPT) (the
doses of SAB and CPT were 851.2 and 248.1 mg/kg) showed syner-
gistic anti-tumor effects of the two drugs, including directly killing
cancer cells and inhibiting the growth of new blood vessels in the
tumor, providing a new approach for the treatment of glioma [25].
Interestingly, Rg3, the main active ingredient of ginseng, can be
concurrently developed as an active ligand for BBB crossing and GBM
targeting through interactions with the glucose transporter 1
(GLUT1) overexpressed in the BBB, depending on its glucosyl resi-
dues. Li et al. exploited a Rg3/arsenic trioxide (ATO)@chlorin e6 (Ce6)
modified exosome (Rg3/ATO@Ce6-exosomes), which could actively
cross the BBB and precisely target GBM in vivo, repress in-situ growth
of tumor cells, improve the polarization of tumor-associated mac-
rophages and M1/M2, strengthen infiltration of cytotoxic T lym-
phocytes, and significantly improve survival benefits. This
nanoformulation improves the synergistic effect of chemotherapy
and photoimmunotherapy, providing a new strategy for the precise
treatment of gliomas using active TCM ingredients [127]. This tech-
nology has demonstrated the ability to use exosomes to encapsulate
TCM and other substances for synergistic immunotherapy to over-
come challenges such as low drug enrichment, poor lesion targeting,
and immunosuppressive microenvironment barriers in the treat-
ment of gliomas (Fig. 5).

5. Conclusions and perspective

In general, the capacities of TCMs, including bypassing the BBB,
advanced accumulation in the lesion region, and increased bioac-
tivity and bioavailability, were strengthened by loading them into
exosomes compared to free TCMs (Fig. 2). Exosome encapsulated
TCM monomers were injected into rats or mice through an intra-
nasal or intravenous delivery pathway, which can cross the BBB to
target diseased brain regions and exert anti-inflammation, anti-
apoptosis, anti-mitophagy, and anti-oxidation effects in AD, PD, MS,
and I/R, as well as anti-drug resistance, anti-tumorigenesis, anti-
angiogenesis, and apoptosis promotion in GBM (Figs. 3e5). TCMs,
including Ber/Pal, Cur, and Cory-B exerted their protective roles in
reducing Ab pathological symptoms by enhancing clearance of Ab
plaques, diminishing the formation of neurofibrillary tangles (NFT)
by inhibiting tau hyperphosphorylation and eliminating APP
overexpression neurons major, inhibiting TNF-a/NF-kB signaling
pathway, activating AKT/GSK-3b signaling pathway, and promoting
PI3K class III/Atg5,7/microtubule-associated protein-1 light chain
3-II (LC3-II) mediated autophagy, which ultimately improved
cognitive function of AD. Interestingly, exosome-ECG inhibited
autophagy to protect neuronal cells under PD conditions by
significantly inhibiting the PINK/Parkin/Atg5 mitophagy pathway.
Additionally, exosome-Cur and exosome-ECG can weaken neuro-
toxicity by removing aggregating of a-synuclein, depressing neu-
roinflammation and promoting neuronal cell survival by
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prohibiting ROS and its mediated Cyt c/caspase-3 apoptosis
signaling pathways, ultimately improving the ability of movement
behavior and coordination in PDmice. Exosome-RSV and exosome-
Cur decreased inflammatory responses by targeting NF-kB, TGF-b,
IFN-g, IL-1b, IL-6, and IL-17 in EAE mice. Moreover, exosome-Que,
Exo-Bai, and exosome-Cur exerted neuroprotective effects in I/R,
including anti-oxidation, anti-apoptosis, normalizing astrogliosis,
saving neurons, and rescuing vascular junction proteins, mainly
through activation of Nrf2/superoxide dismutase 1 (SOD1), gluta-
thione peroxidase 1 (Gpx-1), HO-1, and NAD(P)H quinone dehy-
drogenase 1 (NQO1) to remove ROS, thus increasing the expression
levels of tight junction proteins-claudin-5/occludin. Furthermore,
exosome-TMZ/DHT, RGE-exosome-SPION/Cur, and pHybrid/SAB-
CPT have an anti-tumor effect in GBM by inhibiting drug resis-
tance, activating the immune system, promoting tumor cell death,
and restraining the development of tumor by enhancing IL-1b, IL-6,
and TNF-a, upregulation of the Src homology-2 domain-containing
protein tyrosine phosphatase 2 (SHP-2) with following inhibition
on phosphorylation of signal transducer and activator of tran-
scription 3 (STAT3) signal pathway.

Undoubtedly, the most commonly TCM monomer encapsulated
into exosome is Cur, which exerts the functions of anti-
inflammation, anti-oxidization, and anti-tumor through Akt, NF-
kB, and ROS mediated apoptosis in AD, PD, MS, CI/R, and glioma. Its
neuroprotective role is dramatically enhanced when loaded into
naïve or engineered exosomes. Moreover, one beneficial part of the
encapsulation in exosomes can be loaded with two monomers or
other compounds, which is beneficial for synergistic therapeutic
effects. For example, RGE-TMZ/DHT can activate the immune sys-
tem to suppress the development of tumors while alleviating the
first-line chemotherapeutic agent-TMZ resistance in glioma cells,
and RGE-exosome-SPION/Cur has a strong ability for targeted im-
aging of glioma, which can be used for early diagnosis due to SPION
for magnetic resonance imaging (MRI) and anti-tumor effects
mediated by Cur. Furthermore, exosomes can be modified or
engineered to enhance their ability to cross the BBB and target the
brain. For example, PR-Exosome/PP@Cur possessed a three-
pronged synergistic treatment for PD; the outer core was MSC-
derived modified exosomes to promote drug migration to the
lesion, and the inner core of SPION was applied as MRI for guiding
therapy and Cur for clearing a-synuclein aggregates.

The exosomes introduced in this review for the treatment of
various neurological diseases were derived from various cell types,
including tumor cells (neuron-2a, PC-12, EL-4, and GL261), micro-
glial cells (RAW264.7), stem cells (hEnSCs and MESCs), blood, and
fresh milk (Table 3) [8e25]. TCMs encapsulated in exosomes have
better biocompatibility and bioavailability and lower toxicity and
immunogenicity than free TCMs treatment. However, exosomes
have different properties because they inherit bioactive ingredients
from their donor cells, which implies that some exosomes possess
other functions in neuronal diseases in addition to being TCM de-
livery carriers. Exosomes can facilitate the crossing of the BBB, such
as naïve macrophage exosomes, which promote TCM to bypass the
BBB through the interaction between LFA-1 and endothelial ICAM-
1 with brain microvessel endothelial cells, which comprise the BBB
[13]. Exosomes can possess neuroprotective functions that are
equally beneficial as the originating cells, such as embryonic stem
cell-derived exosomes loaded with abundant paracrine factors of
stem cells, which play crucial roles in improving functional recov-
ery, neurovascular plasticity, neurodegeneration, and regulation of
peripheral post-stroke immune responses [18]. In addition,
macrophage-derived exosomes can target ischemic regions
depending on the migration ability of inflammation-driven exo-
somes [17]. Tumor-derived exosomes have the characteristic of
tumor-homing accumulation, as they contain the same adhesion
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proteins as tumor cells. In contrast, exosomes can spread detri-
mental factors, such as exosomes derived from neuron-2a and PC-
12 cells were found to play a neuroprotective role on Ab degrada-
tion or synaptic pruning stimulation, respectively; however, a
recent study suggested exosomal prion release in neuron-2a cells
[11]. In summary, exosomes derived from different cell types
exhibit distinct properties.

Traditional drug therapies for brain diseases have many limita-
tions, including the high selectivity of the BBB. It strictly controls the
molecules entering and leaving the brain tissue, resulting in 98% of
small-molecule drugs. Almost all macromolecular drugs cannot cross
the BBB, and the content of drugs in the brain is only 0.01%�0.1% of
that in the plasma [128]. Exosomes can only alleviate the pain
associated with traditional treatment. Due to their small size and
endogenous characteristics, exosomes can avoid capture and clear-
ance by the reticuloendothelial system to achieve the purpose of
crossing the blood-brain or placental barrier and achieving a tar-
geted effect. As mentioned in this article, the homing ability of
exosomes in tumor tissues is nearly ten times higher than that of
traditional liposomes as drug carriers [89]. Exosomes play an
important role in cellular communication dependent on various
adhesive proteins on their surface, making it possible for exosomes
to target cells and deliver various drugs encapsulatedwithin them. In
addition, EVs can be modified to construct targeted fragments on
their surface, better fuse with receptor target cells, and release
contents or drugs into the interior of the cell [129]. In addition to the
unique advantage of shuttling in vivo, exosomes are suitable for drug
encapsulation. Exosomes have a stable lipid bilayer structure with
the same topology as cells (inside-in and outside-out). The micro-
phase of the hydrophobic region in the middle of the lipid layer can
encapsulate hydrophobic drugs and the internal cavity can carry a
large number of water-soluble drugs (insight into the exosomal
membrane: from viewpoints of membrane fluidity and polarity)
[130]. This special structure can protect its contents from degrada-
tion or dilution in harsh extracellular environments for a long time.

As mentioned above, the scope of clinical applications has
expanded with technological developments. In addition to the
brain diseases described in this article, exosomes have unique ad-
vantages in terms of anti-aging, anti-cancer, and other aspects. In
the near future, exosomes may become a new way for people to
fight against diseases.
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