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Abstract
Exosomes are extracellular vesicles with the diameter ranging from 50 to 100 nm and are found in different body fluids such 
as blood, cerebrospinal fluid (CSF), urine and saliva. Like in case of various diseases, based on the parent cells, the content 
of exosomes (protein, mRNA, miRNA, DNA, lipids and metabolites) varies and thus can be utilized as potential biomarker 
for diagnosis and prognosis of the brain diseases. Furthermore, utilizing the natural potential exosomes to cross the blood–
brain barrier and by specifically decorating it with the ligand as per the desired brain sites therapeutics can be delivered to 
brain parenchyma. This review article conveys the importance of exosomes and their use in the treatment and diagnosis of 
brain/central nervous system diseases.
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Introduction

Brain neurological disorder/disease is one of the major 
causes of disability and death worldwide. It is the second 
leading cause of death as per 2016 estimate and is the lead-
ing cause of disability adjusted life years [1]. As per the 
study conducted, it was interpreted that globally, the burden 
of neurological disorders will continue to increase as per 
absolute number of disability-adjusted life years (DALYs). 
As population is growing and aging, the prevalence of the 
disease is increasing with the age, wherein government will 
face increasing demand for treatment, rehabilitation and sup-
port services. Thus, vast research is directed towards preven-
tion and therapeutic methods for treating brain disease. This 
study was reported for neurological disorders like brain and 

other central nervous system (CNS) cancers, traumatic brain 
injury, encephalitis, meningitis, stroke, Alzheimer’s disease 
and other dementias, Parkinson’s diseases, multiple scle-
rosis, motor neuron diseases, epilepsy, migraine, headache 
and other common neurological diseases. The cost associ-
ated with brain disease is immense and expected to increase 
exponentially [1]. Safe and effective treatment of neuro-
logical disease/disorder is limited because of poor entry of 
drugs into the brain parenchyma. This is due to enzymatic 
degradation, blood–brain barrier, short circulation lifetimes 
and reduced tissue penetration and so on. Thus, overcom-
ing these problems has become one of the most significant 
challenge in brain diseases therapy. Nanotechnology has the 
potential for addressing these challenges which can be fur-
ther resolved through biological, physical or chemical modi-
fication strategies which help in controlled delivery of drugs, 
imaging and gene modification. Nanoparticle is a helpful 
mean to improve delivery efficacy, increase the therapeutic 
effect and reduce the off targeted effects and side effects. The 
research progress of nanoplatform for brain disease diag-
nosis and intervention uses the routes such as intravenous, 
intranasal and local such as intracranial injections.

Extracellular vesicles are the natural nanocarriers that pack 
bioactive molecules such as proteins and coding and non-coding 
RNAs that help in transferring information between cells and 
tissues and thus playing essential role in cellular communication 
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[2]. They are broadly classified into three types based on the 
size and morphology, namely, macrovesicles or microparti-
cles, the apoptotic bodies and exosomes. The macrovesicles 
are obtained from plasma membrane and have diameter rang-
ing from 100 to 1000 nm. The apoptotic bodies are obtained 
from apoptotic bodies or dying cells that ranges from 1000 
to 5000 nm. Exosomes are the smallest form of extracellular 
vesicles that range from 50 to 100 nm [3]. Besides these three 
main subtypes, other extracellular vesicles include membrane 
particles, exosome-like vesicles, neutrophil originating extracel-
lular vesicles (ectosome) [4], prostate originating extracellular 
vesicles (prostasomes) [5], migrasomes [6], oncosomes, large 
oncosomes [7], tolerosomes (from intestinal epithelial cells) 
[8], gesicles [9] and prominosomes (luminal fluid of embryonic 
neural tube) [10]. Exosomes were discovered in 1983 when it 
was found that reticulocyte releases 50 nm small vesicles that 
carry transferrin receptors into the extracellular space [11, 12]. 
It is the subgroup of extracellular vesicles that released from 
almost all types of cells. These are cup shaped (Sac-like struc-
tures) in morphology, bilayered and spherical in structure under 
electron microscope [13]. They are isolated from several kind 
of extracellular liquids such as serum, urine, amniotic fluid, 
saliva, menstrual blood, cerebrospinal fluid (CSF), serous cav-
ity effusion, or breast feed and ascites [14]. Their dual layered 
membrane and nanosize protect their load from removal from 
the body by macrophages, thus enhancing their existence and 
improving biotic function. Recently, increasing evidence has 
demonstrated that exosomes have emerged as promising car-
riers in brain diseases, thus making them potential diagnostic 
and therapeutic agents (Fig. 1). Figure 2 represents the studies 
done on various brain diseases treated using exosomes. Recent 
biodistribution studies of unmodified exosomes after IV admin-
istration revealed a rapid accumulation of exosomes in organs 
of reticuloendothelial system (RES) and also showed few 

exosomes delivered in the brain; hence, targeting characteristics 
require improvement before exosomes can be used to deliver 
brain therapies and is improved by surface modification [15].

Biogenesis of exosomes

The extracellular biogenesis involves:

1. Formation of early endosome from the plasma mem-
brane through a process of inward budding.

2. Formation of late endosome, microvesicles containing 
intraluminal vesicles (ILVs).

3. On fusion of late multivesicular bodies (MVBs) with a 
plasma membrane, the content is released and, if it fuses 
with lysosomes, it is degraded.

Endosomal sorting complex required for transport (ESCRT) 
such as ESCRT-0, I, II, III and accessory proteins is involved in 
biogenesis, formation and vesicle scission [16–18]. Ubiquitin 
fusing subcomponent of ESCRT 0 starts ESCRT machinery by 
identifying and sorting ubiquitinated protein to precise endoso-
mal film areas. ESCRT III a protein composite that is concerned 
with bud formation is activated once ESCRT I interfaces with 
ESCRT II complex. Finally, the protein IV associated with Vac-
uolar protein sorting provides energy, followed by the split-out 
growth to form the ILVs and the ESCRT III compound split 
up from the MVB film [18, 19]. Another mechanism other than 
ESCRT has also been introduced that looks close to the mecha-
nism used by budding viruses, wherein exosome biogenesis 
linked to membrane invagination continued by phospholipid, 
such as lysobisphosphatidic acid and ceramide, tetraspanin 
and protein such as heat shock proteins [18, 20–24]. Exosome 
biogenesis independent of ESCRT machinery is mediated by 

Fig. 1  Exosome trafficking 
between cells
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sphingolipid ceramide, guanosine triphosphate–binding protein 
(GTPase), ADP-ribosylation factor 6 (ARF6) and its effector 
phospholipase D2 in cells like melanocytes [14, 21, 25]. Endo-
somal secretion is regulated by the Rab family (Ras superfamily 
of small G proteins), specifically Rab 27A, Rab 27B, Rab 11, 
Rab 35 and Rab 7 [26–28]. The maturation and secretion of 
exosomes in some cells such as haemopoietic stem cells and 
leukaemia inducing cells are regulated by vacuolar protein sort-
ing protein 33b [29]. Soluble N-ethylmaleimide sensitive factor 
attachment protein receptor complex (SNARE) and the pH of 
the microenvironment are also involved in the fusion between 
plasma membrane MVBs, and thereby, exosomes release is 
controlled [30–32]. The ExoCarta database lists thousands of 
exosome cargo candidate proteins and RNAs, but these cargos 
vary among various cell lines (http:// www. exoca rta. org). Most 
of the studies mentioned that the process by which exosomes 
selectively pack their cargos remains uncertain.

Exosome uptake by recipient cells 
and exosome cargo

The process of exosome trafficking involves the release of exo-
some in the extracellular space followed by its uptake by the 
recipient cells, the mechanism of which is still not well known 
and it remains uncertain. In some of the cellular responses 
generated by exosomes, it does not require exosome uptake 
and it is produced by exosome surface protein adhesion to 
the receptors on cells such as Fas ligand (FasL) or TRAIL 
(tumour necrosis factor–related apoptosis-inducing ligand) on 
exosome membrane present on the recipient cells. In the case 

of ribonucleic acid (RNA) transfer, exosome uptake by recipi-
ent cell is important compared to transfer through membrane. 
Macropinocytosis or phagocytosis, receptor-mediated endo-
cytosis and fusion are different methods of cellular exosome 
absorption. Exosome absorption is not automatic but relies on 
the interaction between exosome proteins and recipient cells 
on the surface. Numerous studies have indicated that exosome 
surface adhesion–related molecules such as tetraspanin, glyco-
proteins and integrins decide which cell receives exosome [33].

Advantages of exosomes as brain‑targeted 
carriers

 1. Exosomes are natural nanoscale transport vesicles of 
messenger RNA (mRNAs), microRNAs and proteins, 
receptors and enzymes and thus play an important role 
in theranostics of brain diseases [34].

 2. This sort of vesicles (40–200 nm) is secreted by several 
natural cells, and thus, production becomes easy [35].

 3. Due to the existence of major histocompatibility com-
plex (MHC) molecules and a co-stimulatory cluster 
of differentiation 86 (CD86) molecule on the surface, 
these vesicles display low immunogenicity, which can 
potentially improve immune response, especially with 
chronic exposure and excellent biocompatibility [35].

 4. Exosomes have demonstrated inherent stability [36].
 5. There may be intrinsic therapeutic benefit in certain 

unmodified exosomes [37].
 6. Drug delivery efficiency is very high [36] and has a 

high loading capacity for cargo and cargo safety [38].

Fig. 2  Various brain diseases 
treated using exosomes. A 
Glioma, B Parkinson’s, C brain 
stroke, D Alzheimer’s diseases, 
E brain ischemia, F brain 
haemorrhage
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 7. In several drug delivery investigations, it has been exploited 
as a drug transporter based on which novel therapeutics can 
be loaded for treatment of brain ailments [39].

 8. The exosome-based approach requires a simple, effi-
cient and accurate biosynthesis and self-assembly 
mechanism [39].

 9. Another comparison to the advanced and poorly regu-
lated synthesis methods used to integrate peptides and 
antibodies into targeted vehicles is that exosomes can 
be genetically engineered to increase delivery capa-
bility and target specificity, thus specifically targeting 
drugs to the brain [39].

 10. Microvesicles (MVs) can also be configured to express 
particular ligands on the surface of the membrane; 
then, they can penetrate through the specific tissues 
with artificially engineered MVs [40].

 11. Exosomes have been reported to be involved in many 
cellular functions due to their release from many cell 
types and involvement in biological fluids, including 
protein secretion, immune response control, antigen 
presentation, RNA and protein transfer, infectious 
cargo transmission and cell–cell signalling based on 
these properties exosomes paves good path for brain 
targeting [41].

 12. Exosomes can operate at a near range and even at a 
distance through the transfer of biological fluids such 
as plasma [37].

 13. As potential diagnostic tools, exosomes also hold great 
promise as they are released by tumour cells and contain 
tumour protein biomarkers such as the epidermal growth 
factor (EGF) receptor variant in glioblastoma [42].

 14. The lack of unnecessary accumulation of therapeutic 
cargo in the liver and the low homing of exosomes to the 
liver could explain the favourable toxicity profile as well 
as the high efficiency of delivery to the brain by these 
vesicles is the major advantage of the use of exosomes 
compared to other nanoparticle delivery vehicles [43].

 15. Exosomes are relatively stable in the blood as they 
avoid opsonin’s, coagulation factors [44] and the 
existence of CD 47 on the exosome surface known as 
the “do not eat me” signal allows them to avoid mac-
rophages [45].

 16. The small exosome size should also be helpful 
in preventing particles from phagocytosis by the 
mononuclear phagocyte system (which clears parti-
cles > 100 nm in size), bypassing lysozyme swallowing 
and promoting their extravasation by vessel fenestra-
tion and passage through the extracellular matrix [38].

 17. The discovery that exosomes bear parent cell–derived 
cargoes gave rise to the idea that they could provide 
tissue-specific disease biomarkers, and the diagnostic 
value of exosome cargoes in cancer, heart disease, 
infection and pregnancy is now being thoroughly 

explored [38]. As such, exosomes may have pleiotropic 
biological roles, including vascular homeostasis modu-
lation and control, presentation of antigen to T cells, 
angiogenesis, transport of cytokines, transmission of 
reactive oxygen species and transfer of de novo transla-
tion mRNA to the recipient cell.

 18. Drug delivery vehicles derived from exosomes have wider 
distribution of biological fluids, likely to produce longer 
circulation time and potentially improved efficacy [46].

 19. Research shows that exosomes derived from mesenchy-
mal stem cells (MSC-exo) retain some of the features 
of their parent MSCs, such as immune system control, 
neurite outgrowth regulation, angiogenesis promotion 
and the ability to regenerate damaged tissue, such as 
after kidney injury [47].

 20. Loading or expressing a therapeutic agent in or on 
exosomes extends its half-life, achieving impressive 
effectiveness by delivering the drugs to the intended 
target [48].

 21. Repeated systemic exosome administration does not 
cause liver toxicity, which supports its safety profile 
[49].

Isolation and purification methods 
for exosome in brain diseases

Researchers are exploring advanced methods for exosome 
isolation and purification considering its potential to be 
used as biomarkers and therapeutics. It is isolated by vari-
ous methods using its physical properties such as size, float 
density and marker protein presence such as Alix, tumour 
susceptibility gene (TSG 101), heat shock protein (HSP 70) 
and CD9 [50] surface receptors from cell culture medium 
and amniotic fluid, urine, breastfeed and blood. Major stud-
ies that reported on brain-targeted exosomes focus on cen-
trifugation and size exclusion chromatography as isolation 
and purification methods. Different methods of exosome 
isolations are as follows:

 1. Differential ultracentrifugation and density gradi-
ent centrifugation: It is regarded as the gold standard 
method of exosome isolation. It involves the application 
of centrifugal force to an exosome-containing solution 
(cell culture media or biological fluids) [51], for exam-
ple, isolation of astrocyte-derived exosomes to carry 
microRNA-17-5p to protect neonatal rats from hypoxic 
ischemic brain damage by inhibiting Bcl-2 and nineteen 
kilodalton-interacting proteins 2 (BNIP 2) expression 
[52]. Another study also reports the use of ultracen-
trifugation technique for isolation of exosome to entrap 
curcumin for treatment of ischemic brain [53].
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 2. Immunoaffinity chromatography: In this technique, 
antibodies are covalently bonded with beads, filters 
or other matrices, wherein it will bind to the surface 
protein or antigen present on the targeted exosomes 
(buffer is used to collect bound fraction from the sta-
tionary phase). The non-targeted exosomes will remain 
free. It isolates exosomes in pure form as their isola-
tion depends on antibodies recognition [51]. Immu-
noaffinity-based methods such as enzyme-linked 
immunosorbent assay (ELISA), immunomagnetic 
nanotechnology or diamagnetic beads are all coated 
with exosome-specific antibodies and combination 
chemistry for exosome capture [54].

 3. Size exclusion chromatography: In this, different size 
components are separated based on their size. This 
method utilizes heterosporous beads packed columns 
and the elusion time, which is inversely related to the 
particle size. It helps in maintaining integrity of the 
exosomes [51]. For example, exosomes were isolated 
using exo Easy maxi kit from 293 T cells for the treat-
ment of glioblastoma by entrapping miRNA-21 anti-
sense oligonucleotide [48]. Exosomes were isolated 
from tumour cell line to cross the blood–brain barrier 
[55]. Similarly, exosome isolation kit was used (EX01-
8) in a study on metformin that increased exosome bio-
genesis and secretion in U87MG human glioblastoma 
cells: a possible mechanism of therapeutic resistance 
[56]. Patented and commercialized products like qEV 
(IZON), exopure™ (bio vision) and exo-spin™ col-
umns (CELL guidance system) have been used in stud-
ies for the isolation [54].

 4. Polymer precipitation: In this technique, a solution 
of PEG (8000 Da) is mixed with bio fluid containing 
exosomes by incubating overnight at 4 °C. Then, com-
position is centrifuged. Furthermore, it utilizes pre-
isolation step (centrifugation) to remove lipoprotein 
as contaminant and post-isolation step (SephadexG-25 
column) to remove polymer [51]. Other precipitating 
reagents like total exosome isolation reagent for serum, 
plasma and cell culture media (Invitrogen), 101Bio 
(Fisher Scientific), Mag Captre™ exosome isolation 
kit PS (Fuji Film Wako Pure Chemical Corporation), 
exosome purification and RNA isolation kit (Norgen 
Botech Corp,) have been developed for exosome iso-
lation with quick and easy step [54]. For example, 
exosomes isolated using isolation reagent (Invitrogen) 
in a study on exosomes contribute to transmission of 
anti-human immunodeficiency virus (HIV) activ-
ity from toll-like receptor-3 (TLR3)–activated brain 
microvascular endothelial cells to macrophages [57]. 
In another study on differential serum exosome micro-

RNA profiling in a stress induced depression rat model, 
Invitrogen was used [58]. Polyethylene glycol (PEG) 
was also used in a study to isolate the exosome from 
saliva and to study their protein cargo in the progression 
of cognitive impairment in Alzheimer’s diseases [59].

 5. Microfluidic technology: It is based on immunoaffinity, 
sieving and trapping exosomes on porous structures. 
This approach requires a smaller starting material vol-
ume and minimal processing time for highly pure exo-
some preparation [51].

 6. Ultrafiltration: It is a membrane separation technique 
based on size and molecular weight of membrane used 
for separation of exosomes [60].

 7. Magnetic separation: The capture and separation of 
exosomes includes antibody-modified magnetic beads. 
Due to its contactless, high through performance and 
precise separation, this method is often used. The 
exosomes are preserved by immunomagnetic beads 
while the phosphate buffer washes away other contents. 
In the chamber, these beads are further lysed, captured 
and analysed [60], for example, isolation of exosome 
brain-derived neurotropic factor (BDNF) that utilizes 
magnetic beads (protein G) modified using BDNF-spe-
cific antibodies in a study that reports macrophage exo-
some for protein delivery to the inflamed brain [61].

 8. Acoustic fluid separation: It utilizes the principle of 
separation based on size. In acoustics, depending on 
the size, particles are subjected to various acoustic 
forces and thus differentiating. It is a label free and 
contactless process, and thus, it is validated and then 
used for separation [60].

 9. Dielectrophoretic separation (DEP): It operates on the 
theory of a non-uniform electric field generated dielec-
tric forces experienced by polarized particles. Cell’s 
intrinsic dielectric properties, size of the particles, 
magnitude and frequency of electric field determines 
the magnitude of forces exerted by DEP on exosomes. 
The larger polarized particles attract towards lower 
electric field while exosomes are attracted towards 
higher electric [60].

 10. Deterministic lateral displacement (DLD) separation: It 
uses devices or the chips and is based on the principle 
of particle flow path which is greater than the critical 
size. Researcher faces difficulties with separation and 
clogging (it is easy to use and label free) [60].

 11. Nanotrapped wire: In this process, a polymer nanoporous 
membrane is used or porous structures are used to trap 
exosomes, such as nanowires (silicon based) arranged 
with micropillars. This technique operates on the concept 
of exosomes trapping based on the size. Degradation of 
silicon leads to generation of silicic acid [18].
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Loading of exosomes

Exosomes have a liposome like membranous structure that 
motivates researchers to extend their prior drug loading 
experience in them [45]. The loading strategy may be a cru-
cial factor in understanding of commercial and clinical use 
of nanocarriers. For biological applications, many studies 
identify different methods of exosomes encapsulation [18]. 

Preloading of exosomes

Preloading of exosome is a common technique for achieving 
desired target specific exosome which is accomplished before 
exosome formation and isolation by treating or transfecting cells.

This is a common technique for specifically targeting 
exosomes that is achieved before exosome formation and 
isolation by treating or transfecting cells [18]. This tech-
nique is based on two methods as given below:

Incubation of cells with cargo

This process utilizes hydrophilic or hydrophobic drug or 
salt solution for incubation of parent cell for the desired 
time, and the cells will exocytose these substances in the 
form of loaded vesicles. Packing of these exosomes is 
depending on interaction between materials and cells [18].

Gene transfection

In this method, parent cells are manipulated using com-
mercialized transfecting reagents with MicroRNA 
(miRNA) or small-interfering RNA (siRNA) or plas-
mid (pDNA) that the cells load into the inner core of the 
extracellular vesicles (EVs) or stack for excretion on the 
outer layer using therapeutic application [62–66]. A fur-
ther mechanism for cell transfection is metabolic label-
ling. In this case, synthetic metabolites such as oligonu-
cleotides, lipids, glycans or amino acids are supplemented 
with cell culture medium to biosynthesis genes, lipids, 
glycomes or proteomes, respectively [18, 67–69].

Post‑loading of exosomes

Exosomes are non-living structures hence substances and 
reaction conditions are feasible for surface functionalization. 
Additionally, during cell-based modification only limited 
amount of content envelops inside the vesicles. Exosomes are 
isolated and purified using ordinary liquids such as culture 
medium, serum or breast feed for further processing during 
post-loading [18]. Post-loading methods are given below:

Incubation

The method of incubation is used for exosome loading by 
incubating them with cargo of interest, especially hydro-
phobic interfaces. After incubation with purified exosomes, 
many small lipophilic drugs, such as curcumin, dopamine, 
celastrol, porphyrin, cucurbitacin, methotrexate and doxo-
rubicin, were competently stacked at room temperature [18, 
35, 70–75].

Sonication and extrusion method

This technique has been developed to expand packag-
ing quality. Sound energy as an automatic force is used in 
sonication to interrupt the exosome layer so that cargo or 
theranostic agents can be loaded in them. Shear mechani-
cal power is used as a lipid extruder to connect exosome 
and agents under controlled temperature in the extrusion 
technique [18].

Antibody‑specific loading

Exosomes contain the genomic and proteomic material of 
their originating cells, whereas on the outside of exosomes, 
definite antibodies can be bound to a particular antigen 
called antibody-specific loading. However, through gene 
transfection, non-native receptors could be added to the 
exosomes [18].

Electroporation

In order to improve the layer permeability and loading of 
hydrophilic agents, including miRNAs, siRNAs, smaller 
drugs and electroporation of superparamagnetic iron oxide 
nanoparticles (SPIONs), it is often possible to use the 
approach to make pores on the exosome lipid dual layer 
film by applying an electrical field (150–700 V) to allow the 
loads to be stacked inside the exosomes [34, 43, 73, 76–78]. 
Furthermore, colloidal stability of exosomes is improved 
using membrane stabilisers [18, 79].

Freeze and thaw method

Due to the aggregation of sphingomyelin, cholesterol and 
gangliocytes, exosome shows more rigid lipid bilayer in 
comparison to the cell membrane. Exosome can be engi-
neered by incubating at room temperature for fixed time 
with therapeutic agent followed by repeated freeze and thaw 
period (freeze at − 196 °C and thawed at or higher room 
temperature, i.e. 40 °C) [18, 31].
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Saponin‑assisted method

It can have a higher internalization level. Saponin is an 
active compound that forms complex with cholesterol on the 
exosome surface and creates holes followed by improving 
membrane permeability [18, 80].

Characterization of exosomes

Based on size, structure, protein and lipid content, exosomes 
can be characterized [51]. This helps to understand exosomal 
properties and activities as they affect the loading and deliv-
ery of drugs. In 2014, the International Society for Extracel-
lular Vesicles published a paper proposing the classification of 
exosomes by the inclusion of exosome-associated surface mark-
ers and the absence of protein that is not exosome-associated. 
Dynamic light scattering and nanoparticle tracking analysis are 
known as optical methods for traditional exosome detection 
techniques, whereas non-optical methods include transmis-
sion electron microscopy (TEM), atomic force microscopy and 
enzyme-linked immune sorbent assay. These method’s draw-
backs include complicated machinery, poor sensitivity and high 
use of reagents. However, we can achieve high performance 
with high precision and low reagent consumption by microflu-
idic detection technique. These include fluorescence correlation 
microscopy, colorimetric detection, surface Plasmon resonance 
detection and nuclear magnetic resonance detection [60].

Exosomes and mechanisms to cross blood–
brain barrier

The ability to bypass blood–brain barriers (BBB) is one of 
the most important core features of exosomes in the treat-
ment of brain diseases or disorders, representing a promising 
strategy for the treatment of brain diseases [49]. Approxi-
mately 98% of the drug shows disadvantage of not cross-
ing BBB, which is overcome by nanoformulations. These, 
however, show nanotoxicity and rapid drug clearance. To 
solve this problem, polyethylene glycol (PEG) is used, but 
the delivery of drugs to the brain and the interaction between 
target cells is decreased. Using exosomes as a drug delivery 
system, this kind of complications can be controlled as it is 
the natural product of the body and can be personalized to 
cross the blood–brain barrier and increase the distribution of 
drugs to the brain by decreasing the mononuclear phagocytic 
drug clearance. However, the exact mechanism of interaction 
between exosomes and BBB is poorly understood. Some 
researchers have proposed the mechanisms as follows:

1. Transcellular route: Exosomes are internalized by endothelial 
cells of BBB through cell type–specific protein via receptor-
mediated endocytosis and then undergoes transcytosis.

2. Paracellular route: Exosome cross the intercellular 
junction of endothelial cells of BBB and then enter 
the central nervous system (CNS).

Evidence showed that Parkinson’s disease was treated 
by using antioxidant protein catalase loaded exosomes by 
crossing blood–brain barrier after intranasal administra-
tion [81]. In cross-talking between neurons, astrocytes, 
microglia and oligodendrocytes, the release of EVs has 
been recognized as an essential modulator, not only in the 
physiology of the brain but also in the neurodegenerative 
and neuroinflammatory diseases. EVs also contribute to the 
intercellular communication in the brain through their basal 
release and uptake by surrounding cells or release into the 
CSF and blood, in addition to direct, paracrine, endocrine 
and synaptic cell–cell associations. Their cargos make them 
the potential source of biomarkers. In a study conducted to 
establish how exosomes bypass the BBB, the author dem-
onstrated that exosomes carrying luciferase which is able 
to cross the brain microvascular endothelial cells (BMEC) 
monolayer in the inflammatory condition but not in the usual 
condition in a study of interaction between exosomes and 
BMECs. Most exosomes have also been shown to bypass 
the BMEC monolayer via the transcellular path followed 
by endocytosis, multivesicular body (MVB) formation and 
exocytosis steps in determining the paracellular pathway [49, 
82]. Thus, exosome which bypasses or penetrates the BBB 
is required a successful delivery of therapeutic/diagnostics 
agent in the brain [83]. To overcome the problems associ-
ated with BBB, exosomes were modified with brain homing 
peptides which targets brain endothelium. However, naive 
macrophage–derived exosomes and its surface proteins can 
also be used for CNS targeting, such as integrin lympho-
cyte function-associated antigen 1 (LFA-1), intercellular 
adhesion molecule 1 (ICAM 1) and carbohydrate-binding 
C-type lectin receptors, to interact with brain microvessels 
endothelial cells [61]. Pathology of many brain neurological 
disorders such as multiple sclerosis, Alzheimer’s disease, 
Parkinson’s disease, stroke, brain tumours, traumatic brain 
injuries and others can result in BBB dysfunction. Based 
on this, a study was reported utilizing natural macrophages 
exosomes to cross the BBB that utilizes the integrin lym-
phocyte function associated antigen 1, intercellular adhe-
sion molecule 1 and the carbohydrate binding C type lectin 
receptors to interact with brain microvessel endothelial cell 
that comprises the BBB [61]. Brain capillary endothelial 
cells express transferrin receptors (TfR) on its surface; thus, 
decorating exosomes with T7 as a ligand helps in penetrating 
exosomes through BBB via the process of transcytosis [48]. 
Rabies virus glycoprotein (RVG)–modified mesenchymal 
cell–derived exosomes interact with the acetylcholine recep-
tors present on the surface of endothelial cells of BBB that 
helps in targeting most of the genetic materials as well as 
therapeutic agents to the brain [84]. Mesenchymal-derived 
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and immune cell–derived exosomes can efficiently cross 
the BBB without surface modification. Exosomes derived 
from hypoxic glioblastoma cell line U87 promotes the 
proliferation of brain microvascular endothelial cells and 
enhances the permeability through vascular endothelial 
growth factor-A (VEGF-A) by reducing the expression of 
claudin-5 and occludin [85]. Exosome inheriting lympho-
cyte function-associated antigen 1 from the macrophages, a 
protein that interact with endothelial intercellular adhesion 
molecule 1 which mediates lateral migration and diapede-
sis of exosomes across BBB as mention above [86]. Also, 
macrophage-derived exosomes depend on their inflamma-
tion related targeting properties to cross the BBB and carry 
the therapeutic agent into ischemic region with or without 
minimal modification. Exosomes possessing specific sur-
face protein such as integrin can penetrate the BBB and effi-
ciently target tumour tissues. There is report on successful 
crossing of BBB by exosome modified with neuropilin-1 tar-
geted peptide arginine-glycine-glutamic acid (RGE) through 
click chemistry for treatment of glioma [47]. Similarly, the 
arginyl-glycyl-aspartic acid (RGD) conjugated curcumin-
loaded exosomes for the treatment of ischemic brain are 
been reported. However, there is no exact mechanism men-
tioned for the same [36].

Further research showed that tetraspanin CD9 on the sur-
face of exosomes interacts with surface glycoprotein on tar-
get cells and facilitates exosome to fuse with the cell mem-
brane, thus helping in direct cytosolic delivery of gene [87]. 
It has also been proposed that exosomes can be internalized 
into MVBs of recipient cells and then release again to be re-
internalized into MVBs of secondary recipient cells. There-
fore, by moving from cell to cell via the MVB compartment, 
exosomes can cross multiple layers of BBB [43, 88]. It is 
reported that metastatic breast cancer secreted exosomes 
destroy vascular endothelial barrier to promote metastasis. 
Exosome associated miR-105 significantly down regulate 
expression of Zonula Occludens-1 (ZO-1) a central molecu-
lar component of tight junctions destroying barrier function 
in endothelial monolayers [89]. Furthermore, the next mech-
anism reported showed that exosomal miR-181c downregu-
lated expression of 3-phosphoinositide-dependent protein 
kinase-1 leading to decrease level of phosphorylated cofilin 
and abnormal polymerization of actin in brain endothelial 
cells [90]. It has also been reported that brain endothe-
lium–derived exosomes help in crossing the BBB, because 
of high level of CD63 [91], e.g. VEGF siRNA loaded into 
the exosomes isolated from the brain endothelium bEND.3 
cell culture medium and found that exosomes siRNA could 
cross BBB to effectively deliver siRNA causing inhibition 
of xenograft cancer cell aggregation [91]. Furthermore, the 
features of exosome including their very small size and cell 
membrane like structure allow them to cross BBB. A study 
is reported wherein the advantage of increase expression of 

TfR receptors on the BBB due to stroke is been utilized to 
transfer enkephalin in the brain using exosomes by cross-
ing the BBB [92]. Folate-decorated exosomes can also pave 
way for it into the brain through BBB by the process of 
endocytosis by binding with the folate receptors expressed 
on the BBB.

Exosomes in diagnosis and treatment of CNS 
diseases

Exosomes are shed by the cells under both normal and path-
ological conditions. They carry nucleic acid, proteins, lipids, 
metabolites and antibodies from their host cells which indi-
cate the pathophysiological conditions and thus are widely 
considered to be important biomarkers for clinical diagnos-
tics [93]. These are attractive target for diagnosis, because 
their content is altered during disease conditions. It can be 
easily isolated non-invasively from accessible biological flu-
ids like urine, blood and saliva which help in early diagnosis 
of disease including CNS diseases. Membrane structure of 
exosomes entrapping its content gives advantage over con-
ventional specimen, since these biomarkers are protected 
from degradation. Exosomes are highly stable, and hence, 
drug-loaded exosomes can be stored for prolong time before 
analysis. It can be traced to its origin as its surface expresses 
the markers related to its cellular origin. These exosomes can 
pass through the BBB and thus provide information about 
CNS cells that are difficult to obtain without invasive tech-
niques [94]. Exosomes can be derived either from plasma 
or from CSF for the diagnostic purposes of CNS diseases. 
The presence of particular molecules in exosomes obtained 
from disease helps to distinguish them from other diseases, 
such as exosomes derived from B cell lymphoma, which 
express B cell–specific antigen such as CD19 and CD20, 
but not expresses in glioma cells. In a study conducted to 
validate the potential of exosomes content to be used as a 
biomarker relative to the content of CSF. Exosomes with 
Aβ92, T-tau and P-T181-tau have the same ability to diag-
nose Alzheimer’s disease with CSF content and amnestic 
moderate cognitive impairment, thereby making it an alter-
native to CSF or PET (positron emission tomography) scans 
or combining it with CSF biomarkers to boost Alzheimer’s 
diagnostic potential. The presence of miRNA in exosomes 
collected from the periphery can also be used as a tool for 
the same diagnosis. Cerebrospinal fluid collected from 
exosomes of Alzheimer’s diseases patients showed alpha 
terminal fragments of amyloid precursor protein C that are 
used as a diagnostic tool. Dendritic cells derived from mul-
tiple sclerosis exosomes isolated from interferon gamma-
stimulated red bone marrow produce miRNA-219, which 
promotes myelination [95]. Furthermore, for the diagnosis of 
the multiple sclerosis same, proteins present in the exosomes 
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which are tau proteins found in the elevated stage in chronic 
traumatic encephalopathy (seen in the athletes) can be used 
as well as RNAs entrapped in exosome neuronal cells can 
also be regarded as potential biomarkers, especially non-
coding RNAs like RP11462422.1. In patients suffering from 
dementia, serum-derived exosomes reported a decline in the 
experimental level of miR-223, miR-137 and miR-155 [96]. 
In diagnosing seizure intensity, miR-4668-5p, miR-3613-5p, 
miR-197-5p, miR-8071, miR-6781-5p and miR-4322 entrap-
ping exosomes have also been found to be helpful [97].

Present therapeutic methods take advantage of unmodi-
fied extracellular vesicles bearing beneficial intrinsic prop-
erties for the treatment of Alzheimer’s diseases, such as 
stem cell–derived exosomes. Lipids, proteins and nucleic 
acid are loaded during exosome development. Sphingomy-
elin, cholesterol, phosphatidylserine, de-saturated lipids, 
ganglioside monosialodihexosylganglioside 3 (GM3) and 
ceramides are part of a lipid. The proteins distributed 
throughout the exosome membrane or cytostome includes 
enzyme linked to the formation of fusion proteins, chap-
erones and MVBs, such as CD9, CD63, CD81, Alix and 
TSG101. Antibodies, metabolites, mRNAs, miRNAs and 
other coding as well as non-coding RNAs and DNAs are 
found in the nucleic acid. Exosome derived from neural 
cells houses about 6000 known proteins and more than 85% 
of known miRNAs. Furthermore, the content of exosome 
is dependent on the type and state of parent cells [33, 98, 
99]. Considering these findings, many studies are reported 
for diagnosis as well as treatment of diseases/disorders: for 
example, dopamine-loaded blood exosomes for treatment 
of Parkinson’s diseases [35], nerve growth factor–loaded 
exosomes derived from human embryonic kidney 293 cells 
for the treatment of cerebral ischemia [66], curcumin-loaded 
mesenchymal stromal cell–derived exosomes for the treat-
ment of ischemic brain [36], exosomes enveloped adeno-
associated virus vector (vexosome) for gene delivery to the 
brain [100], miR-219-enriched exosomes from serum for the 
treatment of multiple sclerosis [95], exosomes loaded with 
nanoformulated catalase for the treatment of Parkinson’s dis-
eases [81], curcumin-loaded embryonic stem cell exosomes 
for the ischemia–reperfusion injury [101], siRNA-loaded 
glioblastoma-derived exosomes for the Huntington diseases 
[102], siRNA-loaded exosomes for the treatment of Alzhei-
mer’s diseases [103], microRNA-loaded serum-derived 
exosomes for prediction of different stages of multiple scle-
rosis [104], miRNA-loaded exosomes for detection of Alz-
heimer’s diseases [105], α-synuclein-loaded exosomes for 
detection of Parkinson’s diseases [106], anti-inflammatory 
molecules like curcumin-loaded exosomes for the treatment 
of brain inflammatory diseases [71], paclitaxel-encapsulated 
exosomes from the brain endothelial cells for inhibition of 
tumour growth [46], curcumin-loaded exosomes for the 
treatment of brain inflammation and immune encephalitis 

[71], adipose-derived MSC exosomes for the treatment of 
inflammation and brain damage in sepsis syndrome [107], 
doxorubicin-loaded brain endothelial cells derived exosomes 
for the treatment of brain cancer [46], macrophage-derived 
exosomes entrapped brain-derived neurotrophic factors for 
the therapy of brain inflammation [61], curcumin and super-
paramagnetic iron oxide nanoparticles (SPIONs) for the 
therapy and imaging in gliomas [47], glial cell line–derived 
neurotrophic factors entrapped macrophage exosomes for the 
treatment of Parkinson’s diseases [108] and MSC-derived 
A1 exosomes for the treatment of inflammation and preven-
tion of neurogenesis and memory dysfunction in epilepsy 
[109]. Figure 3 represents various cargo-loaded exosomes 
for the treatment of CNS diseases and surface modification 
with ligands for brain targeting. Below given section sum-
marizes the details of exosomes targeted for treatment and 
diagnosis of various brain diseases.

Exosomes in the diagnosis and treatment of brain 
strokes, ischemic brain and brain injury

Globally, injuries to the central nervous system, particu-
larly brain strokes, are the principal cause of death in peo-
ple, which may otherwise result in long-term impairment. 
Although, to some extent, medically approved treatment 
for the brain injury owing to cerebral stroke is available 
to break up the blood clot by administering tissue plasmi-
nogen activator (tPA). A diagnostic marker to predict the 
austerity of the stroke would be immensely useful. Recent 
research suggests the potential use of exosomes as biomark-
ers for identifying patients at risk of haemorrhage or other 
severe complications following a brain stroke, as well as 
a possible neuroprotective agent as an approach from the 
treatment angle. Many studies describe groups of mRNA 
targets as promising non-invasive biological markers for 
the diagnosis of stroke [110]. It is known that neuronal 
exosomal concentrations are inflected by factors such as 
injury and inflammation [111]. One of the research stud-
ies investigated the response of acute ischemic stroke (AIS) 
on the levels of miRNAs in exosomes. The study consisted 
of randomly selected acute ischemic stroke patients and 
comparable non-stroke subjects. The study revealed that, 
when plasma exosome concentrations were analysed, the 
concentrations of exosomes of stroke patients were consid-
erably greater than that of non-stroke subjects. This further 
indicates that the expression levels of exosomal miRNAs, 
namely miRNA-134, were significantly greater in patients 
following a stroke in comparison with that of non-stroke 
subjects [112]. Additionally, it was found that the elevated 
expression levels of the exosomal miRNA-134 were cor-
related with poor prognosis of stroke. This data suggested 
that exosomal miRNAs could be deemed as promising bio-
markers for diagnosing AIS, for distinguishing AIS patients 
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from non-stroke patients and help in assessing the extent of 
impairment owing to the ischemic injury. Another group 
of researchers reported the associations between levels of 
miRNAs in serum, severity of stroke and the involvement 
of miRNAs in exosomes, in the regulation of inflammatory 
responses following a stroke. A retrospective case–control 
study was designed to observe the levels of miRNA-223 in 
test subjects and healthy subjects. RNA was obtained from 
serum exosomes, and the levels of miRNAs were analysed 
by the polymerase chain reaction (PCR) test. The study uti-
lized miRNA-16 as an internal control and when tested, the 
expression levels of miRNA-16 were almost the same in 
both the test and healthy groups. The expression levels of 
exosomal miRNA-223 of the test group were elevated in 
correlation with the healthy group. It was also evident that 
the stroke patients with poor outcomes were inclined to have 
greater expression levels of exosomal miRNA-223 [113]. 
This revealed that elevated miRNA-223 can be linked to the 
brain strokes and could be of possible diagnostic value in 
determining the severity of stroke. In 2018, another research 
group examined the levels of exosomal miRNAs in plasma, 
in different phases of ischemic stroke (IS) [114]. The study 
consisted of patients with IS and corresponding non-stroke 
controls, and the patients were categorized into groups: 
hyper-acute phase IS (HIS), AIS, subacute phase IS (SIS) 
and recovery phase IS (RIS). On analysis of the serum exo-
somal miRNAs, the expression levels of miRNA-21-5p in 
subacute phase IS and recovery phase IS are being found to 
be considerably greater than those of controls, while those 
in AIS were lower than controls. It also revealed that the 
expression levels of both the miRNAs in AIS were decreased 
in comparison with the HIS group. Thus, this study indi-
cates that the combination of serum exosomal miRNAs, 

miRNA-21-5p and miRNA-30a-5p, could be potential bio-
markers for diagnosing ischemic stroke, as well as help in 
characterizing the phase of IS.

Studies propose that the delivery of MSC exosomes has 
restorative effects in patients with stroke and improves post-
stroke neurodegeneration and prevents post-ischemic immu-
nosuppression [115]. In another study, the effect of MSC-
derived exosomes was reported and they also compared 
them with native MSCs, which were administered intra-
venously to “C57 black 6” mice, following focal cerebral 
ischemia. The MSC exosomes were delivered on the 1st, 3rd 
and 5th day after stroke, and MSCs were delivered on day 1 
of stroke. After 28 days of stroke and timely experimental 
MSC/MSC exosome administration, the histological brain 
injury, motor coordination loss, cerebral neurogenesis and 
immune responses of the test mice were analysed [116]. The 
results established that the mice in the study that received 
MSC exosomes from two different bone marrow–derived 
MSC lineages showed improvements in neurological dam-
age and long-term neuroprotection. This proved the poten-
tial use of MSC exosomes as a treatment for stroke. Present 
research suggests that the assessment of serum exosomal 
miRNA-126 could be used to identify severe continual 
ischemia and aid in differentiating it from mild injury after 
short-term ischemia. A study investigated the potential of 
modified exosomes loaded with miRNA-126, to protect 
against injury from brain ischemia in a rat model of mid-
dle cerebral artery occlusion (MCAO). The study utilized 
adipose-derived stem cell (ADSC) — exosomes loaded with 
miRNA-126, which was administered to MCAO rats. Upon 
analysis, it showed that the levels of miRNA-126 were sig-
nificantly reduced in MCAO rats. Furthermore, cell activity 
assays and behavioural tests showed that the miRNA-126 

Fig. 3  Various cargo-loaded 
exosomes for treatment of CNS 
diseases and surface modifica-
tion of same with ligands for 
brain targeting
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exosomes promote neurogenesis and angiogenesis as well as 
inhibit microglial activation and inflammatory response after 
stroke [117]. This data indicates that miRNA-126 exosomes 
have a potential role in regulating neurogenesis and neuro-
inflammation and could be used as a new approach to treat 
ischemic stroke.

Hypoxia–ischemia is the primary cause of brain dam-
age in premature and full-term neonates, which is eliciting 
higher morbidity and mortality rates worldwide. Perinatal 
hypoxic-ischemic brain injury in preterm new borns has 
led to long-term neurological complications, and so far, no 
conclusive therapeutic strategies are available. A study was 
conducted wherein ovine foetuses with hypoxic-ischemic 
encephalopathy (HIE) was studied and it demonstrated the 
neuroprotective properties of MSC-derived exosomes in pre-
term brain injury. Cerebral hypoxia–ischemia was inflicted 
upon the ovine foetuses by brief umbilical cord occlusion 
to mimic the conditions under which hypoxic-ischemic 
brain injury occurs in neonates. In-utero intravenous MSC 
exosomes were administered, and its therapeutic efficacy was 
analysed by determining the changes in structural injury by 
microscopical examination or biopsy of the brain, evaluat-
ing the seizure burden and anti-inflammatory effects. It was 
reported that the systemic administration of MSC exosomes 
improved functional recovery, reduced cognitive impair-
ments, induced long-term neuroprotection and stimulated 
neurogenesis and angiogenesis [118]. It was also shown to 
lower the extent of seizures, thereby enhancing overall brain 
function. The study reported a potential therapeutic strategy 
for cerebral ischemia in neonates, by functional protection 
of the central nervous system, after administration of MSC 
exosomes.

The incidence of traumatic brain injuries (TBI) in young 
adults (15–24 years) and older adults (≥ 75 years) in the 
world, especially in the United States (US), is expanding 
exponentially and diagnostic strategies for assessing the 
degree of neurological damage and to timely prevent com-
plications related to brain injury, as well as to predict the 
response to therapy are imperative. Because of the inability 
to biopsy neurological components, injury-linked biologi-
cal markers are essential to define the pathophysiologi-
cal mechanisms and predict the neurological outcomes. 
One such approach to a circulating biomarker is the use 
of exosomes, i.e. “liquid biopsy”. Several researchers 
have reported changes in exosomes in the plasma and CSF 
of patients with TBI. In 2008, a study initially demon-
strated the potential of circulating exosomal RNAs as a 
diagnostic tool for patients with TBI. Furthermore, inves-
tigations demonstrated that exosome release after injury 
mediates the production of pro-inflammatory cytokines 
and elevations in the interleukin-1 cytokines, especially, 
interleukin-1α, interleukin-1β and interleukin-18 after a 
TBI was observed [119]. As documented, interleukin-1β, 

when released, triggers an inflammatory response and rein-
forces other bioactive signalling molecules like cytokines 
and proteases. The levels of interleukin-1β have reported to 
be raised significantly within 10 days of injury [120]. Stud-
ies have also revealed that within 24 h of brain injury, the 
levels of interleukin-1β increase in systemic circulation and 
CSF, and these may prove to be possible prognostic deter-
minants as interleukin-1β has found to be highly elevated 
in subjects with major brain injuries along with heightened 
intracranial pressures (ICP). It was proposed that neuronal 
exosomes purify from peripheral blood samples as a diag-
nostic tool for acute brain injury. Synaptopodin (SYNPO), 
a cytoskeletal actin–associated protein present in postsyn-
aptic spines, was evaluated as a possible biological marker. 
They initially hypothesized and later reported that dam-
aged neurons, as in the case of TBI, scavenge synaptopo-
din from exosomes in order to aid in the repair of cellular 
damage, and thus, synaptopodin depletion in exosomes is 
a determinant of neuronal injury [121]. Similar, studies 
have been reported for neonatal hypoxic-ischemic encepha-
lopathy (HIE) and few clinical studies have reported the 
use of blood-based exosome biomarkers in brain injury. 
Another study reported an elevation in the levels of micro-
tubule associated proteins (MAPs) in exosomes, specifi-
cally, tau proteins and phosphorylated tau proteins (p-tau) 
in aged with mild TBI (mTBI) and repetitive TBI (rTBI) 
linked to war. The study was conducted with veterans in 
two groups: mTBI and rTBI. They analysed the levels of 
tau protein, p-tau protein as well as β-amyloid protein in 
plasma and exosomes, and the results indicated that tau 
protein and p-tau protein levels in exosomes were raised in 
case of repetitive TBI in comparison with mild TBI. The 
data indicated that these protein biomarkers could have a 
diagnostic potential [122]. It was demonstrated that repeti-
tive mTBIs were associated with elevated levels of a neu-
ronal cytoplasmic protein: neurofilament light chain (NfL). 
The study consisted of veterans with a history of TBI, and 
exosomal levels of NfL, tumour necrosis factor-α (TNF-
α) and interleukins (IL-6 and IL-10) were analysed [123]. 
The results revealed that the exosomal TNF-α levels cor-
responded with the symptoms of post-concussive syndrome 
(PCS), post-traumatic stress disorder (PTSD) and the total 
number of mTBIs corresponded with higher exosomal 
NfL and lower IL-6. The study suggested that repetitive 
TBIs are associated with elevated levels of exosomal NfL, 
with highest elevations in patients with PCS and PTSD. 
Another study proved that TBI induces changes in exo-
some-associated miRNAs in a rodent controlled cortical 
impact (CCI) model. Harrison et al. quantified levels of 
miRNAs in exosomes from the brain tissues of CCI injured 
male C57 black mice after 7 days. The miRNA isolates 
were sequenced and later in situ hybridization was per-
formed to analyse the expression of miRNAs in the brain. 
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The expression of miRNA-21, miRNA-146, miRNA-7a 
and miRNA-7b was found to have increased in the injured 
hemisphere of the brain compared to the placebo control, 
while the expression of miRNA-212 was found to have 
decreased [124]. An earlier report suggests that miRNA-
21 holds a neuroprotective role in TBI. It inhibits apopto-
sis and promotes angiogenesis, and thus, treatment with 
miRNA-21 helped in rescuing cognitive impairments and 
relieving brain hydropsy [125]. All these facts suggest that 
exosome-associated miRNAs could be used as a diagnostic 
marker, help in disease progression and serve as a biothera-
peutic approach for mediation following a brain injury.

Exosomes in the diagnosis and management 
of seizures and morphine relapse

Epilepsy is a complex disorder which has many possible 
clinical presentations and its diagnosis primarily depends on 
clinical examination and the patient’s medical history. Since 
the diagnostic strategies for epilepsy are limited, this poses a 
great challenge and thus, rapid and non-invasive approaches 
like biomarkers would be of great significance. In a recent 
study they demonstrated the use of exosomal proteins to 
study epilepsy. The group originally identified three major 
proteins, a blood clotting factor viz Christmas factor (F9), 
an adhesive glycoprotein thrombospondin-1 (THBS1) and 
an integral membrane protein amyloid-β precursor protein 
(APP), and analysed their levels in plasma exosomes [126]. 
The study affirmed that the expression levels of two proteins, 
i.e. F9 and THBS1, were considerably different. The group 
reported that, in the case of subjects stricken with epilepsy, 
their plasma exosomes showed the expression of F9 to be 
higher than that of the control subjects. Furthermore, the 
exosomal levels of THBS1 in test subjects were found to 
be less compared to the control subjects. Thus, they estab-
lished that the proteins F9 and THBS1 in plasma exosomes 
could serve as a potential diagnostic marker for epilepsy and 
associated seizures. Another study recorded that miRNAs in 
serum exosomes may be responsible to oversee the seizure 
progression in patients with mesial temporal lobe epilepsy 
related to hippocampal sclerosis (mTLE-HS) and thus could 
be used as possible diagnostic biomarkers for the disease. 
The study consists of 40 test subjects diagnosed with mTLE-
HS and corresponding control subjects. The miRNA profiles 
of exosomes were investigated, and the levels of these miR-
NAs (miRNA-3613-5p, miRNA-4668-5p, miRNA-8071 and 
miRNA-197-5p) could be successfully distinguished from 
those of control subjects [97]. This suggested that assessing 
the levels of exosomal miRNAs in serum could be used as a 
new approach to diagnosing mTLE-HS. Recently, the pos-
sibility of exosomal miRNAs in the diagnosis of epilepsy 
along with a comorbidity of depression was suggested and 
in addition to this, their opportunity as a new and different 

therapeutic strategy was proposed [127]. Since exosomes 
containing miRNAs effuse from CSF following a cerebral 
disease and can be easily extracted from serum, it could 
have potential as a biomarker. Similarly, another study group 
reported that three miRNAs; miRNA-146a, miRNA-155 and 
miRNA-132 hold a vital task in the progression of genetic 
generalized epilepsies (GGE) and suggested their diagnostic 
value in GGE [128].

Studies utilizing MSCs as therapy have currently 
gained significance for various neurological diseases, 
and one such study reported the therapeutic potential of 
MSC-derived exosomes in pilocarpine-induced epilepsy 
models. The study group treated 1–8-week-old C57 black 
male mice with exosomes derived from pluripotent stem 
cells, and the results showed that the native exosomes 
from bone marrow MSCs have robust anti-inflammatory 
and neuroprotective properties. The treatment alleviated 
inflammation as well as reduced neuronal loss, helped in 
normalization of neurogenesis and significantly improved 
spatial learning in mice by targeting the astrocytic glial 
cells in the hippocampus [129]. Additionally, in another 
study, the researchers tested the prospect of administer-
ing exosomes for the treatment of status epilepticus. They 
reported that the intranasal administration of MSC-derived 
A1 exosomes to pilocarpine-induced epilepsy model mice 
resulted decrease in neuronal loss, reduced neuroinflam-
mation, unimpaired cognitive functions and memory pres-
ervation [109].

The casualties due to drug dependence are steadily on 
the rise, and the world is facing a devastating health cri-
sis because of drug abuse and overdose. Society is being 
crushed by the toll of the opioid epidemic. The growing 
health problem has called on the urgent need to identify 
potential therapies to combat opioid addiction. A study was 
conducted to examine the therapeutic potential of exosome 
delivered small-interfering RNAs (siRNAs) in case of opi-
oid addiction. A researcher made use of a cell penetrating 
peptide namely rabies virus glycoprotein (RVG) peptide 
attached to exosomes, to allow them to pass through the 
BBB efficiently. These RVG-modified exosomes were 
loaded with opioid receptor Mu (MOR) siRNA. A study 
group of C57 black male mice was intravenously injected 
with the modified exosomes, and siRNA levels were 
assayed in plasma after 6 h. The siRNA, MOR mRNA and 
protein levels were also assessed in brain tissues after 24 h. 
Following a morphine-administered relapse, a conditioned 
place preference (CPP) test was conducted, and it showed 
that mice treated with RVG exosomes containing MOR-
siRNA exhibited behaviours corresponding to restrained 
drug addiction in contrast with control subjects adminis-
tered with saline [40]. The results showed that the RVG 
exosomes transporting MOR-siRNA evidently supressed 
morphine relapse by downregulation of MOR expression 
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levels in the brain. This established that siRNAs prevent 
morphine relapse. These studies suggest that RVG-modi-
fied exosomes can effectively deliver siRNAs to the brain 
for the therapy of drug relapse compared to options such 
as naltrexone and methadone. Table 1 depicts exosomes 
in treatment of brain strokes, ischemic brain, brain injury 
and epilepsy.

Exosomes in the diagnosis and therapy of brain 
neurodegenerative disorder

Neurodegenerative disorders are currently one of the prime 
reasons for dysfunction and in worst cases death and con-
tinue to pose a major challenge for its present-day medi-
cal management. However, with the emergence of newer 
modes of drug delivery, exosomes offer great potential not 
only as a therapeutic method, but also as an invaluable 
prognostic biomarker for the treatment of various brain 
pathologies including neurodegenerative disorders [130]. 
The differential diagnosis of neurodegenerative diseases, 
such as Parkinson’s, presents a major challenge, particu-
larly during the early stages of the disease. Researchers 
aimed to develop a profiling approach for the CSF via 
miRNAs present in exosomes which were procured from 
patients with Alzheimer’s and Parkinson’s disease. In com-
parison to healthy controls, there was found to be a signifi-
cant (p < 0.05) upregulation and under regulation in sixteen 
and eleven exosomal miRNAs, respectively, in the CSF. 
Considerable overexpression was observed in miR-153, 
miR-409-3p, miR-10a-5p and let-7 g-3p in the Parkinson’s 
CSF exosomes, whereas miR-1 and miR-19b-3p displayed 
a significant reduction in the independent samples. Bioin-
formatic analysis conducted by DIANA-mirPath revealed 
that the significant pathways that possessed great quanti-
ties of the patterns of miRNA were neurotrophin signal-
ing, mechanistic target of rapamycin (mTOR signalling), 
ubiquitin mediated proteolysis, dopaminergic synapse and 
glutamatergic synapse. Messenger RNA transcripts such 
as amyloid precursor protein, α-synuclein, Tau, neurofila-
ment and RP11-462G22.1 and prostate cancer antigen 3 
(PCA3) which are long-coding RNAs were found to be 
expressed dissimilarly in the CSF exosomes of Parkinson’s 
as well as Alzheimer subjects. The results obtained from 
the study revealed that the exosomes with the encapsu-
lated RNA molecules isolated from the CSF were valu-
able biomarkers with remarkable robustness with respect 
to the sensitivity and specificity to differentiate Parkinson’s 
disease from healthy and disease controls [131]. Figure 4 
A represents the origin of exosomes in neurodegenerative 
diseases. Figure 4 B depicts that the release of exosomes 
from various neuronal cells enables the disease-carrying 
exosomes to neighbouring cells, thereby contributing to 
further aggravation of the diseases. Ta
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It was also attempted to determine the expression of miR-
NAs in exosomes present in the serum and to measure the 
expression of circulating miRNA in Parkinson’s patients. In 
the current study, the serum of 109 candidates with Parkin-
son’s disease as well as 40 healthy volunteers was collected 
and the expression of 24 candidate’s human miRNAs which 
are clinical biomarkers of Parkinson’s disease was investi-
gated. The exosomes in the serum containing encapsulated 
RNAs were extracted and subjected to reverse transcription 
following which the miRNAs present in the serum were 
quantitatively analysed using the reverse transcription poly-
merase chain reaction (qRT-PCR), and the analysis of the 
characteristic curves of the operating receiver was carried out 
in order to determine the ability of the miRNAs to appropri-
ately distinguish Parkinson’s. Furthermore, validation of the 
down regulation of miR-19b as well as upregulation of miR-
195 and miR-24 in candidates with Parkinson’s were con-
ducted. In comparison to the control subjects, the values for 
area under the curve for miR-19b, miR-24 and miR-195 were 
found to be 0.753, 0.908 and 0.697, respectively, thereby 
indicating that the level of expression of miR-19b, miR-24 
and miR-195 in the serum could be extremely beneficial in 

diagnosing Parkinson’s disease [132]. A study conducted by 
provided a new perspective for the treatment of Parkinson’s 
disease by utilizing the exosomes isolated from the human 
umbilical cord MSC after exposing it to 6-hydroxydopamine 
in SY5Y cells as well as Sprague–Dawley rats, thereby sug-
gesting the prominent role of autophagy. The induction of 
autophagy was initiated upon treatment with exosomes which 
caused the dopamine stimulated SH-SY5Y cells to multi-
ply and also cause inhibition of apoptosis. Moreover, after 
crossing the BBB in vivo and upon reaching the substantia 
nigra, the exosomes were found to relieve apomorphine-
induced asymmetric rotation, decrease the depletion of the 
dopaminergic neurons as well as result in the upregulation of 
dopamine present in the striatum. Therefore, the findings of 
this study indicated the prospects of these stem cell–derived 
exosomes for the efficacious therapy of Parkinson’s disease 
[133].

In an attempt to identify the pathogenic role of long non-
coding RNAs (lncRNAs) in the development of Parkinson’s, 
the dissimilarities in the expression of these lncRNAs in 
the peripheral blood exosomes of patients with Parkinson’s 
were studied. The level of lncRNAs isolated from the plasma 

Fig. 4  A Origin of exosome in neurodegenerative diseases. B Release of exosomes from various neuronal cells enables diseases-carrying exo-
some to neighbouring cells, thereby contributing to the further aggravation of diseases
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exosomes was determined by next-generation sequencing 
along with real time PCR. The results revealed the upregula-
tion and downregulation of 15 and 24 exosomal lncRNAs, 
respectively, in the patients with Parkinson’s and also indi-
cated the involvement of lnc-MKRN2-42:1 in the develop-
ment and progression of Parkinson’s [134].

Due to the absence of an appropriate blood test to dis-
tinguish Parkinson’s disease from atypical Parkinsonian 
syndrome, researchers assessed the practicality of serum 
neuronal exosomes as a biomarker. The results of the study 
indicated a twofold increase in the α-synuclein present in the 
neuronal exosomes in Parkinson’s disease patients in com-
parison to other neurodegenerative pathologies. The exoso-
mal α-synuclein demonstrated an excellent capacity in the 
differentiation of Parkinson’s disease across various popula-
tions. In patients with non α-synuclein proteinopathies, there 
was also found to be an elevation in the clusterin exosomes. 
Thus, the findings of the study indicated the effectiveness 
of determining the presence of α-synuclein and clusterin 
exosomes as an exceptional method for the differentiation 
of Parkinson’s disease from atypical parkinsonism for at-
risk populations [135]. Another, study aimed to identify 
certain serum exosomes as biomarkers of various stages of 
Parkinson’s by analysing the exosomal proteins using mass 
spectrometry. The proteonomic analysis revealed a dwin-
dled level for certain proteins such as complement C1q and 
protein immunoglobulin lambda variable 1–33 (IGLV1-
33) cluster-33 in Parkinson’s which could be an indicator 
to the pathophysiological mechanism of Parkinson’s (137). 
Other group of research aimed to illustrate the significance 
of fibroblast growth factor-2 (FGF2) stimulated increase of 
Ras-associated binding (Rab) proteins in the exosomes in 
Parkinson’s disease. From a total of 235 relevant proteins 
that were upregulated, the aforementioned growth factor 
particularly enhanced the levels of Rab8b and Rab31 in the 
extracellular vesicles. Furthermore, an investigation was 
carried out to determine the influence of these Rab proteins 
in the enrichment of proteins connected with Parkinson’s 
disease in the CNS, various parts of the brain and in the 
enteric nervous system through a protein–protein interaction 
network. A majority of the interactions were obtained for 
the two Rab proteins, thus demonstrating their relevance in 
the regulation of the exosomal proteins and its capability to 
manage the pathophysiology of Parkinson’s disease [137].

In order to develop a more biocompatible method for 
the treatment of Parkinson’s, researchers utilized blood 
exosomes for the delivery of drugs across the BBB. The 
exosomes displayed a nanosize and were deftly loaded into 
the blood exosomes through a saturated solution incuba-
tion technique. The distribution of dopamine in the brain 
as well as the therapeutic efficacy of the blood exosomes 
were greatly enhanced in the mouse model of Parkinson’s, 
thereby indicating the effectiveness of the exosomes for the 

treatment of Parkinson’s disease [35]. The interaction of two 
presynaptic proteins, neuronal pentraxin 2 (NPTX2) and 
neurexin 2a (NRXN2a), along with their respective post-
synaptic functional partners, GluA4-containing glutamate 
(AMPA4) receptor and neuroligin 1 (NLGN1), results in 
the enhancement of excitatory synaptic responses in certain 
hippocampal and cerebral cortex regions. Since impairment 
of the abovementioned excitatory synapses results in the 
loss of cognitive functions during the onset of Alzheimer’s, 
the quantification of the neuronal plasma exosomes of the 
aforementioned synaptic proteins was carried out in order to 
determine their biomarker properties. There was found to be 
a significant reduction in the exosomal contents of all 4 pro-
teins in patients suffering from dementia due to Alzheimer’s 
in addition to cognitive loss which could be attributed to the 
reduced levels of AMPA4 and NLGN1. Therefore, dimin-
ished quantities of such excitatory synaptic proteins could 
reflect the magnitude of cognitive deprivation and could also 
possibly indicate the seriousness of the ailment [138].

The researchers also investigated the small RNA contents 
of the exosomes derived from the brain and their effective 
use for the determination of pathological changes in the 
onset of Alzheimer’s disease and its use as an early diag-
nostic blood test. The exosomes which were derived from 
the frontal cortex of the brain of Alzheimer’s patients were 
found to contain an elevated level of miRNA, which could 
provide a pattern of the biological pathways affected in the 
course of the disease [139]. It was presented in another 
study, the possibility of ameliorating the cognitive function 
in mice induced with Alzheimer’s through the delivery of 
curcumin-primed exosomes which had enhanced solubility, 
stability and bioavailability. Due to the interactivity between 
the exosomes inherited LFA-1 and endothelial ICAM-1, the 
exosomes were able to easily penetrate the BBB, thereby 
distributing a huge amount of curcumin in the hippocampal 
region. The curcumin exosomes were also able to inhibit 
the tau phosphorylation taking place by the serine threo-
nine–specific protein kinase (AKT/gsk-3β) pathway which 
resulted in the enhancement of memory and learning dis-
abilities in the mice with Alzheimer’s, thereby acting as a 
potential method in the therapy of Alzheimer’s [140].

A group of researchers isolated exosomes from the astro-
cytes of Alzheimer’s disease patients through immuno-
chemical methods and were further matched with controls 
for the quantification of complement proteins by enzyme-
linked immunosorbent assay to determine the mechanism of 
astrocyte inflammation. Astrocytes are abundantly present in 
glial cells of the CNS that possess a very important neuronal 
trophic function through a variety of homeostatic mecha-
nisms. Many neurodegenerative, inflammatory as well as 
ischemic conditions of the nervous system are known to pro-
duce well synchronized multicellular reactions which cause 
a rise in the number of astrocyte cells, thereby affecting their 
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differentiation into either inflammatory type or ischemia-
related type. From the results obtained, it was deduced that 
the production of antibody-dependent enhancement (ADE) 
complement effector proteins could be attributed to dysregu-
lated systems in patients with Alzheimer’s disease and were 
found to be elevated as compared to the controls and also 
had the potential to cause neuron damage in the late inflam-
matory stages of Alzheimer’s disease. The current work 
proposed the pathogenic role of A1 type astrocytes in Alz-
heimer’s disease due to the presence of inflammatory com-
plement proteins which attained high levels in Alzheimer’s 
patients in comparison to the matched controls. The reduced 
amount of various complement regulatory proteins in the 
early phases of Alzheimer’s, points towards the inhibitory 
loss of the classical and alternative complement pathways 
and could be a major reason for complement-mediated neu-
roinflammation in Alzheimer’s disease. The data obtained 
also indicated that the current complement-directed thera-
pies could be beneficial to the patients with Alzheimer’s, 
having elevated levels of complement-mediated neuroin-
flammation [141].

The researchers suggested a novel approach to pack miR-
29 in exosomes, and to further administer the modified 
vesicles to avoid certain memory deficiencies in Aβ-treated 
model rats. In order to prevent the flare up of an immune 
response, the exosomes were derived from the stromal cells 
of rat bone marrow. The results indicated an increase in the 
amount of miR-29b, thereby resulting in the downregula-
tion of its target genes beta-site amyloid precursor protein 
cleaving enzyme 1 (BACE1) and BIM M (Bcl-2 interacting 
mediator of cell death (BCL2-like 11)), after treatment of the 
U87 cells with miR-29b-based exosomes. Based on the data 
obtained, injection of the exosomes, containing miR-29b, 
conferred protective properties against amyloid pathogenesis, 
thereby proving the successful outcome of this miRNA-based 
therapy in the pathogenesis of Alzheimer’s disease [142].

The avenues for the treatment of Alzheimer’s disease were 
further enhanced by the study which attempted to investi-
gate the regulatory role of exosomes which were isolated 
from human umbilical cord MSC developed in a 3D culture. 
The supernatants from these 3D cultures were procured to 
isolate the exosomes. From the results obtained from the 
study, it was deduced that the 3D cultured exosomes upregu-
lated the expression of a secretase and downregulated that 
of b-secretase, thereby reducing the production of Aβ in the 
pathogenic Alzheimer’s cells as well as in transgenic mice, 
thereby enhancing the therapeutic response on the improve-
ment of memory and cognitive deficiencies in mice with 
Alzheimer’s [143].

Exosomes derived from the MSC were also used to 
enhance the neurogenesis as well as the cognitive capabili-
ties in a mouse model for Alzheimer’s disease. The results 
of the study indicated that the exosomes isolated from the 

stem cells were able to augment neurogenesis in addition 
to restoring the cognitive function which was decreased on 
administration of Aβ1-42 aggregates [144]. Similarly, the 
study illustrated the benefits of exosomes derived from the 
human umbilical cord MSC which were found to alleviate 
the cognitive dysfunction and eliminate the Aβ deposits in 
the mice. The exosomes also had inflammation regulatory 
effects to activate the microglia and regulate the inflamma-
tory cytokine levels in in vitro [145].

Another novel method was developed which utilized the 
concentration of salivary exosomes as a correlation meas-
ure for the degree of cognitive impairment using nanopar-
ticle tracking analysis technique in Alzheimer’s patients. On 
measurement of the total exosomes present in the saliva, the 
results indicated significant differences in the concentration 
of the exosomes between patients suffering from Alzheimer’s 
and the healthy controls. A similar result was also observed 
upon validation using an exosome surface marker, i.e. CD63. 
The findings were further confirmed by correlation with the 
expression levels of oligomeric amyloid-beta and phosphoryl-
ated-tau protein obtained from salivary exosomes. It was also 
observed that the phospho-tau, Aβ oligomer/fibril and Aβ pro-
tein was abundantly present in patients with Alzheimer’s and 
the cognitive impairment as opposed to their healthy coun-
terparts. Therefore, the results of the study indicated that the 
quantity of salivary exosomes, obtained through nanotracking 
method, presents prospective use as a cost-effective method 
in the early diagnosis of Alzheimer’s [59].

A novel technique for the longitudinal and quantitative 
in vivo neuroimaging of exosomes was recently devel-
oped by group of researchers using gold nanoparticles as 
a labelling agent in combination with the superior visual-
izing capability of the classical X-ray computed tomog-
raphy. This method was utilized to track the patterns of 
homing and migration after the intranasal delivery of the 
MSC-derived exosomes of the bone marrow in various 
CNS diseases. It was observed that the exosomes were 
specifically targeted in the pathological areas of murine 
model brain regions and were accumulated up to a time 
period of 96 h post-administration, whereas the healthy 
counterparts exhibited a more diffused migratory route and 
clearance within 24 h. There was an extremely high corre-
lation between the neuroinflammatory signal in pathologi-
cal brains and exosomal accumulation, thereby proposing 
the mechanism to be inflammatory driven. Moreover, the 
MSC-derived exosomes exhibited selective uptake by the 
neuronal cells in the pathological sites but not glial cells. 
All in all, the results of this study contribute significantly 
to the use of exosomes in the diagnosis and therapy of 
numerous CNS disorders including Alzheimer’s and Par-
kinson’s diseases [146].

The study also involves proteomic analysis of the 
exosomes derived from the CSF of patients suffering from 
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amyotrophic lateral sclerosis in order to identify new bio-
markers associated with the disease. Liquid chromatog-
raphy-tandem mass spectrometry of the fluid fractions of 
amyotrophic lateral sclerosis (ALS) subjects was conducted 
utilizing gel filtration chromatography. Novel INHAT repres-
sor (NIR) protein was found to be greatly elevated in ALS 
patients whose dysfunction could possibly contribute to the 
nucleolar stress in sporadic ALS pathogenesis [147].

Researchers investigated therapeutic effect of exosomes 
derived from adipose stem cells in the SOD1(G93A) murine 
model of mice. The effectiveness of the exosomes through 
the intravenous and intranasal route was also determined. 
The findings of the study revealed an improvement in the 
motor capacity as well as protection of the lumbar moto-
neurons and muscle cells. There was significant reduction 
in the activation of glial cells in the murine models thereby 
proving it as a potential treatment for amyotrophic lateral 
sclerosis in humans [148].

In order to determine the extent of inflammation in 
patients with ALS, a study conducted involves the con-
centration of interleukin-6 (IL-6) in exosomes that were 
derived from astrocytes. An increase in the levels of IL-6 
in the exosomes was indicative to sporadic ALS but was 
limited to subjects having the disease for less than a year 
[149]. It was aimed to identify biomarkers for ALS through 
a sensitive next-generation sequencing method. Around 543 
genes were found to be changed in the exosomal mRNAs in 
patients with ALS, represented by the gene CUEDC2, thus 
proving to be a potential biomarker in ALS [150].

Another genetic neurodegenerative disease that has been 
treated through the use of exosomes is Huntington’s disease 
(HD). HD is caused due to an abnormality in the expan-
sion of cytosine, adenine and guanine (CAG) repeats that is 
responsible for encoding the gene huntingtin. This results 
in a myriad of neurological symptoms including the cog-
nitive impairment, involuntary choreiform movements and 
neuropsychiatric conditions. Though the exact mechanism 
of action of neurodegeneration in Huntington’s disease 
remains unclear, it could be attributed to alterations in RE1-
silencing transcription factor (REST) which is a transcription 
regulator. This results in inability of the mutant huntingtin 
to silence the activity of REST, thereby causing enhanced 
binding of REST to a neuron restrictive silencer element 
which results in transcriptional dysfunction. Other research-
ers used exosomes as a means of delivery in the treatment 
of this degenerative condition. One of the prime miRNAs, 
i.e. miR-124, which is repressed in Huntington’s disease 
was observed to be overexpressed in a stable cell line from 
which the exosomes were further harvested. The exosomes 
were found to be greatly express miR-124 expression, which 
later were taken up by the recipient cells. After injecting the 
exosomes into the striatum of R6/2 transgenic HD mice, the 
expression of the target gene, RE1-silencing transcription 

factor, was found to decline. Although, the miR-124 based 
exosomes did not result in significant behaviour improve-
ment. The current investigation served as conceptual evi-
dence for the delivery of miRNA using the exosomal method 
of administration for neurodegenerative diseases [151]. 
Table 2 depicts exosomes used as potential diagnostic mark-
ers for various brain neurodegenerative disorders.

Exosomes in the diagnosis and treatment of brain 
tumour

Exosomes are rich in cargos as they contain higher amounts 
of nucleic acids and proteins, which directly reflect the 
metabolic state of the cells. Differential expression and 
disrupted homeostatic features of exosomes help in cargo 
trafficking against several diseases like cancer. Increased 
release of exosomes leads to oncogenic progression and 
metastases. Exo-miRNA can communicate with the adja-
cent cells of the same tissue or neighbouring tissue through 
gap junctions. This is termed as the “bystander effect”. This 
effect leads to autophagy of the cells and makes the cells 
more cancerous [152, 153]. Recent studies have shown that 
exosomal RNAs interfere even in cell migration, prolif-
eration, metastasis, angiogenesis, apoptosis and chemo-
resistance [154–158].

Role of exosomes in glioblastoma

Glioblastoma (GBM) is a malignant tumour with several 
cells protruding deep into the cerebral lobes of the brain. 
Exosomes play a very prominent part in glioblastoma. They 
remain enclosed with oncogenic proteins which cause the 
spreading of the tumour to the neighbouring tissues. These 
tumours also show miRNA upregulation [42]. Exosomes 
help in the transfer of oncogenic activity, the transforma-
tion of phenotype and epidermal growth factor receptor 
(EGFRvIII)–dependent transcription by transporting the 
oncogenic receptor, EGFRvIII amid glioma cells [159]. 
Exosomes linked with DNA fragments like sequences of 
N-ras oncogenes and full-length H-ras were reported as 
the exosomal contents, released by mouse brain tumour 
cells [160]. Glioblastoma cells also secrete MVs enclosing 
miRNA, angiogenic proteins and mRNA [42]. The target 
endothelial cells form tubule when the host human brain 
microvascular endothelial cells engulf the mRNA mol-
ecules. Both the tumour and its associated cells secrete 
exosomes which favours the tumour growth by transferring 
pro-tumourigenic factors. For example, glioma cells with 
EGFRvIII can promote the recipient cell growth by activat-
ing the mitogen-activated protein kinase (MAPK) and Akt 
signalling pathways [159].
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Exosomes as diagnostic tools for brain tumour

In the last few years, it has been discovered that milk, blood, 
urine and saliva contain exosomes, and as they have higher 
amounts of RNA, lipid and specific protein content, they 
became useful in the diagnosis of several diseases. Blood 
borne miRNAs are very imported biomarkers as reported 
by some groups in 2008. As naked RNA was found degrad-
ing faster and faster in blood, it was supposed that these 
RNAs must be protected by few macromolecular complexes 
which later came to be the “exosomes” [161]. Nanoscale 
flow cytometry, which was conducted pre-density gradi-
ent ultracentrifugation (DGU), demonstrated that glioma 
patients showed increased MVs along with efficient exo-
some isolation stating them as potential biomarkers for 
the diagnosis of tumours. This resulted in global immuno-
suppression rather than an increase of circulating tumour-
immunosuppressive exosomes [162]. A new technique has 
now gained importance in recent years, which favours the 
overtime surveillance of brain tumours by identifying the 
GBM-specific exosomes in CSF or blood. This gives the 
exact characterization of the tumour. This technique is called 
as “liquid biopsy” [163]. It was identified that a fundamen-
tal biomarker named syndecan-1 can distinguish between 
low and high-grade tumours in glioblastoma [164]. Besides, 
excessive levels of miRNA are related to tumour progres-
sion, while high miR-21 expression suggests increased inva-
sive capacity [165].

CSF contains large amounts of tumoural exosomes, 
because they need not cross the BBB to enter the CSF and 
so it is less contaminated with platelet-derived exosomes. 
So, a more convenient means of sample collection is blood. 
Therefore, the most specific sample for diagnosis of GBM 
is still in difficulty [166]. It was demonstrated that exosomes 
with the H63D human homeostatic iron regulator (HFE) 
variant of the HFE gene can promote a more angiogenic 
situation in WT HFE cells along with increased cancer cells 
[167]. A lower-grade glioma can be diagnosed by the pres-
ence of 23 dysregulated miRNAs in mutations in isocitrate 
dehydrogenase 1 and 2  (IDHMUT) samples. It was reported 
that free-circulating miRNAs of GBM patients help in diag-
nostic purposes rather than exosomal miRNAs [168]. It was 
demonstrated that exosomes with miR301a, separated from 
grade IV glioma patients, showed an increase in invasion and 
proliferation of H4 glioma cells [169]. Different exosomal 
cargos from GBM patients which act as potential diagnostic 
markers for glioblastoma are listed in Table 3.

Exosome‑based glioblastoma therapy

Many phase I studies were conducted in the 2000s for 
exosomes. The first study was the vaccination of meta-
static melanoma patients with autologous dendritic cell Ta
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(DC)–derived exosomes (DEX). These were generated 
by adding functional major histocompatibility complexes 
(MHC) capable of promoting T cell immune responses along 
with tumour rejection [170]. The present use of exosomes for 
the treatment of brain tumours is mainly classified into three 
major categories. They are exosome-based immunomodula-
tion therapy [152], exosomes as delivery vehicles for anti-
tumour nucleotides [153] and exosomes as drug delivery 
vehicles [153, 171]. Several researchers also focussed on the 
treatment of brain tumours using exosomes as other treat-
ments are showing a few side effects. The exosome number 
increases by radiotherapy and poses a serious threat to the 
surrounding cells of the tumour. Thus, radiotherapy serves 
as a pre-treatment for the uptake of therapeutics-enriched 
exosomes [172]. It was demonstrated that intranasal admin-
istration of catalase-loaded exosomes resulted in the behav-
ioural recovery of a murine model with Parkinson’s disease 
showing that exosomes can cross the BBB for the therapy of 
brain tumours [173]. Recent studies have demonstrated that 
exosomes isolated from host cells transfected with miRNA-
encoding vectors can deliver the target miRNAs in animal 
models [174]. For example, miR-146B-overexpressing and 
miR-122-overexpressing exosomes from engineered MSC 
inhibited glioma growth in rat brain [175]. It was reported 
that the delivery of short interfering RNA (siRNA) to mice 
brain was achieved by the aid of exosomes, which was 
targeted through engineered DC expressing Lamp2b (a 
membrane protein present in exosomes) fused with neuron-
specific rabies virus glycoprotein (RVG) peptide 3 [34]. It 
was found that exosomes incorporated with paclitaxel had 
significantly increased the cytotoxicity of brain tumour cell 
lines, U-87, while the empty exosomes showed cell viabil-
ity [176]. Exosomes derived from natural killer (NK) cells 
had targeted and resulted in anti-tumour effects in both 
in vitro and in vivo, stating their utility in treating inopera-
ble glioblastoma. It was proved that cRGD-loaded paclitaxel 
exosomes had significantly improved the curative effects of 
paclitaxel in glioblastoma multiforme through enhanced tar-
geting [177]. At present, a few exosome-based therapeutics 
are still in phase II clinical trials not only for the treatment of 
brain tumours, but also for different types of cancer.

Exosomes in the diagnosis and treatment 
of neuroinflammatory diseases

Neuroinflammation is an innate immune response induced 
by microglia and astroglia when they are triggered by vari-
ous damage stimuli. Neuroinflammation results in the pro-
duction of reactive oxygen species, chemokines, secondary 
messengers and cytokines [178]. Neuroinflammation is a 
prevalent feature of numerous neurodegenerative diseases 
like Alzheimer’s disease, amyotrophic lateral sclerosis 
and Parkinson’s disease. All these diseases are certainly 

characterized by a high level of pro-inflammatory cytokine 
production and glial activation in the CNS [179]. In the 
recent era, neurodegenerative diseases became the big-
gest hardship in the health care system as they are the 
main cause of disability and death [180]. In the research of 
neurodegenerative diseases, the major keystone is “inter-
cellular communication”. Apart from the several molecu-
lar mechanisms that happen within a cell, the effects that 
these cells produce on the surrounding cells have become a 
topic of investigation. Recent studies proved that exosomes 
are involved in the pathogenesis, diagnosis and therapy of 
neuroinflammatory disorders.

Role of exosomes in neuroinflammatory diseases

Exosomes play a very pivotal role in triggering the inflam-
matory cascade. This is mainly favoured by proteins such 
as amyloid β, α-synuclein and prions, which move from 
one cell to another cell [181]. Cross-talk between the cen-
tral and peripheral nervous systems is due to the stimu-
lation of peripheral immune response associated with 
inflammation in the central nervous system. Experimental 
evidence reported that purified serum-derived exosomes 
from lipopolysaccharide (LPS)-treated mice can induce 
both CNS and systemic inflammation [179]. Furthermore, 
after a traumatic brain injury, the excessive inflammatory 
response increases the neurologic outcome. It was recently 
established that after brain injury, the miR-124-3p level 
increases, and this decreased the neuronal inflammation 
and promoted the neurite outgrowth after scratch injury 
[182]. Astrocyte-derived exosomes can also transport the 
misfolded pathogenic proteins and aberrantly expressed 
miRNAs into neurons which then initiate neuroinflamma-
tion resulting in neurodegeneration and death of neurons 
[98]. Extracellular vesicles can readily cross the BBB, 
by making a communication channel with CNS through 
modulating the physiological processes using systemic 
inflammation. In a healthy brain, glial-derived exosomes 
mediate main functions participating in neural circuit 
development and maintenance, promoting neurite out-
growth, neuronal survival and synaptic activity. Atrophic 
uphold is given by oligodendrocytes-derived exosomes 
to axons, promoting myelination (Fig. 5A) and role of 
exosomes in the neuroinflammatory state (Fig. 5B). After 
a neural mock, microglial and astroglial cells are acti-
vated and release exosomes that consist of inflammatory 
proteins, miRNAs and misfolded proteins involved in a 
neuroinflammatory response affecting the viability of the 
neuron. These exosomes can cross the BBB propagating 
the neuroinflammatory response to the periphery and can 
be used as potential biomarkers for the pathogenesis of 
neuroinflammation and neurodegenerative disorders.
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Exosomes as diagnostic tools 
for neuroinflammatory diseases

Numerous pieces of evidence suggested the potential role of 
exosomes as vectors containing miRNA, mRNA, lncRNA, 
peptides, siRNA and synthetic drugs for cell therapy against 
neurological, neurodegenerative and neuroinflammatory dis-
eases and the biomarkers for brain diseases. Recent stud-
ies have demonstrated that patients diagnosed with bipolar 
disorders or schizophrenia showed differentially expressed 
miRNAs when compared to the matched controls [183]. 
Besides, a tumour-specific EGFR transcript variant was 
detected in the vesicles isolated from cancer patients and 
this was considered a good diagnostic tool for neuroinflam-
matory diseases [42]. It was reported that purified LPS-
stimulated exosomes from the blood when infused directly 
into the cerebral ventricles increased the microgliosis sig-
nificantly. It was also demonstrated that astrogliosis caused 
by injecting serum-derived exosomes to mice has improved 
the systemic pro-inflammatory cytokine production and 
elevated CNS expression of pro-inflammatory cytokine 
mRNA [179]. It was also reported that neuronal exosomes 
derived from plasma served as biomarkers for the diagnosis 
of Alzheimer’s disease and HIV infection [184]. It was dem-
onstrated that plasma astrocyte-derived exosomes (ADEs) 
and complement protein levels (CPs), as the components 
of neurotoxic neuroinflammation, served as the predictive 
biomarkers for the conversion of mild cognitive impairment 
to Alzheimer’s disease [185]. Acute neuroinflammation and 
oxidative stress induced by IL-1β generate the specific sub-
set of miRNAs via exosomes which had also helped in the 
diagnosis of neuroinflammation associated with neurologi-
cal injuries and disorders [186]. It was reported that Treg-
derived exosomes were deficient in inflecting the prolifera-
tion and survival of conventional T cells in multiple sclerosis 
patients [187]. Acid sphingomyelinase–enriched exosomes 

were found to produce lipidomics in the CSF of multiple 
sclerosis patients [188].

Furthermore, hippocampal neurogenesis was impaired 
in mice by the injection of cultured exosomes consisting 
of known pathogens into the dentate gyrus [189]. Corti-
costeroids and cytokines may activate the release of astro-
cytic exosomes with many miRNAs important for stress 
response, neurogenesis and cell survival [190]. IL34/CD81 
ratio was increased significantly in the patients with major 
depressive disorder (MDD) when compared to control 
resulting in increased inflammation [191]. It was demon-
strated in a recent study that extracellular vesicle release 
was increased in rats in which central inflammation was 
detected systematically through exosomal vesicles (EVs). 
These EVs act as diagnostic markers for mental disorders 
[192]. It was reported that neural exosomes extracted from 
plasma have also been used in a pilot study to scrutinize the 
protein biomarkers for major depressive disorder patients 
[191].

Exosomes in the treatment of neuroinflammatory diseases

Exosomes possess special features that make them the opti-
mal tools to deliver the molecules therapeutically by crossing 
BBB. They transfer the brain antigens to the periphery and 
regulate the peripheral immune system [193]. It was shown 
that exosomes loaded with curcumin not only increased the 
stability and bioavailability of the compound in vivo, but 
also increased the survival significantly in lipopolysaccha-
ride-induced septicemia [71]. Exosomes derived from MSC 
alleviated the traumatic brain injury effects or focal cerebral 
ischemia in animal models by increasing the neurovascular 
remodelling and improving behavioural, neurological and 
cognitive outcomes during recovery [38]. Hypoxia-precon-
ditioned mesenchymal stromal cell–derived exosomes allevi-
ated cognitive impairment in a mouse model of Alzheimer’s 

Fig. 5  A Role of exosome in 
healthy brain. B Release of 
exosomes in neuroinflammatory 
state
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disease by protecting synaptic dysfunction, modulating the 
microglial and astrocytic activity and reducing the pro-
inflammatory factors like TNF-α and IL-1β [84]. Several 
clinical trials are also going on presently to treat the neuro-
inflammatory diseases by using exosomes. Table 4 gives the 
information about different exosomal cargos for the therapy 
of various neuroinflammatory diseases.

Exosomes in the diagnosis and treatment of brain 
meningitis, encephalitis and CNS tuberculosis

Protection of the brain was shown by the treatment of the 
animal (mice) model of oligodendrocyte glycoprotein pep-
tides induced experimental autoimmune encephalitis with 
the use of exosome-loaded curcumin through the intrana-
sal path. This was observed due to the selective uptake by 
microglial cells of the curcumin entrapped exosome and 
thus resulted in apoptosis of the cells [71]. In a research 
on the immunological function of exosomes in autoimmune 
encephalitis (AE), exosomes expressing neuronal auto-Ags 
were found to be present in CSF of patients with antibody-
positive AE. It was concluded that exosomes carrying neu-
ronal auto-Ags would play an important role in immune 
pathogenesis of it [194]. Human guanylate binding protein-1 
is a secreted GTPase that is present in patients with bacterial 
meningitis at elevated CSF concentrations. In combination 
with exosomes, this protein may be present and may there-
fore be used as a surrogate biomarker for bacterial meningi-
tis [195]. Exosomes can also help in the treatment of bacte-
rial meningitis [196]. Central nervous system tuberculosis 
(CNS-TB) is the most life-threatening of all types of TB, 
causing high mortality and morbidity even with effective 
anti-TB treatment. In a review of progress in the diagnosis 
and treatment of CNS tuberculosis, it was concluded that the 
exosome targeting drug delivery system would play a greater 
role in the diagnosis and treatment of CNS tuberculosis, tak-
ing into account the benefits of exosomes (ability to cross 
the BBB and high drug loading) [197].

Routes of administration of exosomes 
in the diagnosis and treatment of CNS 
disorder

Human stem cell–derived extracellular vesicles such as 
exosomes offer numerous benefits in comparison to cell-
based treatments for the diagnosis and therapy of function-
ally impaired tissues and organ sites [198]. Exosomes can 
be administered through various routes such as the oral, 
intranasal, intraperitoneal, intravenous, intraventricular, 
subcutaneous and intertumoural route depending on the 
concerned disease state. Various methods such as fluo-
rescence labelling, radionuclide and magnetic resonance 

imaging are used for the imaging and as a tracking mecha-
nism for exosomes. However, the fluorescence dyes used in 
fluorescence labelling have been found to be deposited in 
the tissues even after degradation of the exosomes [199]. 
The intravenous and intranasal routes represent the most 
popular methods for administration of exosomes to be tar-
geted to the CNS. The intravenous route has been used to 
administer exosomes to various organs such as the heart, 
lung, kidney, liver and brain. Owing to their endogenous 
origin, the intravenously administered exosomes avoid 
elimination by the immune system and hepatic clearance 
to the same magnitude as that of exogenous nanoparti-
cles, thereby allowing the recipient cells sufficient time 
for the uptake of a high tissue dose [199]. The systemic 
routes present a more feasible approach for the administra-
tion of exosomes thereby negating the need for invasive 
surgical procedures. Recent studies show that systemic 
administration routes such as the retro-orbital vein and 
intranasal delivery demonstrate the effective penetra-
tion and perfusion of exosomes in the least invasive way 
throughout the brain, thus pointing to a more translation-
ally tractable method for the treatment of various neuro-
logical pathologies [198]. Recently, researchers have also 
conducted comparative studies to determine the effect of 
the intravenous and intranasal route in the delivery of adi-
pose-derived stem cells in amyotrophic lateral sclerosis. 
It was observed that repeated administration enhanced the 
motor performance; protected the lumbar motor neurons, 
the neuromuscular junction and muscle; and decreased the 
glial cells activation in the animals that were treated with 
exosomes. From the results obtained, it was concluded 
that the intranasal route exhibited superior properties over 
the intravenous route, since the labelled exosomes admin-
istered by the former route were detected in the brain, 
thereby indicating the presence of the vesicles in the CNS 
which were accumulated in the lesions of the brainstem 
motor nuclei in the murine model of amyotrophic lateral 
sclerosis [148]. Furthermore, another research group per-
formed a comparative study between three distinct routes 
of administration, i.e. the intrahippocampal transplanta-
tion, retro-orbital vein injection and intranasal route for 
the delivery of human neural stem cell–derived extracel-
lular vesicles that were isolated from conditioned media. 
The ability of the exosomes to translocate into normal tis-
sue in the brain was determined after administration [198]. 
It was observed that, although the net quantity of vesicles 
was constant, each of the administration routes required 
different volumes for appropriate biological distribution. 
From the data obtained, it was deduced that all the afore-
mentioned administration routes were functionally equiva-
lent to deliver the vesicles to the brain parenchyma with no 
significant differences in the amount of vesicles to trans-
locate across the brain [198].
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Challenges in marketing 
and commercialization of exosome for brain 
diseases/disorders

So far, there are no clear regulatory criteria for pharmaceu-
tical production and clinical application, considering the 
growing interest in these carriers. However, it is unavoid-
able that their production should be carried out strictly in 
accordance with GMP (good manufacturing practice), GLP 
(good laboratory practice), GDP (good documentary prac-
tice), GCP (good clinical practice) and GSP (good storage 
practice) in a specific well-organized structure in order to 
eliminate any possible contamination and take into consid-
eration both donor and recipient safety [200]. The intro-
duction of prepared formulation to the market and clinics 
is confronted with various challenges. Exosomes have a 
tough process from laboratory to market as they are delivery 
system based on nanotechnology with a significantly high-
level risk of commercialization. In their introductory route 
to the market and the clinics, there are many serious chal-
lenges, including technological, economic and regulatory 
issues. The instability of nanoscale materials, their com-
plex design, production, storage, scale-up process, in vivo 
studies, clinical trials and variation from batch to batch are 
some of the factors that cause these promising nanovesicles 
to be used. Although, professionals should estimate costs, 
profit-to-risk ratio, order to maximize production, storage 
conditions and scale-up methods. Regulatory authorities are 
currently evaluating emerging nanodrug product by prod-
uct. This approach contributes to the lack of an established 
norm for practitioners and firms. Also, any additional ethi-
cal questions could be in the way as exosomes are sourced 
from the cells. In personal medicine, nanopharmaceuticals 
such as exosomes have a great potential to be used, which 
can be considered in exosome marketing. In order to coor-
dinate research, some guidelines have been prepared by the 
international society for extracellular vesicles suggesting 
limited details to be given in extracellular vesicles (EV) 
studies. In the future, given the successful efforts made to 
check the exosome potential and bring them to clinical tri-
als, much progress will be anticipated in this field [45].

Factors affecting clinical use of exosome 
for brain diseases

In the past decade, many clinical trials have attempted to use 
exosomes in clinical therapy, but questions about its opti-
mization remain unanswered, such as how to increase the 
exosome yield specific to the cell type and maximize output 
which is to be considered in using exosomes for the brain. In 
addition, how to store broad therapeutic substances in and on 

exosomes and how to design a better delivery procedure in 
clinical practice for particular tissues are uncertain. Follow-
ing are the factors that affect the clinical use of exosomes:

1. Source: Parental cells from where exosomes are sourced 
are an important consideration in developing therapeutic 
exosomes. Its critical technologies should be addressed, 
and associated side effect should be identified [201], for 
example, MSC-derived exosomes for cancer therapy 
[202, 203].

2. Biodistribution: The natural characteristics of exosomes 
make it a challenging carrier in brain targeting of thera-
peutics and diagnostics. For example, exosomes have 
long retention within the blood due to high CD47 expres-
sion that prevents its phagocytosis via macrophages and 
monocytes by interacting with SIRPα [201, 204]

3. Loading: It is done by endogenous techniques like natural 
biogenesis and exogenous techniques as mentioned in sec-
tion loading of exosomes. Large loads lead to exosomes 
aggregation and thus its instability. Furthermore, loading 
efficiency is also variable in nature [76, 201].

4. Production: production of exosomes on large scale is one 
of the major requirements for using exosomes in clinical 
use. Various methods of its production are mentioned in 
the section “Methods of exosomes isolation and purifica-
tion”. Along with its scalability, integrity, functionality 
and purity are an important consideration for therapy 
[20, 205–207].

5. Hypoxic cellular conditions: Hypoxia is a severe cellular 
stress that regulates exosome release and consequently 
alters their contents and hence it have been studied in 
several types of hypoxia disorders, reflecting their bio-
logical origin and disease status via bioactive cargo, 
making exosomes helpful as a possible biomarker for 
diagnosis or prediction of hypoxic diseases. Exosomes 
produced during hypoxia, for example, ExoHypoxia, 
serve a crucial function in assisting cancer cells to cross-
talk with microenvironment constituents to establish 
conditions favourable for cancer growth and metastatic 
propagation [217, 218].

Conclusion and future prospective

In the near future, more massive and accurate medicine of 
exosomal material may be used for the treatment of brain 
disorders by optimizing exosomal nanocarrier formula-
tion. Much advancement in the field is anticipated in the 
future, given the positive efforts made to verify exosome 
potential to treat brain diseases, bring them to clinical tri-
als and the pharmaceutical aspects of it will remain to be 
explored in more detail in the future. In order to under-
stand exosome biogenesis, cargo selection and release 

1071Drug Delivery and Translational Research (2022) 12:1047–1079



1 3

in vivo, more sophisticated techniques and methodologies 
need to be established. There is also a need to consider 
awareness of how exosomes distinguish the normal part 
from the damaged part of the brain. Specific proteins and 
microRNAs responsible for the neuroprotective properties 
of exosomes should be established. Exosomes is a com-
plex system that raises the problems of protection and 
predictability, so future research should concentrate on 
an exosome mimetic delivery system targeting particular 
cells and the desired therapeutic molecule. It is harder 
to envision the use of exosomes as a drug product, and 
only in minimal, personalized medicine configurations can 
possible applications be realized. In future research, it is 
important to determine if exosome therapy has a long-term 
lasting decrease in chronic deficiency of the brain. Future 
studies are important in order to better identify different 
aspects of cerebral-targeted exosomes in small and large 
animal models and to translate the findings into human 
clinical applications. The challenging task is the use of 
exosomes for brain targeting and needs close co-operation 
from multi-disciplinary fields such as academia, industry, 
clinicians and regulatory agencies. The different studies 
reported in this paper suggest that in the future, exosome-
based formulations may be useful tools for neurodegenera-
tive disorder therapy. Therefore, as the research continues, 
exosome-based drug delivery to the brain will have a huge 
opportunity and broader prospect to cure cerebral disease 
in the near future.
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