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Abstract: Diseases affecting the brain and spinal cord fall under the umbrella term “central nervous
system disease”. Most medications used to treat or prevent chronic diseases of the central nervous
system cannot cross the blood–brain barrier (BBB) and hence cannot reach their intended target.
Exosomes facilitate cellular material movement and signal transmission. Exosomes can pass the
blood–brain barrier because of their tiny size, high delivery efficiency, minimal immunogenicity,
and good biocompatibility. They enter brain endothelial cells via normal endocytosis and reverse
endocytosis. Exosome bioengineering may be a method to produce consistent and repeatable isolation
for clinical usage. Because of their tiny size, stable composition, non-immunogenicity, non-toxicity, and
capacity to carry a wide range of substances, exosomes are indispensable transporters for targeted drug
administration. Bioengineering has the potential to improve these aspects of exosomes significantly.
Future research into exosome vectors must focus on redesigning the membrane to produce vesicles
with targeting abilities to increase exosome targeting. To better understand exosomes and their
potential as therapeutic vectors for central nervous system diseases, this article explores their basic
biological properties, engineering modifications, and promising applications.

Keywords: exosomes; central nervous system diseases; engineering modification; vehicles; bioengineering

1. Introduction

The term “central nervous system (CNS) diseases” refers to a broad variety of illnesses,
from mild neurological impairments that can manifest as motor, cognitive, visual, linguistic,
or cognitive problems alone or in combination with comas and brain death [1,2]. These
days, one in six people around the world show signs of having a central nervous system
disorder [3,4]. Central nervous system diseases including multiple sclerosis, Alzheimer’s,
and Parkinson’s all have high societal healthcare expenditures [5,6]. Despite extensive
research, diagnosing and treating CNS diseases remains a clinical challenge [7]. The
blood–brain barrier (BBB) is a specialized microvasculature in the brain that prevents
harmful substances from crossing over into the central nervous system (CNS) when it is in
a normal state [8,9]. Drug transport to the CNS, however, hampered various factors such
as enzymatic breakdown, the blood–brain barrier, limited circulation lifetimes, and low
tissue penetration. To effectively treat CNS diseases, it is necessary to overcome the BBB’s
sieving out of a large proportion of medicines [10].
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Consequently, solving these issues has emerged as one of the greatest obstacles in
treating brain diseases [11]. Possible solutions include using nanotechnology for controlled
medication delivery, imaging, and gene editing, all of which are aided by biological,
physical, and chemical alteration tactics [12,13]. The nanoparticle is an effective tool
for maximizing distribution efficiency, heightening therapeutic benefit, and decreasing
unintended consequences. Intravenous, intranasal, and local injections, such as those
administered intracranially, are all being explored as potential delivery mechanisms for
the nanoplatform being developed for the diagnosis and treatment of brain diseases [14].
Because of their ability to transport bioactive molecules like proteins and encoding and
non-coding RNAs between cells and organs, extracellular vesicles play a crucial role in
cellular signaling [15]. Extracellular vesicles (EVs) [16], AAV vectors [17], erythrocyte
membrane-encapsulated nanocarriers [18], cell-based delivery nanocarriers [19], injectable
hydrogels [20], immunomodulators [21], and many other drug delivery technologies have
been created to bypass the BBB. Surprisingly, EVs outperformed them all.

Recently, exosomes have been identified as the most reliable biomarkers for disease
diagnosis and the most efficient drug transporters for treating diseases [22–24]. Exosomes
are endogenous, have good pharmacokinetics and unique immunological characteristics,
and may pass physiological barriers, making them superior to synthetic drug delivery
vectors like liposomes and nanoparticles [25]. Additional functionalities can be used upon
exosomes and for site-specific medication delivery to surface changes [26]. When taken as
a whole, these characteristics of exosomes make them helpful in identifying and treating
central nervous system disorders.

Exosomes can deliver bioactive substances through a variety of pathways and safely
and efficiently transfer bioactive substances to participate in cell metabolisms, such as
tissue repair [27], immune regulation [28], and tumor therapy [29]. Exosomes can carry
genetic material, have stable lipid membrane structure, and are widely distributed in body
fluids and other essential characteristics of delivery carriers. These have gradually become
an important direction of disease research as therapeutic carriers. The complex blood–brain
barrier (BBB) exists in the central nervous system, which means the treatment of its diseases
has certain limitations [30]. To some extent, the brain is shielded by a semipermeable
but highly selective barrier called the blood–brain barrier. However, some therapeutic
medications have trouble crossing the blood–brain barrier [31]. Exosomes’ delivery carrier
benefits allow them to traverse the blood–brain barrier with their cargo. Consequently, it is
imperative to research medicine delivery based on exosomes [32,33]. The efficiency with
which exosomes transport nucleic acids, enzymes, and small molecule medications can be
enhanced by studying their absorption mechanism in cells.

Recent research has shown that exosomes can be helpful in both the diagnosis and
treatment of central nervous system disorders. Examples of uses for detecting synuclein in
blood exosomes include aiding in differentiating PD and MSA and identifying potential
therapeutic targets [34]. GAP43, grain, SNAP25, and synaptotagmin 1 are neuro exosomal
synaptic proteins in the blood that are valuable biomarkers for detecting AD 5–7 years
earlier cognitive problems [35]. Stroke and nerve injuries can be treated with isolated
exosomes alone [36]. Exosomes have been the focus of intensive study due to their potential
as biomarkers and therapies for neurological diseases. This article thoroughly overviews
the most recent research on exosomes and several severe neurological diseases. We also
discuss how exosomes could be used to deliver medications to specific brain parts and treat
neurological problems.

2. Origin and Biogenesis of Exosomes

The biosynthesis of exosomes begins with the invagination of the plasma membrane
(PM), which forms the early endosome and then gradually matures into the late endosome.
At later stages, endosomal membranes germinate inward to produce multivesicular bodies
(MVBS) and intraluminal vesicles (ILVs). In this process, nucleic acids and proteins are
encapsulated in exosomes [37,38]. When MVB fuses with PM, ILVs are free outside the
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cell, namely exosomes [39,40] (Figure 1). The primary elements of exosomes include lipids,
proteins (including mRNA, miRNA, lncRNA, and circRNA), and RNA (including enzymes,
heat shock proteins, transcription factors, and tetraglycoproteins) (Figure 1). There are
several databases dedicated to exosomes, such as Vesiclepedia, ExoCarta, and exoRBase.
Databases like this provide much knowledge about exosomal proteins, lipids, and RNA.
However, whereas all exosomes share some exosome components, others are present only
in those released by certain types of cells [41]. Exosomes also affect the transcription
process of recipient cells by carrying different types of nucleic acids and participate in a
regulatory role in cell-to-cell signal communication, organ development, and physiological
function [42,43]. Exosomes have many proteins and nucleic acids, laying the foundation
for their engineering transformation.
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Figure 1. Exosome structure, biogenesis, and secretion.

Figure 1 illustrates exosome biogenesis. Endosomes and MVB contribute to the forma-
tion of exosomes, which are ILVs; four transmembrane proteins and the ESCRT complex
play a role in the maturation of exosomes. When MVB fuses to the plasma membrane, it
triggers the release of ILVs, also known as “exosomes”, which are mediated by various
Rab proteins (Published in open access Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International License [44]).

3. Subtypes and Classification of Extracellular Vesicles (Evs)

The recommendations made at MISEV2018 allow the use of the generic term “EV” and
describe physical characteristics (such as size and density), biochemical elements (such as
the composition of surface proteins and lipids), and cell state/origin cells. Although there
is still no agreement on how to distinguish the physical or biochemical characteristics of
different subtypes, this is the case, making accurate EV classification extremely challenging
(e.g., podocyte EV vs. hypoxic EV) [45]. In situations where the identities of EVs cannot
be verified with perfect certainty, the term “extracellular particle” is recommended to
prevent misunderstanding. The three main types of released vesicles that make up EVs
are exosomes, which are produced by endosomes and have a size range of 30 to 100 nm;
plasma membrane-derived “microparticles,” also known as ectosomes, microvesicles, or
shedding vesicles and apoptotic bodies, which are produced by dying cells and have a
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size range of 200 to 5000 nm [46,47]. Although exosomes are created when the plasma
membrane merges with multi-vesicular bodies (MVBs) that develop from the invagination
of the late endosomal membrane to form intraluminal vesicles, microparticles are produced
by the plasma membrane bursting outward (ILVs). However, the astounding range in EV
size, form, and freight challenge this traditional way of categorization.

Large oncosomes, which can be anywhere from one to ten micrometers in length, are
secreted by malignant cells and carry oncogenic material [48,49]. Exophers, which are
around four micrometers in length, contain protein clusters and organelles. Migrasomes,
which are greater than one micrometer in length, are secreted during migracytosis, which
is a cell migration-dependent process of vesicular secretion. Within EV isolates, all three
atypically big EV subtypes have been seen. The detection of exomeres, which are smaller
EV isolates, has also been made possible by the application of asymmetric flow field-flow
fractionation [50]. Exomeres are tiny, non-vesicular populations that are morphologically,
physiologically, and biochemically distinct from exosomes (50 nm or less in size). Although
the details of their composition are still unknown, the finding demonstrates that they are not
vesicles with a lipid membrane, but rather a collection of molecules with a different protein,
N-glycosylation, lipids, RNA, and DNA profiles. Exomeres have different biodistribution
patterns than exosomes, and they are enriched in proteins that are important for metabolism.
Supermeres are a group of extracellular nanoparticles that were only recently found in the
exomere supernatant. Unlike other exomere-associated nanoparticles, these supermeres
differ from them in terms of morphology and chemical structure. Supermeres include a
large number of enzyme complexes, transport more extracellular RNA, and also have a
high rate of cellular absorption compared to small-EVs and exomeres [51].

4. Exosomes’ Neuroprotective Properties

These vesicle-producing cells include exosomes. Exosome production and composition
provide clues about the viability of the cells they came from. Exosomes also give cells
a way to change the ECM’s molecular makeup and functionality [52,53]. Additionally,
exosomes communicate molecules and signals across intercellular vesicle traffic routes,
causing paracrine or distal CNS effects that are local. Exosome makeup and cellular
state-mediated reactions can affect how a disease develops or is suppressed.

Additionally, modified exosomes can deliver a variety of therapeutic loads, such
as immune modulators, antisense oligonucleotides, chemotherapeutic medicines, and
small interfering RNAs [54]. In this study, we focused on specific biological effects of
exosomes associated with CNS disorders, although these effects cover many physical
aspects. The exosomes secreted by neurons, glial cells, and other CNS cells help to create the
intricate web of interrelated data that serves as the system’s physiological and pathological
foundation [55]. Exosomes’ protective actions in CNS disorders include, among others [56],
the promotion of angiogenesis, regulation of immunity, inhibition of neuronal death, and
promotion of myelination and axonal development.

Improving Angiogenic Potential

Endothelial cells, neurons, adipose tissue, and immune cells are just a few of the
cell types from which exosomes are derived, all of which stimulate angiogenesis in their
unique ways (Table 1). Exosomes produced from endothelial cells increased angiogenesis
by secreting miR-214, downregulated ataxia telangiectasia mutant (ATM) expression in
other endothelial cells [57]. Exosomes secreted by adipose-derived mesenchymal stem cells
(MSCs) stimulate angiogenesis through two mechanisms: by suppressing DLL4 (Delta-
like ligand4) expression and by increasing apical cell formation [58]. Mesenchymal stem
cells (MSCs) isolated from human umbilical cords can trigger the Wnt4/-catenin pathway,
which in turn stimulates blood vessel growth [59]. Bone marrow mesenchymal stem
cells (BMSCs) secrete exosomes that start the nuclear factor-kappa B (NF-kB) course and
transport the transcription factor pSTAT3 [60,61]. Exosomes secreted by human placental-
derived mesenchymal stem cells (MSCs) induced angiogenesis-related gene expression
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and promoted endothelial tube production and migration [62]. Furthermore, an in vivo
investigation showed that infusion of PlaMSC-Exo might enhance angiogenesis in a mouse
auricle ischemia injury model [63]. Exosomes isolated from human UCB exhibited miR-21-
3p, stimulating fibroblast proliferation and migration and boosting endothelial angiogenic
activity in in vitro and in vivo investigations [64].

Table 1. Exosome-induced angiogenesis.

Exosome Origin Transition Downstream Route or Molecule Cells or Models Downstream References

molecule effect

Endothelial cell miR-214 ATM Endothelial cells − [57]

Adipose-derived MSCs miR-125a DLL4 Endothelial cells − [58]

MSC from umbilical cord NO Wnt4/β-catenin NAO + [59]

Bone-marrow MSCs pSTAT3 NF-κB NO + [60]

Human term PlaMSCs NA Angiogenesis-related gene In vivo murine auricle + [61]

Ischemic injury model

Human UCB miR-21-3p NO Fibroblasts, endothelial cells NO [64]

Induced vascular progenitor cells NO NO Rat hindlimb ischemia model NO [65]

Human EPC NO NO H/R induction NO [66]

Hypoxic-induced MSC NO NO NO NO [67]

Although exosome contents vary greatly depending on their point of origin, they
always share a plasma membrane-derived lipid bilayer and collection of endocytosis
amino acids and nucleic acids (DNA, RNA) (published in open access Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License [68]).

5. Carrier Characteristics and Engineering Modification Mechanism of Exosomes

Engineered exosomes include exosomes loaded with specific contents or surface
modified [69]. Natural exosomes have a low capacity to target, but manufactured exosomes
have a far better targeting ability [26]. Exosomes are characterized by their high transport
efficiency, low immunogenicity, strong biocompatibility, and capability of readily crossing
the blood–brain barrier. Based on exosomes’ natural lipid bilayer structure, exosomes are
engineered using specific surface molecules. This engineering strategy not only preserves
the intrinsic characteristics of exosomes, but more importantly, the engineered exosomes
can also effectively coat therapeutic drugs (Figure 2). Including loading miRNA [70],
curcumin (Cur) [71], and dopamine [72] and then targeting the big brain delivery.

Genetically engineered dendritic cells express the lysosomal-associated membrane
glycoprotein 2b (Lamp2b). The RVG peptide, targeted by the rabies virus glycoprotein
(RVG), causes vulnerable cells created through engineering to release exosomes containing
the RVG peptide [68,73] (FIG. 2). This RVG peptide can selectively target neurons and brain
endothelial cells by binding to the nicotinic acetylcholine receptor (nAChR) [74]. Notably,
exosomes modified by RVG peptide showed the targeting ability to cross the blood–brain
barrier when injected into mice. These findings will lay the foundation for studying
exosomes as delivery vehicles across the BBB based on nucleic acid and protein therapies.

Exosome-producing cells were transfected with the pcDNA GNSTM-3- RVG-10-
Lamp2b-HA vector [75], which led to the creation of engineered cells with RVG and
GNSTM peptides on their surfaces and the collection of these designed exosomes. Then,
via continuous extrusion, exosomes were created that were coated in gold nanoparticles
(AuNPs) [76]. According to the findings, surface-modified exosomes on AuNPs demon-
strated more BBB penetration than total exosomes [77]. This research could hasten the
creation of generic design guidelines for AuNP surface changes across the BBB and offer
brand-new treatment options for neurological disorders.
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6. CNS Cell-Release Exosomes and Their Potentially Bidirectional Pathway

Exosomes may promote neurodegeneration and neuroinflammatory processes in the
central nervous system (CNS). But they might also be active protective components crucial
for average CNS growth and function [78,79]. Increased quantities of microglial exosomes
have been seen in AD patients, and exosomes produced by oligodendroglioma cells are
neurotoxic [80]. Exosomes are released by various cell types, including those in the nervous
system (Figure 3), including neurons, microglia, neural stem cells, hepatocytes, and neuro
embryonic stem cells [81,82]. It makes sense considering exosome function in both normal
and pathological central nervous system states. It is intriguing to consider the possibility
that these exosomes can cross the BBB, etc., and the blood barrier and go from the CNS to
the peripheral to the SNC in both normal and pathological conditions.

Exosomes are small vesicles that can travel through the bloodstream and trigger
the malignant transformation of normal cells [83]. Malignant glioma cells generate and
release exosomes into circulation, specifically initial tumors originating from the glial stem
or progenitor cells. Exosomes originating from glioblastoma (GBM) have been isolated
from patient blood, and their mRNA profiles have been compared to those of the primary
tumor cells using the immunomagnetic exosome RNA (iMER) analysis platform [84].
Exosomes transport misfolded proteins or proinflammatory chemicals as they circulate
in the blood and cerebral fluid in a variety of neurodegenerative diseases, including
frontotemporal dementia (FTD), amyotrophic lateral sclerosis (ALS), temporal atrophic
lateral sclerosis (FTD-ALS), Parkinson’s disease (PD), bovine dermopathy, and Alzheimer’s
disease (AD) [85–87]. The BBB can be bypassed by using a modified form of the rabies
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virus glycoprotein (RVG) to direct EVs to carry siRNA over the blood–brain barrier [88].
Blood-borne macrophages were genetically modified to transport nano-enzymes made
from antioxidant proteins [89]. Therapeutic proteins have been proven to traverse the BBB,
and exosome release is hypothesized to be one way macrophages deliver nano-masses
to their intended recipient cells [90]. Furthermore, it has been shown that EV absorption
by neurons in vitro (PC12 cells, a neuronal rat adrenal pheochromocytoma cell line) and
neurons and microglia in mice is more efficient than other traditional vector liposomes [91].
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7. Application of Exosome Vector Therapy in Central Nervous System Diseases
7.1. Exosomes as Drug Carriers

Stroke is a frequent neurological disorder that can affect any part of the brain or spinal
cord [93]. Neuronal apoptosis, oxidative stress, and the inflammatory response are crucial
pathogenic processes of ischemic brain injury [94]. Numerous biological actions of cur-
cumin include anti-inflammation, anti-oxidative stress, and anti-apoptosis [95]. However,
its clinical applicability is restricted because of its weak water solubility and unstable
metabolism in vivo. Exosomes can be wrapped in curcumin for brain delivery, improving
ischemic brain injury [96]. Scientists took macrophages as donor cells, co-incubated them
with 3 µg/mL curcumin at 37 ◦C for 24 h, and obtained macrophage exosomes loaded
with curcumin (Exo-Cur) by hypercentrifugation [97]. ExoCur can significantly reduce
the accumulation of reactive oxygen species (ROS) and maintain the integrity of BBB by
activating the expression of tight junction proteins such as occludin and claudin-5.

Scientists conjugated the functional ligand RGDyk cyclic peptide to the surface of
exosomes through the bioorthogonal reaction between the exosomes modified with cy-
clooctene and azide polypeptides [98]. After being loaded with curcumin, the functional
ligand RGdyK cyclic peptide could be targeted to the ischemic site of the stroke mouse
model, effectively inhibiting the inflammatory response and cell apoptosis in the lesion
area [99]. Researchers took mouse embryonic stem cells (mESC) as donor cells and incu-
bated them with curcumin for 15 min at room temperature, followed by rapid freeze-thaw
cycles of two to three times, and obtained mESC exosomes loaded with curcumin by ultra-
centrifugation [100]. Compared with the control group, exosomes loaded with curcumin
significantly increased the neurological function score, reduced the infarct volume, im-
proved the inflammatory response, and reduced astrogliosis and N-methyl-D-aspartate
receptor 1(N-methyl-D-aspartate receptor 1) in the stroke model group. Expression of
NMDAR1. In addition, exosomes loaded with curcumin can increase drug solubility, stabil-



Bioengineering 2023, 10, 51 8 of 20

ity, and bioavailability and inhibit lipopolysaccharide (LPS)-induced brain inflammation
caused by microglial activation [101]. After intranasal administration, microglia can also
take up exosomes loaded with gingerol, thereby reducing LPS-induced brain inflamma-
tion [102]. The experimental results of drug-loaded exosomes and intranasal delivery
routes offer hope for potential non-invasive treatment of stroke in the future.

The most prevalent neurodegenerative disease is Alzheimer’s (AD), distinguished by
the steady buildup of phosphorylated Tau protein [103]. According to one study], curcumin-
loaded exosomes from macrophages can prevent Tau phosphorylation by OA through the
Akt/GSK-3 signaling pathway, enhancing cognitive performance in AD mice [104]. This
work suggests that lymphocyte function-related antigen 1 (LFA-1) may also be inherited by
exosomes generated from macrophages. This protein facilitates exosome movement across
the BBB and improves curcumin’s capacity to traverse the BBB by interacting with intercel-
lular adhesion molecule-1 (ICAM-1). Quercetin (Que)-loaded plasma exosomes (Exo-Que)
increase brain Que targeting and medication bioavailability [105]. They also discovered
that Exo-Que prevented Tau cyclin-dependent kinase 5 (CDK5)-mediated phosphorylation,
reducing nerve fiber entanglement to enhance the mice used as an AD model’s cognitive
performance [105,106].

To treat brain tumors, exosomes can also be coated with paclitaxel and doxoru-
bicin [107,108]. Glioblastoma (GBM)-derived exosomes loaded with doxorubicin were
incubated with GBM at 37 ◦C for 4 h. Compared with doxorubicin alone, the treatment of
doxorubicin-loaded exosomes inhibited the proliferation of GBM more effectively [109].
This also indicates that GBM exosomes may have a homing effect and can be used as an
ideal carrier for delivering therapeutic drugs to propriocellular cells [110].

7.2. Exosomes as Protein Carriers

Exosomes can also be loaded with exogenous proteins for brain delivery, thereby
improving neuronal apoptosis after stroke. Pigment epithelial-derived factor (PEDF) is a
protein with many uses, including its ability to reduce inflammation, neutralize free radicals,
and protect nerve cells [111,112]. Researchers transfected adipose-derived mesenchymal
stem cells (ADSCs) with a PEDF overexpression vector and then obtained exosomes con-
taining PEDF with an exosome extraction kit [113]. After intraventricular injection, It was
found that PEDF carried by exosomes could regulate the expression level of autophagy-
related proteins and significantly improve the apoptosis of cerebral ischemic nerve cells.
It was mixed macrophage exosomes with brain-derived neurotrophic factor (BDNF) in
10 mmol/L phosphate buffer, loaded BDNF as a model protein into exosomes, and after
intravenous administration [90]. It has the ability to transport BDNF across the blood–brain
barrier, where it can reduce neuroinflammation. Researchers discovered that inflammation
in the brain amplified this effect of transmission. This study has significant ramifications
for using macrophage exosomes as nanocarriers to transport therapeutic proteins to the
brain to treat CNS disorders.

Macrophages were transfected with plasmid DNA encoding catalase and obtained
exosomes containing substances required for catalase synthesis (including DNA, mRNA,
transcription factors, or catalase protein) [114]. These contents can be efficiently trans-
ferred to neurons by exosomes and play a neuroprotective role in Parkinson’s disease (PD)
model mice. This study demonstrates that exosomes are an efficient delivery system for
proteins and genetic material to target cells. Later, mouse macrophages were used as donor
cells to isolate and purify exosomes by hypercentrifugation and evaluated four methods
of exosome loading catalase: incubation at room temperature, freeze-thaw cycle, ultra-
sonic treatment, and continuous extrusion [115]. The catalase-loaded exosomes were then
separated by gel filtration chromatography. Intranasal administration of these exosomes
loaded with catalase significantly reduced the proliferation of microglia and astrocytes
in the mouse brain and promoted the survival of neurons in the PD model mice. This
study shows that exosomes are effective carriers of therapeutic protein catalase. Catalase is
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encapsulated in exosomes, which can retain its bioactivity for a long time, prolong its blood
circulation time, and reduce its immunogenicity, thus improving the therapeutic effect.

7.3. Exosomes as Nucleic acid Carriers

In central nervous system diseases, using exogenous exosomes such as stem cell-
derived exosomes, carrying genetic material, especially microRNA, can improve the apop-
tosis process of neural cells after stroke. Mesenchymal stromal cells (MSC-EXOs) transport
miR-17-92, which promotes neurogenesis and reduces neuronal death by activating the
PI3K/protein kinase B/rapamycin/glycogen synthase kinase 3 signaling pathway [116,117].
miR-29b-3p carried by MSC-EXO can also improve angiogenesis and neuronal apoptosis in
stroke model rats by activating the PTEN-mediated Akt signaling pathway [118]. It was
found that exosomes fused with RVG peptide and Lamp2b could effectively deliver miR-
124 to the ischemic brain site and promote neurogenesis in ischemic brain tissue [119]. This
study suggests that work exosomes may be the best candidate for transporting gene drugs
to treat stroke. it was found that the engineered exosomes as delivery vectors could prevent
miRNA degradation and improve stroke symptoms [120]. The team loaded the exosomes
modified by RGDyk cyclic peptide with miR-210 and injected them through the tail vein.
They could target the ischemic brain tissue of mice. Furthermore, the expression of vascular
endothelial growth factor (VEGF) and angiogenesis in the lesion area was enhanced. In
addition, exosomes modified by miR-133b can significantly inhibit the expression of RhoA
and activate the ERK1/2 -CREB signaling pathway after intracerebral hemorrhage (ICH)
stroke, thus playing a neuroprotective role [121].

Exosomes released from microglia can transport miR-146a-5p to neurons, where it
can then downregulate its synaptic targets and alleviate neuroinflammation [122,123].
Exosomes modified with RVG peptide were injected through the tail vein to deliver miR-
193b-3p into the brains of subarachnoid hemorrhage (SAH) mice [124]. It can inhibit the
expression of histone deacetylase 3 (HDAC3) after SAH and promote the acetylation of
NF-κB p65 to reduce neuroinflammation. This study provides a new strategy for delivering
miRNA from exosomes to treat SAH.

In the treatment of neurodegenerative diseases, injected exosomes carrying miR-
29b into the hippocampus of AD rat models, which could improve AD animals’ spatial
learning and memory ability by reducing the expression levels of target genes NAV3 and
BIM [125]. By surface electroporation, BACE1 siRNA was loaded into exosomes, and then
intravenously administered to AD model mice, where it suppressed BACE1 mRNA and
protein expression and, in turn, reduced amyloid-beta (A) peptide synthesis in AD mice. As
a protective measure, RVG peptide-modified exosomes can reduce alpha-synuclein (-Syn)
mRNA and protein levels in PD model mice by delivering siRNA to brain tissue [126]. In
addition, exosomes loaded with short hairpin RNA micro circle (shRNA-MC) can deliver
the contents to the brain tissue of PD model mice after injection through the tail vein.
Furthermore, α-Syn aggregation level and dopaminergic neuron loss are reduced [127].

MiR-133b-carrying MSC-EXO have been shown to suppress the promoter of the Zeste
2 (EZH2) gene, consequently reducing GBM proliferation, penetration, and migration
during tumor therapy [128]. ArfGAP’s GTPase domain, ankyrin repeat, and PH domain
2 can all be repressed by miR-199a that is transported in exosomes (ArfGAP with GTPase
domain, ankyrin repeat, and PH domain 2) control of glioma by AGAP2 [129]. The payload
also contains miR-146b-5p. Glial cells are susceptible to having their expression of the
epidermal growth factor receptor (EGFR) suppressed by exosome 1655 because of the RNA
binding ability of this particle. Additionally, glioma malignancy and aggressiveness can
be lessened [130]. Some studies also found that the expression of miR-1 in exosomes is
reduced during the growth and invasion of GBM, which promotes the growth and invasion
of GBM [131]. Therefore, further research based on microRNA carried by exosomes may
help find new strategies for treating brain tumors.
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8. Exosome in the Diagnosis and Treatment of Different CNS Diseases

As research into exosomes has progressed, exosomal drug carriers have been the
subject of a number of preclinical research on animal models of CNS diseases to determine
their efficacy and pave the way for their eventual clinical translation.

8.1. Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurological ailment that predominantly manifests itself
in the form of cognitive dysfunction and memory loss [132,133]. Drugs now on the market
relieve symptoms, but there are no cures. Alzheimer’s disease (AD) pathology is character-
ized by neuronal cell death, loss of synapses, neurotoxicity, and brain damage. Neurogenic
fibrillary tangles (NFT), which are made up of amyloid (A) plaques and improperly phos-
phorylated tau protein (p-tau), are another characteristic of AD pathology [134,135]. Since
exosomes are packed with proteins, RNAs, and other biomolecules, they can serve as a
go-between for messages sent between cells [136]. This means that exosomes are highly
effective RNA carriers [137,138]. Many RNA medicines are in common use, and one of
their effects is gene silencing [139,140]. One example is small interfering RNAs (siRNAs).
Technology for delivering siRNAs has improved quickly in recent years, although extra-
hepatic and, in particular, brain-targeted delivery are still in the testing phase. The first
attempt at employing exosomes as vehicles for siRNA delivery for intracerebral admin-
istration was carried out by the authors of [73,141]. In order to reduce immunogenicity,
exosomes produced from the study participants’ own dendritic cells were modified with
RVG neuro-targeting peptides. Therapeutic target BACE1 in Alzheimer’s disease (AD) was
successfully knocked down in mice by carefully chosen small interfering RNAs (siRNAs).

8.2. Huntington’s Disease

Many members of the same family can be affected by the neurological condition
known as Huntington’s disease (HD) [142]. Neurons begin to die as a result of abnormal
Huntington’s proteins that are produced abnormally by Huntington’s genes, which are also
known as disease-causing genes [143]. Therefore, silencing this gene could be used as a
treatment for HD. When siRNA was treated with exosomes, a common method for siRNA
transport sterically changed the siRNA to boost its loading efficacy [144]. If exosomes
containing siRNA were injected unilaterally into the striatum of mice, the siRNA would
diffuse to the opposite striatum. They brought it to the brain’s neurons, where it caused a
dose-dependent reduction in Huntingtin mRNA and protein.

8.3. Brain Tumor

About 40% to 50% of all primary intracranial tumors are gliomas, making them the
most prevalent type of brain tumor. The prognosis is dismal and there is a significant
mortality rate for gliomas [145]. The inability of currently available medications to cross the
BBB and build significant local concentrations of drugs at the tumor site is a major factor in
the failure to achieve the desired therapeutic effect. Glioma treatment has benefited greatly
from exosomes due to their capability to transport drugs across the blood–brain barrier.
Recent research has modified exosomes with peptide transactivators and Angiopep-2, for
instance. By transporting doxorubicin over the blood–brain barrier, it not only doubled
the survival rate of mice with glioma but also considerably mitigated the drug’s harmful
effects [146]. Electroporation was used to load exosomes with both SPIONs and curcumin
(MRI contrast agents). Finally, they used click chemistry to add peptides that specifically
target gliomas to the exosomes, demonstrating a synergistic effect against the tumors.

8.4. Parkinson’s Disease

Parkinson’s disease, often known as PD, is a neurodegenerative disorder that affects
a sizable fraction of the global population. PD is characterized by the degenerative loss
of dopaminergic (DA) neurons [147,148]. It has been demonstrated that catalase protects
neurons. This leads to investigating several strategies for transporting catalase via exosomes
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from RAW264.7 cells. Exosomes containing catalase were used by neurons in the brain
and microglia of PD animals after being administered intranasally, and they showed
strong neuroprotective benefits. Similar results were seen when it was transfected HEK-
293T cells with a plasmid carrying both peroxidase mRNA and RVG [149]. Exosomes
containing peroxidase mRNA were created in vivo by the cells, injected subcutaneously,
and transported to the brain, where they reduced neurotoxicity and neuroinflammation
induced by PD. Besides the aforementioned methods, dopamine is also utilized to treat PD;
however, there are difficulties with dopamine reaching the brain. To alleviate PD mouse
symptoms, dopamine was encapsulated in blood exosomes and successfully injected
intravenously into the brain regions striatum and substantia nigra.

8.5. Stroke

Both ischemic and hemorrhagic stroke, which include blood artery rupture or oc-
clusion, are collectively referred to as stroke [150,151]. An estimated 152 million people
worldwide are living with this neurological disorder [152]. A significant contributing
factor to hemorrhagic stroke is subarachnoid hemorrhage. The inflammatory response was
reduced by inhibiting HDAC3 with the use of exosomes that were injected intravenously
into mice brains [124]. Last but not least, neurobehavioral abnormalities, cerebral edema,
BBB damage, and neurodegeneration were all improved.

Ischemic stroke, which is more common than its hemorrhagic counterpart [153], re-
sults from a constriction or closure of a cerebral artery. Many microRNAs (miRNAs) have
been shown to have therapeutic promise in a range of central nervous system (CNS) dis-
eases [154], and miRNAs themselves play a role in regulating CNS development, evidenced
by brain restoration and suppression of neuroinflammation [155], MSC-exosomes have
proven effective in the treatment of a wide range of neurological diseases [156,157]. As a re-
sult, MSC-exosome-encapsulated miRNAs have been investigated as potential therapeutic
agents for treating ischemic strokes in a number of studies [116,158].

Curcumin is a polyphenolic molecule found in nature that has been shown to have
strong anti-inflammatory effects [159]. Co-incubation allowed curcumin to penetrate the
exosomes that had been linked to RGD peptides by bioorthogonal chemistry. Following
intravenous administration, drug-loaded exosomes localized to the brain, where it inhibited
the inflammatory process and apoptosis in regions affected by ischemic brain damage.
Exosomes from rat macrophage RAW264.7 were loaded with curcumin to take advantage
of their targeted migratory potential, as opposed to effector brain targeting of exosomes.
When the exosomes were administered intravenously, they made their way to the brain,
where they shielded neurons from harm by limiting the release of reactive oxygen species
(ROS) by protecting the blood–brain barrier (BBB). The exosomes released by mouse ESCs
have been shown to bind curcumin, suggesting that this compound could be used to
treat stroke.

Coating exosomes with active chemicals like curcumin and miRNAs could make
them more effective therapeutic tools for treating strokes. Other active substances such
as circSCMH1, pigment epithelium-derived factor (PEDF), and recombinant human NGF
mRNA are also potential for coating with exosomes [113].

8.6. Alternate Disorders of the Brain: Viruses and Drug Addiction Issue

When the drug ceases activating the central nervous system, a cascade of withdrawal
symptoms begins that can have devastating effects on both the addict and society as a
whole. However, the number of therapies is extremely constrained [160]. Opioids, for
example, have their analgesic and addictive actions mediated via MOR receptors.

Multiple methods allow viruses to enter an organism and spread throughout the host
cells. The ZIKA virus, for example, can infect the central nervous system by crossing
the placenta and the BBB to reach the developing brain of the fetus, where it can cause
microcephaly. When injected into the mother’s bloodstream, the RVG-modified exosome
generated from HEK 293T cells expressing ZIKV-specific siRNA was able to reach the fetal
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mice, penetrate the placental barrier, and target the brain, protecting the animals against
ZIKV infection and reducing neuroinflammation.

In conclusion, exosomes have seen extensive application as central nervous system
medication delivery agents. They are capable of carrying a variety of medicinal chemicals,
such as proteins, nucleic acids, and tiny molecule substances. The treatment of neurode-
generative disorders, neuroinflammatory disorders, brain malignancies, and brain viral
infections have all shown promising outcomes when using exosomal drug delivery meth-
ods. This is highly encouraging for further investigation and application of exosomes as
drug-delivery agents for the treatment of CNS disorders. Table 2 summarizes the research
on exosomal medication delivery methods for CNS disorders.

Table 2. Preclinical research on the use of exosomes as DDS in the treatment of CNS disorders.

Disease Therapeutic
Molecule Donor Cell Modification

Strategy
Drug Loading

Method Administration Route Animal Targeted Cells Ref.

Alzheimer’s
disease BACE1 siRNA self-derived

dendritic cells Lamp2b-RVG electroporation intravenous Mice neurons,
microglia [73]

Parkinson’s
disease

a-Syn siRNA primary
dendritic cells Lamp2b-RVG electroporation intravenous Mice unknown [126]

aptamer F5R1 HEK-293T cells Lamp2b-RVG co-incubation intraperitoneal Mice microglia,
neurons [161]

catalase RAW264.7 None sonication
orextrusion intranasal Mice neurons and

microglia [115]

Huntington’s
disease hsiRNAHTT glioblastoma U87

cells co-incubation None Unilateral
brain infusion Mice neurons [162]

Stroke

curcumin RAW264.7 None co-incubation intravenous Rats
neurons and
endothelium

cells
[97]

curcumin

mouse
embryonic
stem cells
(MESCs)

None co-incubation intranasal Mice astrocytes and
neurons

[100]

recombinant
human NGF

mRN
HEK-293T cells Lamp2b-RVG transfection intravenous Mice microglia,

neurons [163]

PEDF stem cells
(ADSCs) None transfection intravenous Rats unknown [113]

circ SCMH1 HEK-293T cells Lamp2b-RVG transfection intravenous
Mice and

rhesus
monkeys

microglia,
neurons,

and astrocytes
[164]

Brain tumor
doxorubicin brain endothelial

cell (bEND.3) None co-incubation intravenous Zebrafishes unknown [108]

SPIONs RAW264.7 RGE-peptide electroporation intravenous Mice glioma [165]

ZIKV infection ZIKV-specific
siRNA HEK-293T cells Lamp2b-RVG electroporation intravenous Mice microglia,

neurons [166]

Morphine
addiction Mu (MOR) siRN HEK-293T cells Lamp2b-RVG transfection intravenous Mice neuro2A [167]

9. Conclusions

The most recent database (http://www.exocarta.org, accessed on 23 September 2022)
shows that exosomes contain 9769 proteins, 2838 microRNAs, and 3408 mRNAs. Given
their voluminous contents, exosomes are increasingly being recognized for their crucial
roles in cellular communication, disease pathogenesis, and therapeutic intervention. It
sheds light on the potential of exosomes as medication delivery mechanisms in the central
nervous system.

As an alternative to synthetic nanoparticles, exosomes have several advantages when
it comes to delivering drugs to the brain. These qualities include being able to pass the
blood–brain barrier, being non-toxic, having a large payload-carrying capacity, being
protective, and having low immunogenicity [101,168,169]. Exosome surface engineering
has frequently sought to improve the efficacy of exosome entry into the central nervous
system. It can improve therapeutic efficacy by increasing local medication concentration at
the lesion site while decreasing harmful side effects. Nonetheless, the method by which
modified exosomes improve the efficiency with which they target the central nervous
system and the stability of their structure and function are still largely unknown. More
study is required to improve the reliability, safety, and uniformity of such approaches.

http://www.exocarta.org
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Nucleic acids (mRNAs, miRNAs, shRNAs, siRNAs, etc.), small molecule medicines
(dopamine, doxorubicin), natural components (paclitaxel, curcumin, resveratrol), and par-
ticular proteins can all be found in exosomes (pigment epithelium-derived factor, catalase).
There are a variety of pre- and post-exosome-secretion loading strategies for therapeutic
medicines and exosomes. There have been experiments using electroporation, extrusion,
sonication, electroporation with co-incubation, genetic editing, and repeated freezing and
thawing. Therefore, it is important to learn more about the processes involved in exosome
internalization so that we can choose the most effective drug-loading strategies for various
therapeutic compounds. Exosomes that contain the aforementioned therapeutic substances
have shown promise in the treatment of a number of central nervous system (CNS) dis-
orders, including cancer, multiple sclerosis, degenerative diseases, brain or spinal cord
injuries, drug addiction, strokes, and viral infections. However, more mechanistic research
is needed, and improvements can be made to exosome extraction and purification before
exosomes can fully live up to their potential as a CNS drug delivery method.

The practical application of exosomes as a mechanism for drug transport to the central
nervous system is influenced by multiple factors, including adjustments to the engineering,
route of administration, type of therapeutic molecule, and encapsulation mode. More
research into the current problem, a better understanding of the unknown mechanism, and
the full use of its clinical potential will help the vast majority of patients with CNS disease.

Author Contributions: S.U.K. wrote the manuscript. M.I.K. and M.U.K. checked the manuscript for
errors and downloaded all the manuscripts. N.M.K. made the mechanism diagrams. S.B. and S.S.u.H.
managed the entire manuscript and supervised the work. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors thank the University of Oradea, Oradea, Romania, for financial
support in publishing this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fan, Y.; Chen, Z.; Zhang, M. Role of exosomes in the pathogenesis, diagnosis, and treatment of central nervous system diseases. J.

Transl. Med. 2022, 20, 291. [CrossRef] [PubMed]
2. Naval, N.; Chandolu, S.; Mirski, M. Organ failure: Central nervous system. In Seminars in Respiratory and Critical Care Medicine;

Thieme Medical Publishers: New York, NY, USA, 2011; pp. 587–597.
3. Zhou, X.; Smith, Q.R.; Liu, X. Brain penetrating peptides and peptide–drug conjugates to overcome the blood–brain barrier and

target CNS diseases. WIREs Nanomed. Nanobiotechnol. 2021, 13, e1695. [CrossRef] [PubMed]
4. Lopes, J.; Leuraud, K.; Klokov, D.; Durand, C.; Bernier, M.-O.; Baudin, C. Risk of Developing Non-Cancerous Central Nervous

System Diseases Due to Ionizing Radiation Exposure during Adulthood: Systematic Review and Meta-Analyses. Brain Sci. 2022,
12, 984. [CrossRef] [PubMed]

5. Shukla, N.; Lotze, T.; Muscal, E. Inflammatory diseases of the central nervous system. Neurol. Clin. 2021, 39, 811–828. [CrossRef]
[PubMed]

6. Ruivo, C.f.; Adem, B.; Silva, M.; Melo, S.A. The biology of cancer exosomes: Insights and new perspectives. Cancer Res. 2017, 77,
6480–6488. [CrossRef]

7. Wildner, P.; Stasiołek, M.; Matysiak, M. Differential diagnosis of multiple sclerosis and other inflammatory CNS diseases. Mult.
Scler. Relat. Disord. 2019, 37, 101452. [CrossRef]

8. Piguet, F.; de Saint Denis, T.; Audouard, E.; Beccaria, K.; André, A.; Wurtz, G.; Schatz, R.; Alves, S.; Sevin, C.; Zerah, M. The
challenge of gene therapy for neurological diseases: Strategies and tools to achieve efficient delivery to the central nervous system.
Hum. Gene Ther. 2021, 32, 349–374. [CrossRef]

9. JSamal, J.; Rebelo, A.L.; Pandit, A. A window into the brain: Tools to assess pre-clinical efficacy of biomaterials-based therapies
on central nervous system disorders. Adv. Drug Deliv. Rev. 2019, 148, 68–145.

10. Terstappen, G.C.; Meyer, A.H.; Bell, R.D.; Zhang, W. Strategies for delivering therapeutics across the blood–brain barrier. Nat.
Rev. Drug Discov. 2021, 20, 362–383. [CrossRef]

11. Cheng, G.; Liu, Y.; Ma, R.; Cheng, G.; Guan, Y.; Chen, X.; Wu, Z.; Chen, T. Anti-Parkinsonian Therapy: Strategies for Crossing the
Blood–Brain Barrier and Nano-Biological Effects of Nanomaterials. Nano-Micro Lett. 2022, 14, 105. [CrossRef]

12. Alzate-Correa, D.; Lawrence, W.R.; Salazar-Puerta, A.; Higuita-Castro, N.; Gallego-Perez, D. Nanotechnology-Driven Cell-Based
Therapies in Regenerative Medicine. AAPS J. 2022, 24, 43. [CrossRef]

http://doi.org/10.1186/s12967-022-03493-6
http://www.ncbi.nlm.nih.gov/pubmed/35761337
http://doi.org/10.1002/wnan.1695
http://www.ncbi.nlm.nih.gov/pubmed/33470550
http://doi.org/10.3390/brainsci12080984
http://www.ncbi.nlm.nih.gov/pubmed/35892428
http://doi.org/10.1016/j.ncl.2021.04.004
http://www.ncbi.nlm.nih.gov/pubmed/34215388
http://doi.org/10.1158/0008-5472.CAN-17-0994
http://doi.org/10.1016/j.msard.2019.101452
http://doi.org/10.1089/hum.2020.105
http://doi.org/10.1038/s41573-021-00139-y
http://doi.org/10.1007/s40820-022-00847-z
http://doi.org/10.1208/s12248-022-00692-3


Bioengineering 2023, 10, 51 14 of 20

13. Khan, M.I.; Batool, F.; Ali, R.; Zahra, Q.U.A.; Wang, W.; Li, S.; Wang, G.; Liu, L.; Khan, S.U.; Mansoor, M.; et al. Tailoring
radiotherapies and nanotechnology for targeted treatment of solid tumors. Co-ord. Chem. Rev. 2022, 472, 214757. [CrossRef]

14. Nichols, E.; Szoeke, C.E.; Vollset, S.E.; Abbasi, N.; Abd-Allah, F.; Abdela, J.; Aichour, M.T.; Akinyemi, R.O.; Alahdab, F.; Asgedom,
S.W.; et al. Asgedom, Global, regional, and national burden of Alzheimer’s disease and other dementias, 1990–2016: A systematic
analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 2019, 18, 88–106. [CrossRef]

15. Dang, X.T.T.; Kavishka, J.M.; Zhang, D.X.; Pirisinu, M.; Le, M.T.N. Extracellular Vesicles as an Efficient and Versatile System for
Drug Delivery. Cells 2020, 9, 2191. [CrossRef]

16. de Castilla, P.E.M.; Tong, L.; Huang, C.; Sofias, A.M.; Pastorin, G.; Chen, X.; Storm, G.; Schiffelers, R.M.; Wang, J.-W. Extracellular
vesicles as a drug delivery system: A systematic review of preclinical studies. Adv. Drug Deliv. Rev. 2021, 175, 113801. [CrossRef]
[PubMed]

17. Chen, W.; Yao, S.; Wan, J.; Tian, Y.; Huang, L.; Wang, S.; Akter, F.; Wu, Y.; Yao, Y.; Zhang, X. BBB-crossing adeno-associated virus
vector: An excellent gene delivery tool for CNS disease treatment. J. Control. Release 2021, 333, 129–138. [CrossRef] [PubMed]

18. Castro, F.; Martins, C.; Silveira, M.J.; Moura, R.P.; Pereira, C.L.; Sarmento, B. Advances on erythrocyte-mimicking nanovehicles to
overcome barriers in biological microenvironments. Adv. Drug Deliv. Rev. 2020, 170, 312–339. [CrossRef] [PubMed]

19. Mendanha, D.; de Castro, J.V.; Ferreira, H.; Neves, N. Biomimetic and cell-based nanocarriers—New strategies for brain tumor
targeting. J. Control. Release 2021, 337, 482–493. [CrossRef]

20. Akhtar, A.; Andleeb, A.; Waris, T.S.; Bazzar, M.; Moradi, A.-R.; Awan, N.R.; Yar, M. Neurodegenerative diseases and effective
drug delivery: A review of challenges and novel therapeutics. J. Control. Release 2020, 330, 1152–1167. [CrossRef]

21. Nash, A.; Aghlara-Fotovat, S.; Hernandez, A.; Scull, C.; Veiseh, O. Clinical translation of immunomodulatory therapeutics. Adv.
Drug Deliv. Rev. 2021, 176, 113896. [CrossRef]

22. Ke, W.; Afonin, K.A. Exosomes as natural delivery carriers for programmable therapeutic nucleic acid nanoparticles (NANPs).
Adv. Drug Deliv. Rev. 2021, 176, 113835. [CrossRef] [PubMed]

23. Khan, S.U.; Khan, M.U.; Gao, Y.; Khan, M.I.; Puswal, S.M.; Zubair, M.; Farwa, R.; Gao, S.; Ali, R.; Hussain, N. Unique therapeutic
potentialities of exosomes based nanodrug carriers to target tumor microenvironment in cancer therapy. Opennano 2022, 8, 100091.
[CrossRef]

24. Sun, K.; Zheng, X.; Jin, H.; Yu, F.; Zhao, W. Exosomes as CNS Drug Delivery Tools and Their Applications. Pharmaceutics 2022, 14,
2252. [CrossRef] [PubMed]

25. Yang, Z.; Shi, J.; Xie, J.; Wang, Y.; Sun, J.; Liu, T.; Zhao, Y.; Zhao, X.; Wang, X.; Ma, Y. Large-scale generation of functional
mRNA-encapsulating exosomes via cellular nanoporation. Nat. Biomed. Eng. 2022, 4, 69–83. [CrossRef]

26. Salunkhe, S.; Dheeraj; Basak, M.; Chitkara, D.; Mittal, A. Surface functionalization of exosomes for target-specific delivery and
in vivo imaging & tracking: Strategies and significance. J. Control. Release 2020, 326, 599–614.

27. Newton, W.C.; Kim, J.W.; Luo, J.Z.Q.; Luo, L. Stem cell-derived exosomes: A novel vector for tissue repair and diabetic therapy.
J. Mol. Endocrinol. 2017, 59, R155–R165. [CrossRef]

28. Anel, A.; Gallego-Lleyda, A.; de Miguel, D.; Naval, J.; Martínez-Lostao, L. Role of exosomes in the regulation of T-cell mediated
immune responses and in autoimmune disease. Cells 2019, 8, 154. [CrossRef]

29. Masaoutis, C.; Mihailidou, C.; Tsourouflis, G.; Theocharis, S. Exosomes in lung cancer diagnosis and treatment. From the
translating research into future clinical practice. Biochimie 2018, 151, 27–36. [CrossRef]

30. Dong, X. Current Strategies for Brain Drug Delivery. Theranostics 2018, 8, 1481–1493. [CrossRef]
31. Thomsen, M.S.; Humle, N.; Hede, E.; Moos, T.; Burkhart, A.; Thomsen, L.B. The blood-brain barrier studied in vitro across species.

PLoS ONE 2021, 16, e0236770. [CrossRef]
32. Kumar, A.; Zhou, L.; Zhi, K.; Raji, B.; Pernell, S.; Tadrous, E.; Kodidela, S.; Nookala, A.; Kochat, H.; Kumar, S. Challenges in

Biomaterial-Based Drug Delivery Approach for the Treatment of Neurodegenerative Diseases: Opportunities for Extracellular
Vesicles. Int. J. Mol. Sci. 2020, 22, 138. [CrossRef] [PubMed]

33. Lei, J.; Dong, Y.; Hou, Q.; He, Y.; Lai, Y.; Liao, C.; Kawamura, Y.; Li, J.; Zhang, B. Intestinal Microbiota Regulate Certain Meat
Quality Parameters in Chicken. Front. Nutr. 2022, 9, 747705. [CrossRef] [PubMed]

34. Dutta, S.; Hornung, S.; Kruayatidee, A.; Maina, K.N.; del Rosario, I.; Paul, K.C.; Wong, D.Y.; Folle, A.D.; Markovic, D.; Palma,
J.-A.; et al. α-Synuclein in blood exosomes immunoprecipitated using neuronal and oligodendroglial markers distinguishes
Parkinson’s disease from multiple system atrophy. Acta Neuropathol. 2021, 142, 495–511. [CrossRef] [PubMed]

35. Jia, L.; Zhu, M.; Kong, C.; Pang, Y.; Zhang, H.; Qiu, Q.; Wei, C.; Tang, Y.; Wang, Q.; Li, Y.; et al. α-Synuclein in blood exosomes
imptomatic stage. Alzheimer’s Dement. 2021, 17, 49–60. [CrossRef]

36. Zhang, Z.G.; Buller, B.; Chopp, M. Exosomes—Beyond stem cells for restorative therapy in stroke and neurological injury. Nat.
Rev. Neurol. 2019, 15, 193–203. [CrossRef]

37. Beckler, M.D.; Higginbotham, J.N.; Franklin, J.L.; Ham, A.-J.; Halvey, P.J.; Imasuen, I.E.; Whitwell, C.; Li, M.; Liebler, D.C.; Coffey,
R.J. Proteomic Analysis of Exosomes from Mutant KRAS Colon Cancer Cells Identifies Intercellular Transfer of Mutant KRAS.
Mol. Cell. Proteom. 2013, 12, 343–355. [CrossRef]

38. Skog, J.; Würdinger, T.; Van Rijn, S.; Meijer, D.H.; Gainche, L.; Curry, W.T., Jr.; Carter, B.S.; Krichevsky, A.M.; Breakefield, X.O.
Glioblastoma microvesicles transport RNA and proteins that promote tumour growth and provide diagnostic biomarkers. Nat.
Cell Biol. 2008, 10, 1470–1476. [CrossRef]

39. Kowal, J.; Tkach, M.; Théry, C. Biogenesis and secretion of exosomes. Curr. Opin. Cell Biol. 2014, 29, 116–125. [CrossRef]

http://doi.org/10.1016/j.ccr.2022.214757
http://doi.org/10.1016/S1474-4422(18)30403-4
http://doi.org/10.3390/cells9102191
http://doi.org/10.1016/j.addr.2021.05.011
http://www.ncbi.nlm.nih.gov/pubmed/34015418
http://doi.org/10.1016/j.jconrel.2021.03.029
http://www.ncbi.nlm.nih.gov/pubmed/33775685
http://doi.org/10.1016/j.addr.2020.09.001
http://www.ncbi.nlm.nih.gov/pubmed/32946921
http://doi.org/10.1016/j.jconrel.2021.07.047
http://doi.org/10.1016/j.jconrel.2020.11.021
http://doi.org/10.1016/j.addr.2021.113896
http://doi.org/10.1016/j.addr.2021.113835
http://www.ncbi.nlm.nih.gov/pubmed/34144087
http://doi.org/10.1016/j.onano.2022.100091
http://doi.org/10.3390/pharmaceutics14102252
http://www.ncbi.nlm.nih.gov/pubmed/36297688
http://doi.org/10.1038/s41551-019-0485-1
http://doi.org/10.1530/JME-17-0080
http://doi.org/10.3390/cells8020154
http://doi.org/10.1016/j.biochi.2018.05.014
http://doi.org/10.7150/thno.21254
http://doi.org/10.1371/journal.pone.0236770
http://doi.org/10.3390/ijms22010138
http://www.ncbi.nlm.nih.gov/pubmed/33375558
http://doi.org/10.3389/fnut.2022.747705
http://www.ncbi.nlm.nih.gov/pubmed/35548562
http://doi.org/10.1007/s00401-021-02324-0
http://www.ncbi.nlm.nih.gov/pubmed/33991233
http://doi.org/10.1002/alz.12166
http://doi.org/10.1038/s41582-018-0126-4
http://doi.org/10.1074/mcp.M112.022806
http://doi.org/10.1038/ncb1800
http://doi.org/10.1016/j.ceb.2014.05.004


Bioengineering 2023, 10, 51 15 of 20

40. Rincón-Riveros, A.; Lopez, L.; Villegas, V.; Rodriguez, J.A. Regulation of Antitumor Immune Responses by Exosomes Derived
from Tumor and Immune Cells. Cancers 2021, 13, 847. [CrossRef]

41. Taylor, D.D.; Gercel-Taylor, C. Exosomes/microvesicles: Mediators of cancer-associated immunosuppressive microenvironments.
Semin. Immunopathol. 2011, 33, 441–454. [CrossRef]

42. Xia, X.; Wang, Y.; Huang, Y.; Zhang, H.; Lu, H.; Zheng, J.C. Exosomal miRNAs in central nervous system diseases: Biomarkers,
pathological mediators, protective factors and therapeutic agents. Prog. Neurobiol. 2019, 183, 101694. [CrossRef] [PubMed]

43. Zhang, X.; Qu, Y.-Y.; Liu, L.; Qiao, Y.-N.; Geng, H.-R.; Lin, Y.; Xu, W.; Cao, J.; Zhao, J.-Y. Homocysteine Inhibits Pro-Insulin
Receptor Cleavage and Causes Insulin Resistance via Protein Cysteine-Homocysteinylation. Cell Rep. 2021, 37, 109821. [CrossRef]
[PubMed]

44. Garcia-Contreras, M.; Brooks, R.W.; Boccuzzi, L.; Robbins, P.D.; Ricordi, C. Exosomes as biomarkers and therapeutic tools for type
1 diabetes mellitus. Eur. Rev. Med. Pharmacol. Sci. 2017, 21, 2940–2956. [PubMed]

45. Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.;
Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the
International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef]

46. Akers, J.C.; Gonda, D.; Kim, R.; Carter, B.S.; Chen, C.C. Biogenesis of extracellular vesicles (EV): Exosomes, microvesicles,
retrovirus-like vesicles, and apoptotic bodies. J. Neuro-Oncol. 2013, 113, 1–11. [CrossRef]

47. Anjum, K.; Shagufta, B.I.; Abbas, S.Q.; Patel, S.; Khan, I.; Shah, S.A.A.; Akhter, N.; Hassan, S.S. ul Current Status and Future
Therapeutic Perspectives of Glioblastoma Multiforme (GBM) Therapy: A Review. Biomed. Pharmacother. 2017, 92, 681–689.
[CrossRef] [PubMed]

48. Di Vizio, D.; Morello, M.; Dudley, A.C.; Schow, P.W.; Adam, R.M.; Morley, S.; Mulholland, D.; Rotinen, M.; Hager, M.H.; Insabato,
L.; et al. Large Oncosomes in Human Prostate Cancer Tissues and in the Circulation of Mice with Metastatic Disease. Am. J.
Pathol. 2012, 181, 1573–1584. [CrossRef] [PubMed]

49. Minciacchi, V.R.; Freeman, M.R.; Di Vizio, D. Extracellular Vesicles in Cancer: Exosomes, Microvesicles and the Emerging Role of
Large Oncosomes. Semin. Cell Dev. Biol. 2015, 40, 41–51. [CrossRef]

50. Zhang, H.; Freitas, D.; Kim, H.S.; Fabijanic, K.; Li, Z.; Chen, H.; Mark, M.T.; Molina, H.; Martin, A.B.; Bojmar, L.; et al. Identification
of distinct nanoparticles and subsets of extracellular vesicles by asymmetric flow field-flow fractionation. Nat. Cell Biol. 2018, 20,
332–343. [CrossRef]

51. Zhang, Q.; Jeppesen, D.K.; Higginbotham, J.N.; Graves-Deal, R.; Trinh, V.Q.; Ramirez, M.A.; Sohn, Y.; Neininger, A.C.; Taneja,
N.; McKinley, E.T.; et al. Supermeres are functional extracellular nanoparticles replete with disease biomarkers and therapeutic
targets. Nature 2021, 23, 1240–1254. [CrossRef]

52. Wang, X.-H.; Xu, S.; Zhou, X.-Y.; Zhao, R.; Lin, Y.; Cao, J.; Zang, W.-D.; Tao, H.; Xu, W.; Li, M.-Q.; et al. Low Chorionic Villous
Succinate Accumulation Associates with Recurrent Spontaneous Abortion Risk. Nat. Commun. 2021, 12, 3428. [CrossRef]

53. Suire, C.N.; Hade, M.D. Extracellular Vesicles in Type 1 Diabetes: A Versatile Tool. Bioengineering 2022, 9, 105. [CrossRef]
[PubMed]

54. Winkle, M.; El-Daly, S.M.; Fabbri, M.; Calin, G.A. Noncoding RNA therapeutics—Challenges and potential solutions. Nat. Rev.
Drug Discov. 2021, 20, 629–651. [CrossRef] [PubMed]

55. Holm, M.M.; Kaiser, J.; Schwab, M.E. Extracellular Vesicles: Multimodal Envoys in Neural Maintenance and Repair. Trends
Neurosci. 2018, 41, 360–372. [CrossRef]

56. Delpech, J.-C.; Herron, S.; Botros, M.B.; Ikezu, T. Neuroimmune Crosstalk through Extracellular Vesicles in Health and Disease.
Trends Neurosci. 2019, 42, 361–372. [CrossRef]

57. Van Balkom, B.W.M.; de Jong, O.; Smits, M.; Brummelman, J.; Ouden, K.D.; De Bree, P.M.; Van Eijndhoven, M.A.J.; Pegtel, D.M.;
Stoorvogel, W.; Würdinger, T.; et al. Endothelial cells require miR-214 to secrete exosomes that suppress senescence and induce
angiogenesis in human and mouse endothelial cells. Blood 2013, 121, 3997–4006. [CrossRef]

58. Liang, X.; Zhang, L.; Wang, S.; Han, Q.; Zhao, R.C. Exosomes secreted by mesenchymal stem cells promote endothelial cell
angiogenesis by transferring miR-125a. J. Cell Sci. 2016, 129, 2182–2189. [CrossRef]

59. Zhang, B.; Wu, X.; Zhang, X.; Sun, Y.; Yan, Y.; Shi, H.; Zhu, Y.; Wu, L.; Pan, Z.; Zhu, W. Human umbilical cord mesenchymal stem
cell exosomes enhance angiogenesis through the Wnt4/β-catenin pathway. Stem Cells Transl. Med. 2015, 4, 513–522. [CrossRef]
[PubMed]

60. Shabbir, A.; Cox, A.; Rodriguez-Menocal, L.; Salgado, M.; Van Badiavas, E. Mesenchymal Stem Cell Exosomes Induce Proliferation
and Migration of Normal and Chronic Wound Fibroblasts, and Enhance Angiogenesis In Vitro. Stem Cells Dev. 2015, 24, 1635–1647.
[CrossRef] [PubMed]

61. Duan, C.; Deng, H.; Xiao, S.; Xie, J.; Li, H.; Zhao, X.; Han, D.; Sun, X.; Lou, X.; Ye, C.; et al. Accelerate Gas Diffusion-Weighted
MRI for Lung Morphometry with Deep Learning. Eur. Radiol. 2022, 32, 702–713. [CrossRef]

62. Komaki, M.; Numata, Y.; Morioka, C.; Honda, I.; Tooi, M.; Yokoyama, N.; Ayame, H.; Iwasaki, K.; Taki, A.; Oshima, N.; et al.
Exosomes of human placenta-derived mesenchymal stem cells stimulate angiogenesis. Stem Cell Res. Ther. 2017, 8, 219. [CrossRef]
[PubMed]

63. Lv, L.; Sheng, C.; Zhou, Y. Extracellular vesicles as a novel therapeutic tool for cell-free regenerative medicine in oral rehabilitation.
J. Oral Rehabilitation 2019, 47, 29–54. [CrossRef] [PubMed]

http://doi.org/10.3390/cancers13040847
http://doi.org/10.1007/s00281-010-0234-8
http://doi.org/10.1016/j.pneurobio.2019.101694
http://www.ncbi.nlm.nih.gov/pubmed/31542363
http://doi.org/10.1016/j.celrep.2021.109821
http://www.ncbi.nlm.nih.gov/pubmed/34644569
http://www.ncbi.nlm.nih.gov/pubmed/28682421
http://doi.org/10.1080/20013078.2018.1535750
http://doi.org/10.1007/s11060-013-1084-8
http://doi.org/10.1016/j.biopha.2017.05.125
http://www.ncbi.nlm.nih.gov/pubmed/28582760
http://doi.org/10.1016/j.ajpath.2012.07.030
http://www.ncbi.nlm.nih.gov/pubmed/23022210
http://doi.org/10.1016/j.semcdb.2015.02.010
http://doi.org/10.1038/s41556-018-0040-4
http://doi.org/10.1038/s41556-021-00805-8
http://doi.org/10.1038/s41467-021-23827-0
http://doi.org/10.3390/bioengineering9030105
http://www.ncbi.nlm.nih.gov/pubmed/35324794
http://doi.org/10.1038/s41573-021-00219-z
http://www.ncbi.nlm.nih.gov/pubmed/34145432
http://doi.org/10.1016/j.tins.2018.03.006
http://doi.org/10.1016/j.tins.2019.02.007
http://doi.org/10.1182/blood-2013-02-478925
http://doi.org/10.1242/jcs.170373
http://doi.org/10.5966/sctm.2014-0267
http://www.ncbi.nlm.nih.gov/pubmed/25824139
http://doi.org/10.1089/scd.2014.0316
http://www.ncbi.nlm.nih.gov/pubmed/25867197
http://doi.org/10.1007/s00330-021-08126-y
http://doi.org/10.1186/s13287-017-0660-9
http://www.ncbi.nlm.nih.gov/pubmed/28974256
http://doi.org/10.1111/joor.12885
http://www.ncbi.nlm.nih.gov/pubmed/31520537


Bioengineering 2023, 10, 51 16 of 20

64. Chun-Yuan, C.; Rao, S.-S.; Wang, Z.-X.; Cao, J.; Tan, Y.-J.; Luo, J.; Li, H.-M.; Zhang, W.-S.; Chen, C.-Y.; Xie, H. Exosomes from
human umbilical cord blood accelerate cutaneous wound healing through miR-21-3p-mediated promotion of angiogenesis and
fibroblast function. Theranostics 2018, 8, 169–184.

65. Johnson, T.K.; Zhao, L.; Zhu, D.; Wang, Y.; Xiao, Y.; Oguljahan, B.; Zhao, X.; Kirlin, W.G.; Yin, L.; Chilian, W.M.; et al. Exosomes
derived from induced vascular progenitor cells promote angiogenesis in vitro and in an in vivo rat hindlimb ischemia model.
Am. J. Physiol. Circ. Physiol. 2019, 317, H765–H776. [CrossRef] [PubMed]

66. Lin, F.; Zeng, Z.; Song, Y.; Li, L.; Wu, Z.; Zhang, X.; Li, Z.; Ke, X.; Hu, X. YBX-1 mediated sorting of miR-133 into
hypoxia/reoxygenation-induced EPC-derived exosomes to increase fibroblast angiogenesis and MEndoT. Stem Cell Res. Ther.
2019, 10, 263. [CrossRef]

67. Zeng, Q.; Bie, B.; Guo, Q.; Yuan, Y.; Han, Q.; Han, X.; Chen, M.; Zhang, X.; Yang, Y.; Liu, M.; et al. Hyperpolarized Xe NMR signal
advancement by metal-organic framework entrapment in aqueous solution. Proc. Natl. Acad. Sci. USA 2020, 117, 17558–17563.
[CrossRef]

68. Jan, A.; Rahman, S.; Badierah, R.; Lee, E.; Mattar, E.; Redwan, E.; Choi, I. Expedition into Exosome Biology: A Perspective of
Progress from Discovery to Therapeutic Development. Cancers 2021, 13, 1157. [CrossRef]

69. Bellavia, D.; Raimondi, L.; Costa, V.; De Luca, A.; Carina, V.; Maglio, M.; Fini, M.; Alessandro, R.; Giavaresi, G. Engineered
exosomes: A new promise for the management of musculoskeletal diseases. Biochim. Biophys. Acta (BBA) Gen. Subj. 2018, 1862,
1893–1901. [CrossRef]

70. Yu, X.; Odenthal, M.; Fries, J. Exosomes as miRNA carriers: Formation–function–future. Int. J. Mol. Sci. 2016, 17, 2028. [CrossRef]
71. Oskouie, M.; Moghaddam, N.A.; Butler, A.; Zamani, P.; Sahebkar, A. Therapeutic use of curcuminjournal of molecular sciences-

imed exosomes. J. Cell. Physiol. 2019, 234, 8182–8191. [CrossRef]
72. Qu, M.; Lin, Q.; Huang, L.; Fu, Y.; Wang, L.; He, S.; Fu, Y.; Yang, S.; Zhang, Z.; Zhang, L. Dopamine-loaded blood exosomes

targeted to brain for better treatment of Parkinson’s disease. J. Control. Release 2018, 287, 156–166. [CrossRef] [PubMed]
73. Alvarez-Erviti, L.; Seow, Y.; Yin, H.; Betts, C.; Lakhal, S.; Wood, M.J.A. Delivery of siRNA to the mouse brain by systemic injection

of targeted exosomes. Nat. Biotechnol. 2011, 29, 341–345. [CrossRef] [PubMed]
74. Hislop, J.N.; Islam, T.; Eleftheriadou, I.; Carpentier, D.; Trabalza, A.; Parkinson, M.; Schiavo, G.; Mazarakis, N.D. Rabies Virus

Envelope Glycoprotein Targets Lentiviral Vectors to the Axonal Retrograde Pathway in Motor Neurons. J. Biol. Chem. 2014, 289,
16148–16163. [CrossRef]

75. Khongkow, M.; Yata, T.; Boonrungsiman, S.; Ruktanonchai, U.R.; Graham, D.; Namdee, K. Surface modification of gold
nanoparticles with neuron-targeted exosome for enhanced blood–brain barrier penetration. Sci. Rep. 2019, 9, 8278. [CrossRef]
[PubMed]

76. Niu, X.; Chen, J.; Gao, J. Nanocarriers as a powerful vehicle to overcome blood-brain barrier in treating neurodegenerative
diseases: Focus on recent advances. Asian J. Pharm. Sci. 2019, 14, 480–496. [CrossRef] [PubMed]

77. Heidarzadeh, M.; Gürsoy-Özdemir, Y.; Kaya, M.; Abriz, A.E.; Zarebkohan, A.; Rahbarghazi, R.; Sokullu, E. Exosomal delivery of
therapeutic modulators through the blood–brain barrier; promise and pitfalls. Cell Biosci. 2021, 11, 142. [CrossRef] [PubMed]

78. Marzesco, A.-M.; Janich, P.; Wilsch-Bräuninger, M.; Dubreuil, V.; Langenfeld, K.; Corbeil, D.; Huttner, W.B. Release of extracellular
membrane particles carrying the stem cell marker prominin-1 (CD133) from neural progenitors and other epithelial cells. J. Cell
Sci. 2005, 118, 2849–2858. [CrossRef]

79. Bakhti, M.; Winter, C.; Simons, M. Inhibition of Myelin Membrane Sheath Formation by Oligodendrocyte-derived Exosome-like
Vesicles. J. Biol. Chem. 2011, 286, 787–796. [CrossRef]

80. Zou, M.; Yang, Z.; Fan, Y.; Gong, L.; Han, Z.; Ji, L.; Hu, X.; Wu, D. Gut Microbiota on Admission as Predictive Biomarker for
Acute Necrotizing Pancreatitis. Front. Immunol. 2022, 13, 988326. [CrossRef]

81. Pegtel, D.M.; Peferoen, L.; Amor, S. Extracellular vesicles as modulators of cell-to-cell communication in the healthy and diseased
brain. Philos. Trans. R. Soc. B: Biol. Sci. 2014, 369, 20130516. [CrossRef]

82. Chivet, M.; Hemming, F.; Pernet-Gallay, K.; Fraboulet, S.; Sadoul, R. Emerging Role of Neuronal Exosomes in the Central Nervous
System. Front. Physiol. 2012, 3, 145. [CrossRef]

83. Liu, C.-A.; Chang, C.-Y.; Hsueh, K.-W.; Su, H.-L.; Chiou, T.-W.; Lin, S.-Z.; Harn, H.-J. Migration/Invasion of Malignant Gliomas
and Implications for Therapeutic Treatment. Int. J. Mol. Sci. 2018, 19, 1115. [CrossRef] [PubMed]

84. Shao, H.; Chung, J.; Lee, K.; Balaj, L.; Min, C.; Carter, B.S.; Hochberg, F.H.; Breakefield, X.O.; Lee, H.; Weissleder, R. Chip-based
analysis of exosomal mRNA mediating drug resistance in glioblastoma. Nat. Commun. 2015, 6, 6999. [CrossRef] [PubMed]

85. Quek, C.; Hill, A. The role of extracellular vesicles in neurodegenerative diseases. Biochem. Biophys. Res. Commun. 2017, 483,
1178–1186. [CrossRef] [PubMed]

86. Campanella, C.; Pace, A.; Caruso Bavisotto, C.; Marzullo, P.; Marino Gammazza, A.; Buscemi, S.; Palumbo Piccionello, A. Heat
Shock Proteins in Alzheimer’s Disease: Role and Targeting. Int. J. Mol. Sci. 2018, 19, 2603. [CrossRef]

87. Gammazza, A.M.; Bavisotto, C.C.; Barone, R.; de Macario, E.C.; Macario, A.J. Alzheimer’s Disease and Molecular Chaperones:
Current Knowledge and the Future of Chaperonotherapy. Curr. Pharm. Des. 2016, 22, 4040–4049. [CrossRef]

88. Lajoie, J.M.; Shusta, E.V. Targeting Receptor-Mediated Transport for Delivery of Biologics Across the Blood-Brain Barrier. Annu.
Rev. Pharmacol. Toxicol. 2015, 55, 613–631. [CrossRef]

http://doi.org/10.1152/ajpheart.00247.2019
http://www.ncbi.nlm.nih.gov/pubmed/31418583
http://doi.org/10.1186/s13287-019-1377-8
http://doi.org/10.1073/pnas.2004121117
http://doi.org/10.3390/cancers13051157
http://doi.org/10.1016/j.bbagen.2018.06.003
http://doi.org/10.3390/ijms17122028
http://doi.org/10.1002/jcp.27615
http://doi.org/10.1016/j.jconrel.2018.08.035
http://www.ncbi.nlm.nih.gov/pubmed/30165139
http://doi.org/10.1038/nbt.1807
http://www.ncbi.nlm.nih.gov/pubmed/21423189
http://doi.org/10.1074/jbc.M114.549980
http://doi.org/10.1038/s41598-019-44569-6
http://www.ncbi.nlm.nih.gov/pubmed/31164665
http://doi.org/10.1016/j.ajps.2018.09.005
http://www.ncbi.nlm.nih.gov/pubmed/32104476
http://doi.org/10.1186/s13578-021-00650-0
http://www.ncbi.nlm.nih.gov/pubmed/34294165
http://doi.org/10.1242/jcs.02439
http://doi.org/10.1074/jbc.M110.190009
http://doi.org/10.3389/fimmu.2022.988326
http://doi.org/10.1098/rstb.2013.0516
http://doi.org/10.3389/fphys.2012.00145
http://doi.org/10.3390/ijms19041115
http://www.ncbi.nlm.nih.gov/pubmed/29642503
http://doi.org/10.1038/ncomms7999
http://www.ncbi.nlm.nih.gov/pubmed/25959588
http://doi.org/10.1016/j.bbrc.2016.09.090
http://www.ncbi.nlm.nih.gov/pubmed/27659705
http://doi.org/10.3390/ijms19092603
http://doi.org/10.2174/1381612822666160518141437
http://doi.org/10.1146/annurev-pharmtox-010814-124852


Bioengineering 2023, 10, 51 17 of 20

89. Zhang, H.; Trivedi, A.; Lee, J.-U.; Lohela, M.; Lee, S.M.; Fandel, T.M.; Werb, Z.; Haeusslein, L.J.N. Matrix Metalloproteinase-9 and
Stromal Cell-Derived Factor-1 Act Synergistically to Support Migration of Blood-Borne Monocytes into the Injured Spinal Cord. J.
Neurosci. 2011, 31, 15894–15903. [CrossRef]

90. Liu, S.; Yang, B.; Wang, Y.; Tian, J.; Yin, L.; Zheng, W. 2D/3D Multimode Medical Image Registration Based on Normalized
Cross-Correlation. Appl. Sci. 2022, 12, 2828. [CrossRef]

91. Vignon, A.; Salvador-Prince, L.; Lehmann, S.; Perrier, V.; Torrent, J. Deconstructing Alzheimer’s Disease: How to Bridge the Gap
between Experimental Models and the Human Pathology? Int. J. Mol. Sci. 2021, 22, 8769. [CrossRef]

92. Bavisotto, C.C.; Scalia, F.; Gammazza, A.M.; Carlisi, D.; Bucchieri, F.; de Macario, E.C.; Macario, A.J.L.; Cappello, F.; Campanella,
C. Extracellular Vesicle-Mediated Cell–Cell Communication in the Nervous System: Focus on Neurological Diseases. Int. J. Mol.
Sci. 2019, 20, 434. [CrossRef]

93. Pulatov, S.S. Efficacy of ipidacrine in the recovery period of ischaemic stroke. World Bull. Public Health 2022, 7, 28–32.
94. Wu, A.-G.; Yong, Y.-Y.; Pan, Y.-R.; Zhang, L.; Wu, J.-M.; Zhang, Y.; Tang, Y.; Wei, J.; Yu, L.; Law, B.Y.-K.; et al. Targeting

Nrf2-Mediated Oxidative Stress Response in Traumatic Brain Injury: Therapeutic Perspectives of Phytochemicals. Oxidative Med.
Cell. Longev. 2022, 2022, 1015791. [CrossRef]

95. Sun, H.; Zhan, M.; Mignani, S.; Shcharbin, D.; Majoral, J.-P.; Rodrigues, J.; Shi, X.; Shen, M. Modulation of Macrophages Using
Nanoformulations with Curcumin to Treat Inflammatory Diseases: A Concise Review. Pharmaceutics 2022, 14, 2239. [CrossRef]

96. Bashyal, S.; Thapa, C.; Lee, S. Recent progresses in exosome-based systems for targeted drug delivery to the brain. J. Control.
Release 2022, 348, 723–744. [CrossRef]

97. Zhang, Z.; Wang, L.; Zheng, W.; Yin, L.; Hu, R.; Yang, B. Endoscope image mosaic based on pyramid ORB. Biomed. Signal Process.
Control. 2021, 71, 103261. [CrossRef]

98. Tian, T.; Zhang, H.-X.; He, C.-P.; Fan, S.; Zhu, Y.-L.; Qi, C.; Huang, N.-P.; Xiao, Z.-D.; Lu, Z.-H.; Tannous, B.A.; et al. Surface
functionalized exosomes as targeted drug delivery vehicles for cerebral ischemia therapy. Biomaterials 2017, 150, 137–149.
[CrossRef] [PubMed]

99. Yang, Y.; Yin, N.; Gu, Z.; Zhao, Y.; Liu, C.; Zhou, T.; Zhang, K.; Zhang, Z.; Liu, J.; Shi, J. Engineered biomimetic drug-delivery
systems for ischemic stroke therapy. Med. Drug Discov. 2022, 15, 100129. [CrossRef]

100. Kalani, A.; Chaturvedi, P.; Kamat, P.K.; Maldonado, C.; Bauer, P.; Joshua, I.G.; Tyagi, S.C.; Tyagi, N. Curcumin-loaded embryonic
stem cell exosomes restored neurovascular unit following ischemia-reperfusion injury. Int. J. Biochem. Cell Biol. 2016, 79, 360–369.
[CrossRef]

101. Ingato, D.; Lee, J.U.; Sim, S.J.; Kwon, Y.J. Good things come in small packages: Overcoming challenges to harness extracellular
vesicles for therapeutic delivery. J. Control. Release 2016, 241, 174–185. [CrossRef]

102. Zhuang, X.; Xiang, X.; Grizzle, W.; Sun, D.; Zhang, S.; Axtell, R.C.; Ju, S.; Mu, J.; Zhang, L.; Steinman, L.; et al. Treatment of Brain
Inflammatory Diseases by Delivering Exosome Encapsulated Anti-inflammatory Drugs From the Nasal Region to the Brain. Mol.
Ther. 2011, 19, 1769–1779. [CrossRef]

103. Fernández-Calle, R.; Konings, S.; Frontiñán-Rubio, J.; García-Revilla, J.; Camprubí-Ferrer, L.; Svensson, M.; Martinson, I.;
Boza-Serrano, A.; Venero, J.; Nielsen, H. APOE in the bullseye of neurodegenerative diseases: Impact of the APOE genotype in
Alzheimer’s disease pathology and brain diseases. Mol. Neurodegener. 2022, 17, 62. [CrossRef] [PubMed]

104. Wang, H.; Sui, H.; Zheng, Y.; Jiang, Y.; Shi, Y.; Liang, J.; Zhao, L. Curcumin-primed exosomes potently ameliorate cognitive
function in AD mice by inhibiting hyperphosphorylation of the Tau protein through the AKT/GSK-3β pathway. Nanoscale 2019,
11, 7481–7496. [CrossRef]

105. Qi, Y.; Guo, L.; Jiang, Y.; Shi, Y.; Sui, H.; Zhao, L. Brain delivery of quercetin-loaded exosomes improved cognitive function in AD
mice by inhibiting phosphorylated tau-mediated neurofibrillary tangles. Drug Deliv. 2020, 27, 745–755. [CrossRef] [PubMed]

106. Wróbel-Biedrawa, D.; Grabowska, K.; Galanty, A.; Sobolewska, D.; Podolak, I. A Flavonoid on the Brain: Quercetin as a Potential
Therapeutic Agent in Central Nervous System Disorders. Life 2022, 12, 591. [CrossRef]

107. Zhu, Q.; Ling, X.; Yang, Y.; Zhang, J.; Li, Q.; Niu, X.; Hu, G.; Chen, B.; Li, H.; Wang, Y. Embryonic stem cellscetin as a Potential
Therapeutic Ageting properties as chemotherapeutics delivery vehicles for glioblastoma therapy. Adv. Sci. 2019, 6, 1801899.
[CrossRef]

108. Yang, T.; Martin, P.; Fogarty, B.; Brown, A.; Schurman, K.; Phipps, R.; Yin, V.P.; Lockman, P.; Bai, S. Exosome Delivered Anticancer
Drugs Across the Blood-Brain Barrier for Brain Cancer Therapy in Danio Rerio. Pharm. Res. 2015, 32, 2003–2014. [CrossRef]

109. Thakur, A.; Sidu, R.K.; Zou, H.; Alam, K.; Yang, M.; Lee, Y. Inhibition of Glioma Cells’ Proliferation by Doxorubicin-Loaded
Exosomes via Microfluidics. Int. J. Nanomed. 2020, 15, 8331–8343. [CrossRef]

110. Shams ul Hassan, S.; Ishaq, M.; Zhang, W.; Jin, H.-Z. An Overview of the Mechanisms of Marine Fungi-Derived Antiinflammatory
and Anti-Tumor Agents and Their Novel Role in Drug Targeting. Curr. Pharm. Des. 2021, 27, 2605–2614. [CrossRef]

111. Riabinska, A.; Zille, M.; Terzi, M.; Cordell, R.; Nieminen-Kelhä, M.; Klohs, J.; Piña, A. Pigment Epithelium-Derived Factor
Improves Paracellular Blood–Brain Barrier Integrity in the Normal and Ischemic Mouse Brain. Cell. Mol. Neurobiol. 2020, 40,
751–764. [CrossRef]

112. Khan, S.U.; Khan, M.U.; Khan, M.I.; Fadahunsi, A.A.; Khan, A.; Gao, S.; Bilal, M.; Li, F. Role of circular RNAs in disease
progression and diagnosis of cancers: An overview of recent advanced insights. Int. J. Biol. Macromol. 2022, 220, 973–984.
[CrossRef]

http://doi.org/10.1523/JNEUROSCI.3943-11.2011
http://doi.org/10.3390/app12062828
http://doi.org/10.3390/ijms22168769
http://doi.org/10.3390/ijms20020434
http://doi.org/10.1155/2022/1015791
http://doi.org/10.3390/pharmaceutics14102239
http://doi.org/10.1016/j.jconrel.2022.06.011
http://doi.org/10.1016/j.bspc.2021.103261
http://doi.org/10.1016/j.biomaterials.2017.10.012
http://www.ncbi.nlm.nih.gov/pubmed/29040874
http://doi.org/10.1016/j.medidd.2022.100129
http://doi.org/10.1016/j.biocel.2016.09.002
http://doi.org/10.1016/j.jconrel.2016.09.016
http://doi.org/10.1038/mt.2011.164
http://doi.org/10.1186/s13024-022-00566-4
http://www.ncbi.nlm.nih.gov/pubmed/36153580
http://doi.org/10.1039/C9NR01255A
http://doi.org/10.1080/10717544.2020.1762262
http://www.ncbi.nlm.nih.gov/pubmed/32397764
http://doi.org/10.3390/life12040591
http://doi.org/10.1002/advs.201801899
http://doi.org/10.1007/s11095-014-1593-y
http://doi.org/10.2147/IJN.S263956
http://doi.org/10.2174/1381612826666200728142244
http://doi.org/10.1007/s10571-019-00770-9
http://doi.org/10.1016/j.ijbiomac.2022.08.085


Bioengineering 2023, 10, 51 18 of 20

113. Huang, X.; Ding, J.; Li, Y.; Liu, W.; Ji, J.; Wang, H.; Wang, X. Exosomes derived from PEDF modified adipose-derived mesenchymal
stem cells ameliorate cerebral ischemia-reperfusion injury by regulation of autophagy and apoptosis. Exp. Cell Res. 2018, 371,
269–277. [CrossRef]

114. Haney, M.J.; Zhao, Y.; Jin, Y.S.; Li, S.M.; Bago, J.R.; Klyachko, N.L.; Kabanov, A.V.; Batrakova, E.V. Macrophage-Derived
Extracellular Vesicles as Drug Delivery Systems for Triple Negative Breast Cancer (TNBC) Therapy. J. Neuroimmune Pharmacol.
2019, 15, 487–500. [CrossRef]

115. Haney, M.; Klyachko, N.; Zhao, Y.; Gupta, R.; Plotnikova, E.; He, Z.; Patel, T.; Piroyan, A.; Sokolsky, M.; Kabanov, A. Exosomes as
drug delivery vehicles for Parkinson’s disease therapy. J. Control. Release 2015, 207, 18–30. [CrossRef]

116. Xin, H.; Katakowski, M.; Wang, F.; Qian, J.-Y.; Liu, X.S.; Ali, M.M.; Buller, B.; Zhang, Z.G.; Chopp, M. MicroRNA-17–92 Cluster in
Exosomes Enhance Neuroplasticity and Functional Recovery After Stroke in Rats. Stroke 2017, 48, 747–753. [CrossRef]

117. Hade, M.; Suire, C.; Suo, Z. Mesenchymal Stem Cell-Derived Exosomes: Applications in Regenerative Medicine. Cells 2021, 10, 1959.
[CrossRef]

118. Guy, R.; Offen, D. Promising Opportunities for Treating Neurodegenerative Diseases with Mesenchymal Stem Cell-Derived
Exosomes. Biomolecules 2020, 10, 1320. [CrossRef]

119. Yang, J.; Zhang, X.; Chen, X.; Wang, L.; Yang, G. Exosome Mediated Delivery of miR-124 Promotes Neurogenesis after Ischemia.
Mol. Ther. Nucleic Acids 2017, 7, 278–287. [CrossRef]

120. Zhang, H.; Wu, J.; Wu, J.; Fan, Q.; Zhou, J.; Wu, J.; Liu, S.; Zang, J.; Ye, J.; Xiao, M.; et al. Exosome-mediated targeted delivery of
miR-210 for angiogenic therapy after cerebral ischemia in mice. J. Nanobiotechnology 2019, 17, 29. [CrossRef]

121. Shen, H.; Yao, X.; Li, H.; Li, X.; Zhang, T.; Sun, Q.; Ji, C.; Chen, G. Role of Exosomes Derived from miR-133b Modified MSCs in an
Experimental Rat Model of Intracerebral Hemorrhage. J. Mol. Neurosci. 2018, 64, 421–430. [CrossRef]

122. Prada, I.; Gabrielli, M.; Turola, E.; Iorio, A.; D’Arrigo, G.; Parolisi, R.; De Luca, M.; Pacifici, M.; Bastoni, M.; Lombardi, M.; et al.
Glia-to-neuron transfer of miRNAs via extracellular vesicles: A new mechanism underlying inflammation-induced synaptic
alterations. Acta Neuropathol. 2018, 135, 529–550. [CrossRef]

123. Rong, X.; Jiang, L.; Qu, M.; Hassan, S.S.U.; Liu, Z. Enhancing Therapeutic Efficacy of Donepezil by Combined Therapy: A
Comprehensive Review. Curr. Pharm. Des. 2021, 27, 332–344. [CrossRef]

124. Lai, N.-S.; Wu, D.; Liang, T.; Pan, P.; Yuan, G.; Li, X.; Li, H.; Shen, H.; Wang, Z.; Chen, G. Systemic exosomal miR-193b-3p delivery
attenuates neuroinflammation in early brain injury after subarachnoid hemorrhage in mice. J. Neuroinflammation 2020, 17, 74.
[CrossRef]

125. Jahangard, Y.; Monfared, H.; Moradi, A.; Zare, M.; Mirnajafi-Zadeh, J.; Mowla, S.J. Therapeutic Effects of Transplanted Exosomes
Containing miR-29b to a Rat Model of Alzheimer’s Disease. Front. Neurosci. 2020, 14, 564. [CrossRef]

126. Cooper, J.M.; Wiklander, P.B.O.; Nordin, J.Z.; Al-Shawi, R.; Wood, M.J.; Vithlani, M.; Schapira, A.H.V.; Simons, J.P.; El-Andaloussi,
S.; Alvarez-Erviti, L. Systemic exosomal siRNA delivery reduced alpha-synuclein aggregates in brains of transgenic mice. Mov.
Disord. 2014, 29, 1476–1485. [CrossRef]

127. Izco, M.; Blesa, J.; Schleef, M.; Schmeer, M.; Porcari, R.; Al-Shawi, R.; Ellmerich, S.; de Toro, M.; Gardiner, C.; Seow, Y.; et al.
Systemic Exosomal Delivery of shRNA Minicircles Prevents Parkinsonian Pathology. Mol. Ther. 2019, 27, 2111–2122. [CrossRef]

128. Xu, H.; Zhao, G.; Zhang, Y.; Jiang, H.; Wang, W.; Zhao, D.; Hong, J.; Yu, H.; Qi, L. Mesenchymal stem cell-derived exosomal
microRNA-133b suppresses glioma progression via Wnt/β-catenin signaling pathway by targeting EZH2. Stem Cell Res. Ther.
2019, 10, 381. [CrossRef]

129. Yu, L.; Gui, S.; Liu, Y.; Qiu, X.; Zhang, G.; Zhang, X.a.; Pan, J.; Fan, J.; Qi, S.; Qiu, B. Exosomes derived from microrna-199a-
overexpressing mesenchymal stem cells inhibit glioma progression by down-regulating agap2. Aging 2019, 11, 5300–5318.
[CrossRef]

130. Katakowski, M.; Zheng, X.; Jiang, F.; Rogers, T.; Szalad, A.; Chopp, M. MiR-146b-5p Suppresses EGFR Expression and Reduces In
Vitro Migration and Invasion of Glioma. Cancer Investig. 2010, 28, 1024–1030. [CrossRef]

131. Bronisz, A.; Wang, Y.; Nowicki, M.; Peruzzi, P.; Ansari, K.; Ogawa, D.; Balaj, L.; De Rienzo, G.; Mineo, M.; Nakano, I. Extracellular
Vesicles Modulate the Glioblastoma Microenvironment via a Tumor Suppression Signaling Network Directed by miR-1A miR-1
Targeting of GBM Microenvironment via Extracellular Vesicles. Cancer Res. 2014, 74, 738–750. [CrossRef]

132. Oboudiyat, C.; Glazer, H.; Seifan, A.; Greer, C.; Isaacson, R. Alzheimer’s disease. Semin. Neurol. 2013, 33, 313–329. [CrossRef]
[PubMed]

133. Abduljawad, A.A.; Elawad, M.A.; Elkhalifa, M.E.M.; Ahmed, A.; Hamdoon, A.A.E.; Salim, L.H.M.; Ashraf, M.; Ayaz, M.;
Hassan, S.S.U.; Bungau, S. Alzheimer’s Disease as a Major Public Health Concern: Role of Dietary Saponins in Mitigating
Neurodegenerative Disorders and Their Underlying Mechanisms. Molecules 2022, 27, 6804. [CrossRef] [PubMed]

134. Karran, E.; De Strooper, B. The amyloid hypothesis in Alzheimer disease: New insights from new therapeutics. Nat. Rev. Drug
Discov. 2022, 21, 306–318. [CrossRef] [PubMed]

135. Ismail, Z.; Creese, B.; Aarsland, D.; Kales, H.; Lyketsos, C.; Sweet, R.; Ballard, C. Psychosis in Alzheimer disease—Mechanisms,
genetics and therapeutic opportunities. Nat. Rev. Neurol. 2022, 18, 131–144. [CrossRef]

136. Pitt, J.M.; Kroemer, G.; Zitvogel, L. Extracellular vesicles: Masters of intercellular communication and potential clinical interven-
tions. J. Clin. Investig. 2016, 126, 1139–1143. [CrossRef]

137. Zhang, D.; Lee, H.; Wang, X.; Rai, A.; Groot, M.; Jin, Y. Exosome-Mediated Small RNA Delivery: A Novel Therapeutic Approach
for Inflammatory Lung Responses. Mol. Ther. 2018, 26, 2119–2130. [CrossRef]

http://doi.org/10.1016/j.yexcr.2018.08.021
http://doi.org/10.1007/s11481-019-09884-9
http://doi.org/10.1016/j.jconrel.2015.03.033
http://doi.org/10.1161/STROKEAHA.116.015204
http://doi.org/10.3390/cells10081959
http://doi.org/10.3390/biom10091320
http://doi.org/10.1016/j.omtn.2017.04.010
http://doi.org/10.1186/s12951-019-0461-7
http://doi.org/10.1007/s12031-018-1041-2
http://doi.org/10.1007/s00401-017-1803-x
http://doi.org/10.2174/1381612826666201023144836
http://doi.org/10.1186/s12974-020-01745-0
http://doi.org/10.3389/fnins.2020.00564
http://doi.org/10.1002/mds.25978
http://doi.org/10.1016/j.ymthe.2019.08.010
http://doi.org/10.1186/s13287-019-1446-z
http://doi.org/10.18632/aging.102092
http://doi.org/10.3109/07357907.2010.512596
http://doi.org/10.1158/0008-5472.CAN-13-2650
http://doi.org/10.1055/s-0033-1359319
http://www.ncbi.nlm.nih.gov/pubmed/24234352
http://doi.org/10.3390/molecules27206804
http://www.ncbi.nlm.nih.gov/pubmed/36296397
http://doi.org/10.1038/s41573-022-00391-w
http://www.ncbi.nlm.nih.gov/pubmed/35177833
http://doi.org/10.1038/s41582-021-00597-3
http://doi.org/10.1172/JCI87316
http://doi.org/10.1016/j.ymthe.2018.06.007


Bioengineering 2023, 10, 51 19 of 20

138. Wahlgren, J.; Karlson, T.D.L.; Brisslert, M.; Vaziri Sani, F.; Telemo, E.; Sunnerhagen, P.; Valadi, H. Plasma exosomes can deliver
exogenous short interfering RNA to monocytes and lymphocytes. Nucleic Acids Res. 2012, 40, e130. [CrossRef]

139. Kim, T.-O.; Park, K.-J.; Cho, Y.-N.; Jin, H.-M.; Jo, Y.-G.; Kim, H.S.; Ju, J.K.; Shin, H.-J.; Kho, B.-G.; Kee, S.-J.; et al. Altered
distribution, activation and increased IL-17 production of mucosal-associated invariant T cells in patients with acute respiratory
distress syndrome. Thorax 2022, 77, 865–872. [CrossRef]

140. Mahnashi, M.H.; Alshahrani, M.A.; Nahari, M.H.; Hassan, S.S.U.; Jan, M.S.; Ayaz, M.; Ullah, F.; Alshehri, O.M.; Alshehri, M.A.;
Rashid, U.; et al. In-Vitro, In-Vivo, Molecular Docking and ADMET Studies of 2-Substituted 3,7-Dihydroxy-4H-chromen-4-one
for Oxidative Stress, Inflammation and Alzheimer’s Disease. Metabolites 2022, 12, 1055. [CrossRef]

141. Karthika, C.; Appu, A.; Akter, R.; Rahman, M.; Tagde, P.; Ashraf, G.; Abdel-Daim, M.; Abid, A.; Bungau, S. Potential innovation
against Alzheimer’s disorder: A tricomponent combination of natural antioxidants (vitamin E, quercetin, and basil oil) and the
development of its intranasal delivery. Environ. Sci. Pollut. Res. 2022, 29, 10950–10965. [CrossRef]

142. Ross, C.; Tabrizi, S. Huntington’s disease: From molecular pathogenesis to clinical treatment. Lancet Neurol. 2011, 10, 83–98.
[CrossRef] [PubMed]

143. MacDonald, M.; Ambrose, C.; Duyao, M.; Myers, R.; Lin, C.; Srinidhi, L.; Barnes, G.; Taylor, S.; James, M.; Groot, N. A novel gene
containing a trinucleotide repeat that is expanded and unstable on Huntington’s disease chromosomes. Cell 1993, 72, 971–983.
[CrossRef] [PubMed]

144. Zhang, Y.; Liu, Q.; Zhang, X.; Huang, H.; Tang, S.; Chai, Y.; Xu, Z.; Li, M.; Chen, X.; Liu, J.; et al. Recent advances in
exosome-mediated nucleic acid delivery for cancer therapy. J. Nanobiotechnology 2022, 20, 279. [CrossRef] [PubMed]

145. Omuro, A.; DeAngelis, L. Glioblastoma and other malignant gliomas: A clinical review. JAMA 2013, 310, 1842–1850. [CrossRef]
146. Zhu, Z.; Zhai, Y.; Hao, Y.; Wang, Q.; Han, F.; Zheng, W.; Hong, J.; Cui, L.; Jin, W.; Ma, S. Specific anti-glioma targeted-delivery

strategy of engineered small extracellular vesicles dual-functionalised by Angiopep-2 and TAT peptides. J. Extracell. Vesicles 2022,
11, e12255. [CrossRef]

147. Balestrino, R.; Schapira, A. Parkinson disease. Eur. J. Neurol. 2020, 27, 27–42. [CrossRef]
148. Reddy, K. Global Burden of Disease Study 2015 provides GPS for global health 2030. Lancet 2016, 388, 1448–1449. [CrossRef]
149. Kojima, R.; Bojar, D.; Rizzi, G.; Hamri, G.-E.; El-Baba, M.; Saxena, P.; Ausländer, S.; Tan, K.; Fussenegger, M. Designer exosomes

produced by implanted cells intracerebrally deliver therapeutic cargo for Parkinson’s disease treatment. Nat. Commun. 2018, 9, 1305.
[CrossRef]

150. Ganguly, K.; Khanna, P.; Morecraft, R.J.; Lin, D.J. Modulation of neural co-firing to enhance network transmission and improve
motor function after stroke. Neuron 2022, 110, 2363–2385. [CrossRef]

151. Debette, S.; Markus, H.S. Stroke genetics: Discovery, insight into mechanisms, and clinical perspectives. Circ. Res. 2022, 130,
1095–1111. [CrossRef]

152. Owolabi, M.; Thrift, A.G.; Mahal, A.; Ishida, M.; Martins, S.; Johnson, W.D.; Pandian, J.; Abd-Allah, F.; Yaria, J.; Phan, H.T.;
et al. Primary stroke prevention worldwide: Translating evidence into action. Lancet Public Health 2021, 7, e74–e85. [CrossRef]
[PubMed]

153. Benjamin, E.J.; Blaha, M.J.; Chiuve, S.E.; Cushman, M.; Das, S.R.; Deo, R.; de Ferranti, S.D.; Floyd, J.; Fornage, M.; Gillespie, C.
Heart disease and stroke statistics-2016 update a report from the American Heart Association. Circulation 2017, 133, e38–e360.

154. Hamzei Taj, S.; Kho, W.; Riou, A.; Wiedermann, D.; Hoehn, M. MiRNA-124 induces neuroprotection and functional improvement
after focal cerebral ischemia. Biomaterials 2016, 91, 151–165. [CrossRef]

155. Williams, A.M.; Dennahy, I.S.; Bhatti, U.F.; Halaweish, I.; Xiong, Y.; Chang, P.; Nikolian, V.C.; Chtraklin, K.; Brown, J.; Zhang, Y.;
et al. Mesenchymal Stem Cell-Derived Exosomes Provide Neuroprotection and Improve Long-Term Neurologic Outcomes in a
Swine Model of Traumatic Brain Injury and Hemorrhagic Shock. J. Neurotrauma 2019, 36, 54–60. [CrossRef]

156. Mathew, B.; Ravindran, S.; Liu, X.; Torres, L.; Chennakesavalu, M.; Huang, C.-C.; Feng, L.; Zelka, R.; Lopez, J.; Sharma, M.; et al.
Mesenchymal stem cell-derived extracellular vesicles and retinal ischemia-reperfusion. Biomaterials 2019, 197, 146–160. [CrossRef]
[PubMed]

157. Thomi, G.; Surbek, D.; Haesler, V.; Joerger-Messerli, M.; Schoeberlein, A. Exosomes derived from umbilical cord mesenchymal
stem cells reduce microglia-mediated neuroinflammation in perinatal brain injury. Stem Cell Res. Ther. 2019, 10, 105. [CrossRef]

158. Zhao, Y.; Gan, Y.; Xu, G.; Hua, K.; Liu, D. Exosomes from MSCs overexpressing microRNA-223-3p attenuate cerebral ischemia
through inhibiting microglial M1 polarization mediated inflammation. Life Sci. 2020, 260, 118403. [CrossRef]

159. Yuan, R.; Li, Y.; Han, S.; Chen, X.; Chen, J.; He, J.; Gao, H.; Yang, Y.; Yang, S.; Yang, Y. Fe-Curcumin Nanozyme-Mediated Reactive
Oxygen Species Scavenging and Anti-Inflammation for Acute Lung Injury. ACS Central Sci. 2021, 8, 10–21. [CrossRef] [PubMed]

160. Pouletty, P. Drug addictions: Towards socially accepted and medically treatable diseases. Nat. Rev. Drug Discov. 2002, 1, 731–736.
[CrossRef]

161. Ren, X.; Zhao, Y.; Xue, F.; Zheng, Y.; Huang, H.; Wang, W.; Chang, Y.; Yang, H.; Zhang, J. Exosomal DNA Aptamer Targeting
α-Synuclein Aggregates Reduced Neuropathological Deficits in a Mouse Parkinson’s Disease Model. Mol. Ther. Nucleic Acids
2019, 17, 726–740. [CrossRef]

162. Didiot, M.-C.; Hall, L.M.; Coles, A.H.; A Haraszti, R.; Godinho, B.M.; Chase, K.; Sapp, E.; Ly, S.; Alterman, J.F.; Hassler, M.R.;
et al. Exosome-mediated Delivery of Hydrophobically Modified siRNA for Huntingtin mRNA Silencing. Mol. Ther. 2016, 24,
1836–1847. [CrossRef] [PubMed]

http://doi.org/10.1093/nar/gks463
http://doi.org/10.1136/thoraxjnl-2021-217724
http://doi.org/10.3390/metabo12111055
http://doi.org/10.1007/s11356-021-17830-7
http://doi.org/10.1016/S1474-4422(10)70245-3
http://www.ncbi.nlm.nih.gov/pubmed/21163446
http://doi.org/10.1016/0092-8674(93)90585-E
http://www.ncbi.nlm.nih.gov/pubmed/8458085
http://doi.org/10.1186/s12951-022-01472-z
http://www.ncbi.nlm.nih.gov/pubmed/35701788
http://doi.org/10.1001/jama.2013.280319
http://doi.org/10.1002/jev2.12255
http://doi.org/10.1111/ene.14108
http://doi.org/10.1016/S0140-6736(16)31743-3
http://doi.org/10.1038/s41467-018-03733-8
http://doi.org/10.1016/j.neuron.2022.06.024
http://doi.org/10.1161/CIRCRESAHA.122.319950
http://doi.org/10.1016/S2468-2667(21)00230-9
http://www.ncbi.nlm.nih.gov/pubmed/34756176
http://doi.org/10.1016/j.biomaterials.2016.03.025
http://doi.org/10.1089/neu.2018.5711
http://doi.org/10.1016/j.biomaterials.2019.01.016
http://www.ncbi.nlm.nih.gov/pubmed/30654160
http://doi.org/10.1186/s13287-019-1207-z
http://doi.org/10.1016/j.lfs.2020.118403
http://doi.org/10.1021/acscentsci.1c00866
http://www.ncbi.nlm.nih.gov/pubmed/35106369
http://doi.org/10.1038/nrd896
http://doi.org/10.1016/j.omtn.2019.07.008
http://doi.org/10.1038/mt.2016.126
http://www.ncbi.nlm.nih.gov/pubmed/27506293


Bioengineering 2023, 10, 51 20 of 20

163. Yang, J.; Wu, S.; Hou, L.; Zhu, D.; Yin, S.; Yang, G.; Wang, Y. Therapeutic Effects of Simultaneous Delivery of Nerve Growth Factor
mRNA and Protein via Exosomes on Cerebral Ischemia. Mol. Ther. Nucleic Acids 2020, 21, 512–522. [CrossRef] [PubMed]

164. Yang, L.; Han, B.; Zhang, Z.; Wang, S.; Bai, Y.; Zhang, Y.; Tang, Y.; Du, L.; Xu, L.; Wu, F.; et al. Extracellular Vesicle–Mediated
Delivery of Circular RNA SCMH1 Promotes Functional Recovery in Rodent and Nonhuman Primate Ischemic Stroke Models.
Circulation 2020, 142, 556–574. [CrossRef]

165. Jia, G.; Han, Y.; An, Y.; Ding, Y.; He, C.; Wang, X.; Tang, Q. NRP-1 targeted and cargo-loaded exosomes facilitate simultaneous
imaging and therapy of glioma in vitro and in vivo. Biomaterials 2018, 178, 302–316. [CrossRef] [PubMed]

166. Zhang, R.; Fu, Y.; Cheng, M.; Ma, W.; Zheng, N.; Wang, Y.; Wu, Z. sEVsRVG selectively delivers antiviral siRNA to fetus brain,
inhibits ZIKV infection and mitigates ZIKV-induced microcephaly in mouse model. Mol. Ther. 2021, 30, 2078–2091. [CrossRef]

167. Liu, Y.; Li, D.; Liu, Z.; Zhou, Y.; Chu, D.; Li, X.; Jiang, X.; Hou, D.; Chen, X.; Chen, Y.; et al. Targeted exosome-mediated delivery of
opioid receptor Mu siRNA for the treatment of morphine relapse. Sci. Rep. 2015, 5, 17543. [CrossRef]

168. Bunggulawa, E.J.; Wang, W.; Yin, T.; Wang, N.; Durkan, C.; Wang, Y.; Wang, G. Recent advancements in the use of exosomes as
drug delivery systems. J. Nanobiotechnology 2018, 16, 81. [CrossRef]

169. Schiffelers, R.; Kooijmans, S.; Vader, P.; Dommelen, V.; Van Solinge, W. Exosome mimetics: A novel class of drug delivery systems.
Int. J. Nanomed. 2012, 7, 1525–1541. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.omtn.2020.06.013
http://www.ncbi.nlm.nih.gov/pubmed/32682291
http://doi.org/10.1161/CIRCULATIONAHA.120.045765
http://doi.org/10.1016/j.biomaterials.2018.06.029
http://www.ncbi.nlm.nih.gov/pubmed/29982104
http://doi.org/10.1016/j.ymthe.2021.10.009
http://doi.org/10.1038/srep17543
http://doi.org/10.1186/s12951-018-0403-9
http://doi.org/10.2147/IJN.S29661
http://www.ncbi.nlm.nih.gov/pubmed/22619510

	Introduction 
	Origin and Biogenesis of Exosomes 
	Subtypes and Classification of Extracellular Vesicles (Evs) 
	Exosomes’ Neuroprotective Properties 
	Carrier Characteristics and Engineering Modification Mechanism of Exosomes 
	CNS Cell-Release Exosomes and Their Potentially Bidirectional Pathway 
	Application of Exosome Vector Therapy in Central Nervous System Diseases 
	Exosomes as Drug Carriers 
	Exosomes as Protein Carriers 
	Exosomes as Nucleic acid Carriers 

	Exosome in the Diagnosis and Treatment of Different CNS Diseases 
	Alzheimer’s Disease 
	Huntington’s Disease 
	Brain Tumor 
	Parkinson’s Disease 
	Stroke 
	Alternate Disorders of the Brain: Viruses and Drug Addiction Issue 

	Conclusions 
	References

