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Abstract

Recent advancements in gene expression modulation and RNA delivery systems have underscored the immense
potential of nucleic acid-based therapies (NA-BTs) in biological research. However, the blood-brain barrier (BBB),

a crucial regulatory structure that safeguards brain function, presents a significant obstacle to the delivery of drugs

to glial cells and neurons. The BBB tightly regulates the movement of substances from the bloodstream into the brain,
permitting only small molecules to pass through. This selective permeability poses a significant challenge for effec-
tive therapeutic delivery, especially in the case of NA-BTs. Extracellular vesicles, particularly exosomes, are recognized
as valuable reservoirs of potential biomarkers and therapeutic targets. They are also gaining significant attention

as innovative drug and nucleic acid delivery (NAD) carriers. Their unique ability to safeguard and transport genetic
material, inherent biocompatibility, and capacity to traverse physiological barriers highlight their potential as drug
carriers. This review provides a comprehensive overview of current strategies to enhance NAD to the brain, focusing
on the emerging potential of exosomes as biocompatible and efficient nanocarriers. It synthesizes recent advances

in the use of exosomes for NA-BTs in neurological disorders, comparing their advantages with those of conventional
nanodelivery systems and cell-based therapies. Additionally, the review highlights innovative exosome engineering
approaches to improve brain-targeted delivery, addresses key methodological limitations such as variability in cargo
content, and proposes solutions to enhance standardization and safety. Collectively, these insights highlight the trans-
lational potential of exosomes and offer a novel perspective on bridging the gap between fundamental research

and clinical application.
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Introduction

Central nervous system (CNS) diseases are highly sig-
nificant due to their impact on one of the most crucial
systems in the human body. The CNS, encompassing
the brain and spinal cord, is essential for controlling
and coordinating various bodily functions. Unfortu-
nately, effective treatments for these conditions remain
challenging to develop. A major obstacle is the difficulty
in delivering drugs to their intended targets within the
brain. For a drug to be effective, it must cross the BBB
at a concentration sufficient to interact with its target
[1]. The BBB is a complex physiological barrier consist-
ing of brain capillary endothelial cells with tight junc-
tions, receptors, enzymes, and transporters. The BBB
tightly regulates the entry of molecules into the brain,
safeguarding it from harmful substances while per-
mitting the controlled transport of essential nutrients
across endothelial cell membranes. However, this criti-
cal function can be compromised under certain patho-
logical conditions. For example, in multiple sclerosis
(MS), the increased permeability of the BBB enables
immune cells to infiltrate the brain, thereby promoting
the development of neuroinflammation [140]. Although
this protective function is vital, it presents significant
challenges for effective drug delivery to the brain. The
endothelial cells forming the BBB have luminal and
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abluminal membranes facing the bloodstream and
the brain, respectively. The selective permeability of
the BBB is attributed to specific structural compo-
nents, such as adhesion molecules and tight junctions
between endothelial cells [177]. Despite advances in
understanding the CNS and its disorders, treatment
challenges persist, leaving a growing burden of disease.
This review addresses a critical gap in the current lit-
erature by providing a focused and integrative analysis
of exosomes as delivery vehicles for nucleic acid-based
therapies (NA-BTs) to the brain, an area often frag-
mented across studies with varying methodologies and
clinical relevance. Rather than reiterating exosomes as
generic carriers, we offer a comparative perspective
on their advantages over traditional nanocarriers and
cell-based therapies, highlight innovative engineering
strategies for enhancing brain-specific delivery, and
critically assess methodological limitations such as var-
iability in endogenous cargo and isolation techniques.
To strengthen standardization and safety, we propose
solutions including high-throughput omics approaches
and the use of “empty” exosomes for precise cargo load-
ing. By combining critical evaluation with forward-
looking insights, this review aims to bridge the gap
between basic exosome research and its clinical transla-
tion, positioning exosomes as a promising and distinct
platform for future neurotherapeutic development.
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Nucleic acid-based therapies (NA-BTs)

for neurologic disorders

Nucleic acid medications offer advantages over tradi-
tional drugs by targeting genes and utilizing Watson—
Crick base pairing for precise binding. These drugs can
reach therapeutic sites inaccessible to conventional
drugs, targeting a broader range of targets beyond cell
surface receptors. Nucleic acid drugs (NA-BTs) benefit
from a faster development timeline due to easy access
to target gene sequences and provide sustained thera-
peutic effects with their extended half-life. Major types
include small interfering RNAs (siRNAs), microRNAs
(miRNAs), and ASOs that inhibit RNA, while plasmid
DNAs (pDNAs), peptide nucleic acids (PNAs), and mes-
senger RNAs (mRNAs) enhance gene expression [108].
The complexity of brain tumor NA-BTs arises from vari-
ous factors, particularly the genetic heterogeneity and
diverse mutation profiles of tumors, which hinder the
identification of consistent, broadly applicable thera-
peutic targets. Additionally, unmodified nucleic acids
face significant hurdles such as high immunogenicity,
poor stability, rapid degradation by nucleases, and low
accumulation at tumor sites due to biological barriers
like the blood—brain and blood-tumor barriers [43]. To
overcome these obstacles, effective delivery systems are
essential for enhancing nucleic acid transport and stabil-
ity. The CRISPR/Cas system further allows for the precise
enhancement, suppression, and rectification of target
gene expression [108]. In contrast, pPDNAs and mRNAs
are used to increase the expression of target genes. This
section focuses on the mechanisms of therapy and design
of NA-BTs for neuroprotection.

Therapeutic siRNAs and miRNAs

RNA interference (RNAi) is a mechanism that uses
small RNA molecules, including siRNAs and miRNAs,
to suppress gene expression by degrading or inhibiting
mRNA in the cytoplasm of target cells [115] (Table 1).
The enzyme Dicer, a specialized RNase III-like enzyme,
processes double-stranded RNA (dsRNA) into siRNAs,
which then integrate into the RNA-induced silencing
complex (RISC). Within RISC, Argonaute 2 (AGO2)
cleaves the sense strand of the siRNA, enabling the anti-
sense strand to direct RISC to the corresponding mRNA,
thereby inducing gene silencing [199]. Short hairpin
RNAs (shRNAs) function in a similar way to synthetic
siRNAs [49]. Endogenously produced miRNAs undergo
transcription into primary miRNA, cleavage into precur-
sor miRNA by Drosha, and final processing into mature
miRNAs by Dicer [45]. Synthetic siRNA drugs are engi-
neered to target specific genes and bind directly to RISC,
leveraging the endogenous RNAi pathway to silence
genes. Optimizing the sequence of siRNAs is essential
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to enhance gene silencing efficacy while minimizing off-
target effects. These sequences typically range from 21 to
23 nucleotides in length, and although longer sequences
can improve silencing, they may also activate the inter-
feron pathway, leading to off-target mRNA degradation
and apoptosis [110]. Synthetic miRNAs are also designed
to mimic endogenous miRNAs, with double-stranded
versions proving more effective. Unlike siRNAs, which
rely on perfect base pairing of the antisense strand to
cleave target mRNAs, miRNAs usually operate through a
different mechanism: after the sense strand is removed,
the antisense strand binds to target mRNAs with partial
or imperfect complementarity, leading to translational
repression or mRNA destabilization rather than direct
cleavage. This allows miRNAs to regulate gene expres-
sion more broadly, often by suppressing translation
rather than cutting the mRNA directly [144]. However,
delivering miRNAs in vivo poses challenges, includ-
ing nuclease degradation and immune activation. To
enhance the therapeutic efficacy and stability of siRNAs
and miRNAs, range of genetic (or chemical) modifica-
tions are commonly employed. Among the most widely
used are 2'-O-methyl (2-OMe) and 2’-fluoro (2’-F)
modifications, which substitute the 2" hydroxyl group on
the ribose sugar to improve nuclease resistance, reduce
immunogenicity, and increase binding affinity [146].
Phosphorothioate (PST) linkages, in which a sulfur atom
replaces a non-bridging oxygen in the phosphate back-
bone, further enhance resistance to exonucleases and
improve pharmacokinetic profiles. Locked nucleic acids
(LNAs), characterized by a methylene bridge that locks
the ribose conformation, offer increased thermal stability
and specificity for the target RNA. Additionally, 5’ -end
modifications on the guide strand help prevent degrada-
tion and support efficient loading into the RISC, which
is essential for gene silencing [31, 84]. To improve tis-
sue targeting and cellular uptake, siRNAs and miRNAs
are also frequently conjugated to molecules like choles-
terol or N-acetylgalactosamine, the latter being especially
effective for liver-targeted delivery(TD) [121]. These
chemical strategies are often used in combination to
optimize siRNA-based therapeutics for clinical applica-
tion [4].

Therapeutic ASOs

Antisense oligonucleotides (ASOs) are single-stranded
DNA-like oligonucleotide drugs typically about 20 nucle-
otides long (Table 1). These therapeutics target recep-
tor RNAs, including mRNAs, ribosomal RNAs (rRNAs),
and non-coding RNAs (ncRNAs), reflecting advances
in RNA biology [39]. ASOs operate through two main
mechanisms: occupancy-mediated degradation (RNase
H-competent) and occupancy-only mechanisms (steric
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Table 1 Overview of key nucleic acid-based therapies
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Type Definition Delivery system Mechanism of action Refs
siRNAs ~20-25 bp of double-stranded  LNPs, polymeric carriers, viral TmRNA degradation and gene  Zou et al. [199]
(ds) nucleotides vectors, CPPs, GaINAc conju- silencing
gated
ASOs ~5-40 bp of single-stranded (ss)  Self-delivery, LNPs, CPPs, poly- Degradation of target RNA Dhuri et al. [39]
(DNA/RNA nucleotide) meric carriers or block RNA processing
miRNAs Mimic: ~21-25 bp of dsRNA LNPs, polymeric carriers, viral TFunction of endogenous Shang et al. [144]
nucleotides vectors, aptamer-conjugated miRNAs
AntimiRs: ~21-25 bp of ssSRNA LFunction of endogenous
miRNAs
mMRNAs Small or large ssRNA with mRNA  LNPs, polymeric carriers, CPPs, TExogenous or endogenous Yang et al. [186]
structure hydrogels proteins
Aptamers ~20-80 bp of ss nucleic acids Self-delivery, LNPs, polymeric Blocking or modulating mol- Doherty et al. [37]
(DNA/RNA) or small peptides carriers, siRNA chimeras ecules’biological activity
PNAs ~10-25 bp synthetic DNA/RNA  CPPs, endocytosis, LNPs, poly- LGene expression via prevent-  Montazersaheb et al. [118]
(sugar-phosphate is replaced meric carriers ing transcription or translation
by a backbone made of AEG)
DNA ~15-30 bp short DNA con- Viral vectors, electroporation, Produce shRNAs that degrade Lietal. [89, 90, 93]
structs microinjection, LNPs, polymeric - mRNAs or employ DNA tem- and Sussman et al. [156]
carriers plates for systems like TALENs
>1 kb of circular DNA vectors Adding functional copies
(plasmids) of defective genes and encod-
<5 kb of ssDNA vectors (AAV) ing proteins in target cells
~2-4 kb compact DNA con- MTransfection efficiency
structs (Mini-circle DNA) and lower immunogenicity
compared to plasmids
DNAzymes 25-40 bp ssDNA synthesized LNPs, polymeric carriers, elec- Catalytic cleaving of specific Larcher et al. [86]
using the SELEX technique troporation, CPPs RNA targets in the presence
of Mg?* or Pb?* as cofactors
CRISPR/Cas systems  DNA targeting (~20-25 bp Viral vectors, electroporation, Introducing precise double- Alaa et al. [6]

gRNA, ~80 tracrRNA, ~100
sgRNA), RNA targeting
(~25-30 bp, crRNA)

microinjection, LNPs

stranded breaks at targeted
DNA sequences or degrading
RNA molecules

PNAs peptide nucleic acids, CRISPR clustered regularly interspaced short palindromic repeats, TALENs transcription activator-like effector nucleases, shRNAs short
hairpin RNAs, SELEX systematic evolution of ligands by exponential enrichment, TALENs transcription activator-like effector nucleases, AEG N-(2-aminoethyl) glycine
units, CPPS cell-penetrating peptides, LNPs lipid nanoparticles, PEl polyethyleneimine, GalNAc N-acetylgalactosamine

block). Steric block ASOs manipulate gene expression by
blocking translation, disrupting upstream open reading
frames (uORFs), preventing nonsense-mediated decay
(NMD), and modulating polyadenylation signals [35].
ASOs are chemically modified to enhance their stability,
binding affinity, and therapeutic performance. One of the
most common modifications is the incorporation of PS
linkages, improving resistance to nuclease degradation
and enhancing cellular uptake [113]. Sugar modifications
such as 2"-OMe, 2'-F, and 2"-O-methoxyethyl (2"-MOE)
substitutions increase target RNA affinity and further
protect ASOs from enzymatic breakdown. LNAs are also
commonly used to enhance thermal stability and binding
strength. Additionally, end-capping at the 3" or 5" ter-
mini can provide extra protection against exonucleases
[161]. Moreover, ligand conjugation, such as N-acetyl-
galactosamine (GalNAc), enhances ASO uptake into
diseased cells via specific receptor interactions, like the
asialoglycoprotein receptor [120]. These modifications

are often strategically combined in ASO designs, which
consist of a central DNA core flanked by modified nucle-
otides, enabling RNase H-mediated cleavage of the tar-
get RNA while ensuring overall structural stability and
reduced immunogenicity, making ASOs a robust plat-
form for therapeutic gene silencing. Nusinersen (Spin-
raza), a Food and Drug Administration (FDA)-approved
treatment for spinal muscular atrophy, exemplifies the
occupancy-only mechanism [36]. Combining ASOs tar-
geting the 5" UTR with splice-switching oligonucleotides
(SSOs) can enhance survival motor neuron protein lev-
els, offering greater efficacy than SSOs alone. ASOs can
be contrasted with the rigid, double-stranded siRNAs,
which use distinct cleavage mechanisms for target RNA
[30]. Moreover, steric block oligonucleotides, a special-
ized class of ASOs, exert their effects by binding to spe-
cific regions of target RNA transcripts without inducing
their degradation. Instead of activating RNase H or other
cleavage pathways, these oligonucleotides physically
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obstruct access of the splicing machinery or ribosomes,
thereby modulating RNA processing or translation.
This mechanism allows for precise regulation of gene
expression, such as altering splicing patterns or prevent-
ing translation, without altering RNA stability [149]. To
date, three splice-switching ASOs, including eteplirsen,
golodirsen, and nusinersen, have received FDA approval
[141]. Advanced oligonucleotide therapies include
adenosine deaminase acting on RNA (ADAR)-oligonu-
cleotides, designed to bind specific brain mRNAs and
recruit the enzyme, which catalyzes adenosine-to-inosine
RNA editing. Single-stranded RNA-binding molecules
(10-35 kDa) use molecular pairing to recruit ADAR,
expanding therapeutic potential in RNA editing for CNS
conditions. This editing is crucial for brain development
and function and is implicated in neurological and psy-
chiatric disorders [126, 183, 187]. While ASOs have
shown considerable success in treating viral infections
and metabolic disorders, their application in neurological
disorders remains limited and challenging.

Therapeutic mRNAs

As research progresses, mRNA-based therapeutics
emerge as a transformative approach for preventing and
treating neurodegenerative diseases (NDDs) and brain
tumors (Table 1). Their ability to bypass limitations
associated with other therapies while offering enhanced
precision and control positions mRNA therapy as a
promising strategy for addressing challenging brain dis-
orders [186]. To enhance the stability, translational effi-
ciency, and therapeutic potential of mRNAs, several
chemical modifications are commonly employed. One
key strategy involves modifying the 5’ cap structure
using anti-reverse cap analogs (ARCAs), which improve
mRNA translation and protect against exonuclease deg-
radation. Additionally, nucleotide modifications such
as pseudouridine (¥), N1-methylpseudouridine (m1¥),
5-methylcytidine (m5C), and 2-thiouridine (s2U) are
widely used to reduce innate immune responses, increase
mRNA stability, and boost protein expression by evad-
ing recognition by toll-like receptors (e.g., TLR7/8).
Codon optimization, which replaces codons with syn-
onymous ones matching the host’s abundant tRNAs,
further enhances translational efficiency. Engineering
the untranslated regions (UTRs), particularly incorpo-
rating stabilizing sequences in the 5" and 3" UTRSs, also
contributes to improved mRNA stability and longevity in
cells. Lastly, optimizing the poly(A) tail length enhances
protection against degradation and promotes efficient
translation [105]. Together, these modifications are criti-
cal in the design of therapeutic mRNAs, including those
used in vaccines and gene therapies, ensuring they are
stable, non-immunogenic, and highly functional. Unlike
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pDNA, mRNA does not integrate into the genome, miti-
gating the risk of oncogenic mutations. However, nRNA
delivery faces challenges due to its anionic nature and
susceptibility to degradation. Delivery systems such as
lipids and polymers are employed to overcome these bar-
riers. Lipid nanoparticles (LNPs), which demonstrated
success in COVID-19 vaccines like mRNA-1273 and
BNT162b, effectively encapsulate mRNA, protect it from
degradation, and facilitate its cellular delivery for transla-
tion [175]. Synthetic LNPs typically consist of four com-
ponents: ionizable lipids, helper lipids, cholesterol, and
PEG-lipids. Ionizable lipids enable mRNA encapsulation
and Endosomal Escape via pKa tuning. Helper lipids like
distearoylphosphatidylcholine or dioleoylphosphatidyle-
thanolamine support structural stability, while Choles-
terol enhances membrane fusion, particle rigidity, and
delivery efficiency. PEG-lipids improve circulation time
and prevent aggregation [82]. One study presents a novel
system combining two key components: poly (p amino
esters) polymers (PBAEPs) and Al-optimized mRNA
[89, 90, 93]. PBAEPs enable efficient delivery of brain-
derived neurotrophic factor (BDNF) mRNA to the brain
and spinal cord through catheter-based ventricle pump-
ing. Additionally, the 3" untranslated region (3'UTR) of
the mRNA was modified with a neuron-specific micro-
RNA (miRNA) targeting sequence to limit BDNF protein
expression in neurons, mitigating risks like overexcitation
and seizures. mRNA-based therapeutics also enable the
transient expression of nucleases, including CRISPR-Cas
systems, allowing short-term and precise gene editing.
This approach avoids the longer-term risks associated
with DNA-based therapies, such as persistent nuclease
activity and increased off-target effects [81]. Delivery
challenges are being addressed through innovative meth-
ods such as co-delivering mRNA and single-guide RNA
(sgRNA) in nanoparticles, using adeno-associated viruses
(AAVs) for sgRNA, or leveraging compact nucleases like
Casl12j to package both Cas enzymes and sgRNA into one
system [123].

Therapeutic aptamers

Therapeutic aptamers are single-stranded oligonucleo-
tides that adopt unique, sequence-specific three-dimen-
sional structures, allowing them to bind their molecular
targets with high specificity and affinity (Table 1). These
aptamers function as “chemical antibodies,” modulat-
ing the activity of proteins, peptides, or small molecules,
making them promising candidates for treating a vari-
ety of disorders [2]. In the field of neurotherapeutics,
aptamers offer several advantages, including low immu-
nogenicity, ease of chemical synthesis, and the poten-
tial to cross the BBB when appropriately engineered
[37]. Researchers have investigated their use in reducing
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neuroinflammation by targeting pro-inflammatory
cytokines, as well as their potential as therapeutic deliv-
ery vehicles for drugs or imaging agents to the CNS [83].
Chemical modifications are essential for enhancing the
therapeutic potential of aptamers by improving their sta-
bility, bioavailability, and target specificity. Unmodified
aptamers are prone to rapid degradation by nucleases
in biological environments, limiting their clinical utility.
To address this, several chemical strategies have been
developed. Modifications to the sugar backbone, such as
2 -fluoro (2'-F), 2'-O-methyl (2'-OMe), and 2’-amino
(2"-NH,), are commonly used to protect RNA aptamers
from enzymatic degradation. The incorporation of PST
linkages, where a non-bridging oxygen in the phosphate
backbone is replaced by sulfur, further enhances resist-
ance to exonucleases. Aptamers composed of L-ribose-
based nucleotides, rather than the naturally occurring
D-ribose configuration, are known as Spiegelmers. These
mirror-image oligonucleotides exhibit high resistance
to nuclease degradation due to their unnatural chiral-
ity, which prevents recognition and cleavage by cellular
enzymes. As a result, Spiegelmers offer enhanced stability
in biological fluids, making them promising candidates
for therapeutic applications, particularly in environments
where conventional aptamers would be rapidly degraded.
Additionally, they retain high target specificity and bind-
ing affinity, often comparable to or exceeding that of their
D-form counterparts, while also demonstrating reduced
immunogenicity, further supporting their potential in
clinical use [170]. Other approaches include PEGylation,
which prolongs circulation time by increasing molecu-
lar weight and reducing renal clearance, and conjugation
with lipids or other molecules to enhance cellular uptake.
End-capping at the 3" and 5" ends and incorporation of
modified bases also improve nuclease resistance and
binding affinity [2]. Collectively, these chemical modi-
fications transform aptamers into robust and versatile
tools for therapeutic applications, particularly in targeted
drug delivery and molecular imaging. With their versa-
tile properties and the development of bioconjugation
strategies, aptamers show great promise in overcoming
challenges related to precision targeting and developing
effective therapies for complex neurological conditions.

Therapeutic PNAs

The PNAs are synthetic analogs of DNA in which the nat-
ural sugar-phosphate backbone is replaced by a peptide-
like structure, N-(2-aminoethyl) glycine, which enhances
their biostability and affinity for complementary nucleic
acids [118] (Table 1). These unique properties, such
as high specificity, low immunogenicity, and the abil-
ity to bind tightly to target DNA or RNA sequences,
make PNAs powerful tools in therapeutic applications.
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PNAs are inherently stable due to their peptide-like
backbone, but several chemical modifications are com-
monly applied to enhance their functionality for thera-
peutic use. One of the most significant modifications is
y-modification, which involves adding side chains like
miniPEG at the gamma position to enhance both water
solubility and binding affinity. Conjugation with cell-pen-
etrating peptides (CPPs) like TAT or penetratin enhances
cellular uptake, a major limitation of unmodified PNAs.
Additionally, lipid or PEG conjugation is used to improve
membrane permeability and pharmacokinetics. Base
modifications, including methylated or locked bases,
increase duplex stability and target specificity, while ter-
minal modifications such as biotin or fluorophores allow
for detection or TD [150]. These combined strategies
significantly improve the therapeutic potential of PNAs
by boosting their stability, bioavailability, and sequence-
specific interaction with nucleic acids. In neuroscience,
PNAs hold considerable promise for addressing genetic
disorders of the nervous system, including conditions like
Huntington’s disease and Duchenne muscular dystrophy,
by correcting point mutations at the genetic level [127].
A significant advantage of PNAs is their ability to cross
cellular membranes and specifically target DNA or RNA
sequences within cells, including those within the CNS,
making them a viable approach for treating neurodegen-
erative diseases. Furthermore, PNA-based strategies are
being explored to modulate gene expression or silence
disease-causing genes, providing hope for future thera-
peutic interventions in a wide range of human disorders
[52].

Therapeutic DNAs

Therapeutic DNA molecules, whether synthetic or natu-
rally occurring, are designed for introduction into the
body to treat a range of conditions, including genetic
disorders, altered gene expression, and immune modu-
lation (Table 1). These DNA-based therapies encompass
gene therapy, DNA vaccines, and the use of DNA as a
template to produce therapeutic proteins. Gene therapy
approaches utilizing AAV or pDNA have been shown to
function by replacing defective genes, restoring absent
ones, or silencing the expression of harmful genes in
individuals with chronic diseases [156].

The pDNA, a circular DNA molecule ranging from
2000 to 20,000 base pairs, is commonly used as a gene
vector in DNA vaccines and gene therapies. It deliv-
ers genes encoding specific proteins to induce immune
responses or treat genetic disorders. Compared to
mRNA, pDNA offers advantages in terms of stabil-
ity, cost-effectiveness, and transportability. However,
its larger size can reduce delivery efficiency and restrict
its use in some cases [107]. A significant development
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in therapeutic DNA has been the creation of DNA vac-
cines, which use genetic material to stimulate immune
responses against specific pathogens, as seen in the
COVID-19 vaccine efforts [147]. Furthermore, DNA-
based therapies have the potential to deliver gene-editing
tools like CRISPR/Cas9 directly into patient cells to cor-
rect genetic mutations [89, 90, 93]. Therapeutic DNA
molecules are often chemically modified to enhance their
stability, bioavailability, and therapeutic function, espe-
cially to withstand enzymatic degradation and improve
delivery efficiency. A widely used modification involves
incorporating a PST backbone, which greatly enhances
resistance to nuclease degradation and extends the mol-
ecule’s circulation time in the body. 2-O-M and 2’-F
sugar modifications are also frequently used to stabilize
the DNA structure and reduce immune recognition. For
improved cellular uptake, DNA can be conjugated with
lipophilic groups such as cholesterol or PEGylated with
polyethylene glycol to increase solubility, reduce renal
clearance, and minimize immunogenicity. Incorporation
of LNAs also enhances hybridization affinity and thermal
stability of the DNA strands. Additionally, strategies to
methylate or suppress immunostimulatory CpG motifs
help reduce unintended activation of the innate immune
system [171]. These chemical modifications, often used
in combination, are essential for transforming native
DNA sequences into robust, clinically viable therapeutic
agents with enhanced functionality and safety profiles.
Despite the considerable promise of therapeutic DNA,
challenges such as delivery efficiency, immune responses,
and maintaining long-term expression continue to hin-
der progress. Nevertheless, advances in gene delivery
vectors-such as LNPs and viral vectors-are improving
the safety and effectiveness of DNA-based therapies, with
increasing success in clinical trials.

DNAzymes

DNAzymes (or deoxyribozymes) are synthetic single-
stranded DNA molecules that possess catalytic activity,
capable of cleaving specific RNA targets. As NA-BTs,
they offer a highly selective means of gene silencing by
binding to complementary RNA sequences and cleaving
them at defined sites, thereby inhibiting gene expression
(Table 1). Unlike siRNA or ASOs, DNAzymes function
through a catalytic mechanism without relying on endog-
enous cellular machinery, making them attractive for tar-
geting mRNAs involved in disease processes, especially in
cancers, viral infections, and neurological disorders. To
improve their therapeutic potential, DNAzymes are com-
monly modified to enhance stability and cellular uptake.
The most widely used chemical modifications include
PS backbone modifications, 3’-end capping, LNAs, and
2’-O-M modifications [86]. DNAzymes designed to
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target and cleave repeated cytosine—adenine—guanine
(CAGQG) sequences present in polyglutamine (polyQ) neu-
rodegenerative diseases have shown potential to enhance
cell viability without disrupting mitochondrial function.
It has been demonstrated that DNAzymes retain their
catalytic activity in the mouse brain for at least 1 month
post-delivery. In a Spinocerebellar Ataxia Type 3 (SCA3)
mouse model, these DNAzymes markedly reduced lev-
els of the pathogenic high-molecular-weight ATXN3
protein [197]. These findings suggest that DNAzymes
represent a promising RNA-silencing strategy for the
treatment of multiple polyQ-related disorders. For cel-
lular delivery, DNAzymes are typically incorporated into
nanocarrier systems after conjugation with cholesterol or
PEG to improve serum stability and pharmacokinetics,
which protects them from degradation and enhances tar-
get specificity [179]. These combined strategies (chemi-
cal modification and advanced delivery systems) enable
DNAzymes to act as stable, potent, and specific gene-
silencing tools for therapeutic applications.

CRISPR/Cas systems

For therapeutic applications, the CRISPR/Cas9 sys-
tem (originally derived from Streptococcus pyogenes)
is widely utilized for precise genome editing. CRISPR/
Cas9 functions by using a single guide RNA (sgRNA)
to direct the Cas9 endonuclease to a specific DNA
sequence, where it introduces a double-strand break
(DSB) (Table 1). This break is then repaired by cellular
DNA repair mechanisms (non-homologous end joining,
or homology-directed repair) [119]. For therapeutic pur-
poses, CRISPR/Cas9 has been employed to correct dis-
ease-causing mutations in monogenic disorders, disrupt
pathogenic genes, or insert therapeutic sequences in a
site-specific manner [181]. Advances in Cas9 engineering
have led to the development of high-fidelity variants (e.g.,
eSpCas9, SpCas9-HF1) that minimize off-target effects.
Moreover, catalytically inactive forms of Cas9 (dCas9)
have been fused to transcriptional regulators, epigenetic
modifiers, or base editors to modulate gene expression,
DNA methylation, or perform single-base editing with-
out creating DSBs [6].

For RNA-based therapeutics, specific CRISPR/Cas
systems-particularly the type VI Casl3 family (Casl3a,
Casl3b, Casl3d, and Casl3X/Y)-have been adapted
to target single-stranded RNA rather than DNA, ena-
bling gene regulation without introducing permanent
genomic changes (Table 1). Among these, Cas13d (Rfx-
Cas13d) is especially promising due to its compact size,
high specificity, and efficiency in vivo, making it suitable
for therapeutic RNA knockdown and viral RNA degra-
dation [189]. Catalytically inactivated versions (dCas13)
have been repurposed as programmable RNA-binding
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platforms and used for RNA imaging, splicing modu-
lation, and epitranscriptomic editing-often by fusing
with enzymes such as Adenosine Deaminase Acting on
RNA 2 to mediate adenosine-to-inosine (A-to-I) RNA
editing [11]. More recently, Cas7-11, part of the type
II-E CRISPR system, has emerged as a highly specific
RNA-targeting nuclease with reduced collateral activity
compared to Casl3, offering an alternative for precise
RNA modulation [191-193]. Delivery of these CRISPR
components into target cells is achieved through viral
vectors (AAV, lentivirus), LNPs, electroporation, or exo-
some-based systems. Collectively, these RNA-targeting
CRISPR systems offer versatile and precise platforms for
therapeutic intervention in diseases involving aberrant
RNA expression, particularly in the CNS.

Blood-brain barrier structure and function

The BBB plays a critical role in protecting the brain and
facilitating the transport of substances. There are two
main pathways for substances to cross the BBB: transcel-
lular transport, where molecules move through endothe-
lial cells from the luminal to the abluminal surface and
into the brain parenchyma, and paracellular transport,
which occurs through tight junctions between endothe-
lial cells. Transcellular transport is influenced by factors
such as concentration, electrical charge, and lipophilicity,
allowing substances to traverse based on their electro-
chemical gradient. However, two key mechanisms, par-
ticularly relevant for drug delivery, are transmembrane
diffusion and transporter-mediated processes [135]. The
integrity of the BBB plays a pivotal role in maintaining
the neurovascular unit’s (NVU) function and support-
ing the brain’s intricate network (Fig. 1). The NVU, com-
posed of endothelial cells, pericytes, astrocytes, neurons,
and extracellular matrix components, plays a central role
in maintaining BBB integrity and regulating substance
transport into the brain. Astrocytes especially provide
structural and metabolic support, as well as regulat-
ing the barrier’s permeability. Pericytes further contrib-
ute by stabilizing endothelial cells and influencing BBB
integrity. In addition to these cellular components, the
BBB interacts with neurons, microglia, and extracellular
matrix proteins, forming a dynamic and complex inter-
face essential for the brain’s protection and homeostasis.
Together, these elements ensure a tightly regulated envi-
ronment, necessary for proper neuronal function and
protection from systemic fluctuations or harmful agents
(Fig. 1).
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Strategies for improved delivery of therapeutics

to the brain

Drug delivery approaches encompass a wide range of
techniques, including the use of microspheres, biode-
gradable wafers, and various colloidal carrier systems.
These systems include liposomes, nanoparticles, nano-
gels, dendrimers, micelles, nanoemulsions, polymer-
somes, exosomes, and quantum dots, each offering
unique properties for enhancing therapeutic efficacy and
TD [1]. Convection-enhanced delivery enables the direct
injection of therapeutics, including gene therapies, into
the brain, allowing for widespread distribution [34]. Also,
non-viral nanocomplexes are being studied as vectors
for brain gene therapy, aiming to optimize delivery and
reduce the need for multiple injections [162]. Moreover,
small peptides under 500 Da can diffuse across the BBB
passively, but low penetration rates hinder their effective-
ness. Enhancing lipophilicity or hydrogen bonding can
improve brain absorption but may also increase periph-
eral uptake [124]. Biologics, such as monoclonal antibod-
ies, peptides, and NA-BTs, face significant challenges in
crossing the BBB due to their large and complex nature,
which limits brain absorption compared to smaller drugs.
Unlike small lipophilic drugs, biologics lack natural
transport mechanisms to facilitate BBB passage and can-
not rely on systemic circulation alone for brain penetra-
tion. This limitation calls for alternative methods, such as
receptor-mediated transport or invasive delivery systems.
To address these barriers, strategies are being developed
to engineer biologics for enhanced BBB permeability and
create advanced delivery platforms, such as nanoparticles
and exosomes, which show promise for improving bio-
logic-based therapies in the CNS [56].

Targeting BBB

One approach to enhance medication delivery to the
brain is to induce controlled disruptions in the BBB, simi-
lar to what occurs in various inflammatory CNS diseases.
For instance, studies have shown that astrocytic expres-
sion of vascular endothelial growth factor A (VEGE-A)
plays a crucial role in regulating BBB permeability in a
mouse model of MS [62]. This finding highlights the sig-
nificant impact that VEGF-A, secreted by astrocytes, has
on the integrity of the BBB, contributing to its dysfunc-
tion and facilitating the infiltration of immune cells into
the brain during MS. Moreover, small compounds and
allosteric regulators can potentially improve drug deliv-
ery to the brain by modifying BBB transporter activity.
While enhancers and inhibitors can control this activ-
ity, most BBB transporter structures and their allos-
teric binding sites are still unidentified. An a-adrenergic
receptor agonist, for instance, has been used to improve
the BBB penetration of anorectic leptin [10]. Recent
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is a monolayer of tightly sealed endothelial cells with low permeability, centrally located within the NVU. Cells within the NVU are crucial

for angiogenesis, neurogenesis, BBB integrity, cerebral blood flow regulation, extracellular matrix interactions, and neurotransmitter clearance.

Source: Adapted from Sweeney et al. [157]

studies have shown that claudin-5 interaction inhibitors
cause a reduction in claudin-5 levels on the cell mem-
brane by promoting internalization and downregulation.
This process explains how claudin-5 interaction inhibi-
tors can reduce the functionality of claudin-5, thereby
increasing BBB permeability [19].

Targeting transporters

To target BBB transporters, researchers can design ana-
logs of endogenous ligands that effectively bind to both
the transporter and a receptor in the CNS. These ana-
logs are structurally and functionally similar to natural
ligands, allowing them to serve as ligands for the BBB
transporter and the CNS receptor. Transporter-based
delivery systems, such as those utilizing the L-type amino

acid transporter 1 (LAT1), offer a promising approach
for delivering therapeutic agents across the BBB. LAT1
facilitates the uptake of large neutral amino acids like
leucine and phenylalanine into the brain, and therapeu-
tic compounds can be conjugated to LAT1 substrates to
exploit this pathway for drug delivery [61]. However, this
strategy has several limitations. Substrate competition
can occur, as endogenous amino acids may outcompete
drug conjugates for transporter binding, reducing deliv-
ery efficiency. Additionally, limited transport capac-
ity may restrict the amount of therapeutic agent that
can be delivered. Transporter expression can also vary
between individuals and across disease states, leading to
inconsistent drug uptake. These factors collectively pose
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challenges in achieving reliable, targeted, and effective
delivery via transporter-mediated mechanisms.
Additionally, targeted drug delivery to the brain can
be facilitated by designing specific peptides or small-
molecule analogs that selectively bind to various BBB
transporters, such as peptide transporter 1 (PEPT1),
monocarboxylate transporter 1 (MCT1), and organic
anion transporting polypeptides (OATPs). These
transporters, which normally mediate the uptake of
essential nutrients and metabolites into the brain,
can be exploited to carry therapeutic agents across
the BBB. By mimicking the natural substrates of these
transporters, drugs can effectively “hitchhike” across
the barrier, improving their brain bioavailability [134].
This strategy enhances CNS-targeted drug delivery
but also requires careful consideration of transporter
specificity, substrate competition, and variability in
expression levels across individuals and disease states.
Furthermore, transferrin receptors (TfRs) expressed
on the BBB play a key role in mediating iron uptake
into the brain. This physiological pathway can be har-
nessed for drug delivery by conjugating therapeutic
agents or nanoparticles with transferrin, the receptor’s
natural ligand, to enable receptor-mediated transcyto-
sis. This active transport mechanism allows the drug-
conjugates to bind to TfRs, undergo internalization,
and be transported across the endothelial cells into the
brain parenchyma, thereby enhancing drug penetra-
tion into the CNS. This approach has shown promise
in improving the delivery efficiency of biologics and
nanomedicines targeted to neurological disorders [71].
Active transport is an energy-dependent process that
utilizes ATP to move substances against their con-
centration gradients. This mechanism encompasses
several pathways, including the activity of pericytes
and endothelial ion transporters, solute carrier pro-
teins, and ATP-binding cassette (ABC) transporters
involved in active efflux [157]. Some transporters at
the BBB function as efflux pumps, actively removing
substances from the brain back into the bloodstream.
Inhibiting these efflux transporters could enhance
drug penetration through the BBB and increase their
retention within the CNS, particularly for drugs that
struggle to accumulate in the brain. To effectively
inhibit efflux, it is essential to identify the specific
transporters involved and target them for inhibition.
One well-known efflux transporter is P-glycoprotein
(P-gp), which limits the effectiveness of many thera-
peutic drugs [28]. By blocking the action of efflux
transporters, drugs can remain in the brain for longer
periods, thus enhancing their therapeutic impact.
Efflux mechanisms often involve multiple efflux sys-
tems, and efflux transporters typically have a broad
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range of ligands. As a result, inhibiting efflux trans-
porters can affect the distribution of various medica-
tions and endogenous substances [22].

Targeting cells

The components of the NVU form a complex network
that works together to sustain the homeostatic micro-
environment essential for neuronal function [169, 172].
Current therapeutic strategies primarily focus on neu-
ronal signaling pathways while largely overlooking the
crucial NVU mechanisms, which may be a contributing
factor to the limited effectiveness of existing treatments.
Enhancing the function of the NVU could improve neu-
ronal survival and provide more efficient therapies for
CNS disorders [173]. One potential approach is to target
interactions between BBB endothelial cells and immune
cells, which could help block immune cell infiltration into
the brain. For instance, natalizumab is a monoclonal anti-
body that selectively targets a4-integrin on immune cells,
thereby limiting their infiltration into the CNS in MS
patients [29]. In parallel, an emerging approach involves
brain-targeted cell-membrane cloaking, in which nano-
particles are enveloped with membranes derived from
brain-tropic cells such as microglia or neurons. This
biomimetic strategy enhances nanoparticle transport
across the BBB by leveraging natural cellular trafficking
mechanisms while concurrently minimizing immune
recognition and clearance. In this context, researchers
have recently developed cancer cell membrane-cloaked
biomimetic nanoparticles for the TD of Signal Trans-
ducer and Activator of Transcription 3 (STAT3) siRNA
to glioblastoma (GBM). By cloaking nanoparticles with
membranes derived from homologous cancer cells, these
systems exploit the natural homotypic binding properties
of tumor cells, enabling enhanced recognition and uptake
by GBM cells [91].

Engineered immune-exosomes, particularly those
modified to express surface ligands for endothelial or
neuronal receptors, also exploit NVU components for
precise delivery of drugs [167]. Within the NVU, peri-
cytes have gained attention not only for their role in
regulating BBB permeability but also for their potential
as therapeutic targets. Pericyte dysfunction is associ-
ated with BBB breakdown in various neurodegenerative
diseases, and therapies aimed at stabilizing or modulat-
ing pericyte function can improve barrier integrity and
influence the transcytosis and paracellular transport
pathways [155, 191-193]. Maintaining pericyte function
is also essential for preserving BBB integrity in a range of
diseases. The loss of pericytes disrupts the BBB, neces-
sitating the development of treatments that can cross
this barrier. For instance, metabolic carbonic anhydrase
inhibitors have been shown to protect pericyte function
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in conditions such as diabetes [138]. However, challenges
remain in precisely targeting specific cells, loading drug
payloads, and ensuring their effective release within the
CNS. Consequently, these interventions can significantly
alter the delivery kinetics of nanocarriers and NA-BTs
by enhancing their retention, distribution, and uptake
in the brain microenvironment, highlighting the NVU’s
expanding role in next-generation CNS drug delivery
systems.

Pharmacokinetic and pharmacodynamic considerations
Developing systems for transporter-mediated brain deliv-
ery is challenging due to the brain’s unique physiology
and the presence of various barriers, which complicates
the assessment of delivery success. To evaluate the effec-
tiveness of transporter-utilizing (pro)drugs and nanocar-
riers, it is essential to integrate CNS pharmacokinetics
(PK), which accounts for the absorption, distribution,
metabolism, and excretion of drugs within the brain [46].
A critical component of understanding a drug’s phar-
macodynamic (PD) response is accurately estimating its
concentration at the target site in the brain. Furthermore,
absorption, distribution, metabolism, and excretion pro-
cesses play significant roles in determining bioavailability
and should be carefully considered [59]. There is also a
risk that prodrugs or nanocarriers may unintentionally
transfer the parent drug to non-target tissues, which
could lead to unintended side effects or toxicity. There-
fore, the optimal strategy is to use transporters to direct
(pro)drugs to the brain and release the active drug specif-
ically at the target site. Efficacy should be evaluated based
on BBB permeability, brain delivery, and intra-brain dis-
tribution [58]. Additionally, pharmacokinetic studies are
necessary to confirm the effectiveness of nanocarriers in
achieving targeted brain delivery.

Nanoparticle delivery systems in the brain

Nanoparticles (NPs) exhibit unique properties that ena-
ble them to interact effectively with biological systems,
offering significant advancements in drug delivery, par-
ticularly to the CNS. Their ability to cross the BBB has
positioned them as a promising tool for treating neu-
rological disorders. Despite progress in nanoparticle-
based drug delivery, significant challenges persist. One
major obstacle is the action of efflux transporters like
P-gp at the BBB, which can actively remove drug-loaded
nanoparticles even after they have crossed the barrier.
This efflux activity substantially reduces the therapeu-
tic effectiveness of such delivery systems [194]. The
advancements in incorporating materials and surface
modifications allowed NPs to bypass efflux mechanisms
or utilize receptor-mediated pathways for more effec-
tive delivery [106]. Some nanoparticle designs exploit
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adsorptive-mediated transcytosis (AMT), a process that
relies on electrostatic interactions between positively
charged nanoparticles and the negatively charged lumi-
nal surface of endothelial cells at the BBB. This non-
specific uptake enhances transcytosis efficiency but may
lack the targeting precision of receptor-based systems.
In contrast, receptor-mediated transcytosis (RMT) is a
highly specific and efficient mechanism for transport-
ing therapeutic agents-including nanoparticle-based
formulations-across the BBB. In this approach, nanopar-
ticles are functionalized with ligands such as peptides,
antibodies, or aptamers that selectively bind to recep-
tors abundantly expressed on BBB endothelial cells (e.g.,
transferrin receptor, insulin receptor, or low-density
lipoprotein receptor). Upon ligand-receptor binding,
the complex undergoes endocytosis, is trafficked across
the cell via endosomal pathways, and is subsequently
released on the abluminal side, enabling precise deliv-
ery of the therapeutic payload into the brain. Combining
AMT and RMT strategies, or engineering multi-func-
tional nanoparticles, can further enhance BBB perme-
ability and targeting efficiency for neurological therapies.
Additionally, hybrid nanoparticles combine the strengths
of multiple delivery systems, such as liposomal and poly-
meric components, to achieve enhanced stability, con-
trolled drug release, and TD [8]. These approaches not
only improve BBB penetration but also ensure effec-
tive distribution within the brain, minimizing off-target
effects and enhancing therapeutic outcomes (Fig. 2).

Liposomal nanoparticles

Liposomes, spherical lipid-based carriers, are widely
utilized for drug delivery but face challenges such as
rapid plasma clearance by immune macrophages, limit-
ing their circulation time [65]. To overcome this, modi-
fications like grafting with gangliosides or polyethylene
glycol (PEG) have been developed. PEG provides steric
stabilization and protection, extending the half-life of
liposomes. TD has shown promise, as demonstrated in
preclinical trials where liposomes conjugated with the
anti-Transferrin R antibody successfully crossed the
BBB via transferrin receptor-mediated endocytosis [70].
Moreover, peptide-grafted liposomes have enhanced
brain drug delivery, significantly increased drug uptake,
and reduced glioma viability [38]. Innovations such as
incorporating viral proteins with liposomes have further
improved the delivery of neuroprotective agents to the
CNS [64]. Additionally, liposomes can self-assemble with
nucleic acids like DNA or siRNA, forming multi-lamellar
lipoplexes. These modified liposomes hold significant
potential for enhancing CNS drug delivery by combin-
ing TD, prolonged circulation, and advanced surface
modifications.
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Nanostructured lipid carriers

Nanostructured lipid carriers (NLCs) are advanced drug
delivery systems composed of biodegradable solid and
liquid lipids. Their unique, less-ordered crystalline struc-
ture minimizes drug leakage and enables higher drug
loading capacity. NLCs are highly effective in reducing
the toxicity of chemotherapeutic drugs and enhancing
brain drug delivery by overcoming efflux mechanisms at
the BBB. Their attributes, including high biocompatibil-
ity, controlled drug release, and efficient encapsulation,
make them ideal for bypassing or crossing the BBB with
minimal toxicity [23]. In antiretroviral therapy, NLCs
have significantly improved brain delivery of drugs such
as indinavir, achieving a remarkable 400-fold increase
in CNS uptake [75]. They also enhance BBB permeabil-
ity for lipophilic compounds like tanshinone-1 and have
been adapted for various administration routes [178].

Furthermore, NLCs have shown therapeutic efficacy in
treating conditions like MS, as evidenced by their suc-
cessful application in preclinical mouse models [42]. This
versatility and effectiveness position NLCs as a promis-
ing platform for delivering a range of therapeutics to the
brain, addressing challenges in CNS drug delivery.

Polymeric nanoparticles

Polymeric nanoparticles (PNPs) provide a versatile plat-
form for drug delivery, leveraging diverse monomers
and polymerization techniques for customization. These
nanoparticles, including synthetic, natural, and hybrid
varieties, are particularly effective for brain targeting
due to their small size, tunable properties, and benefi-
cial physical characteristics. PNPs enable controlled drug
release, protect therapeutic agents from degradation,
and improve bioavailability [128]. Polyplexes, formed by
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combining positively charged polymers with negatively
charged DNA or siRNA, expand the utility of PNPs for
delivering genetic material [57]. PNPs are promising
tools for enhancing drug penetration across the BBB.
For example, poly(lactide-co-glycolide) acid (PLGA)
nanoparticles have been used to encapsulate doxoru-
bicin and siRNA, showing efficacy in glioma treatment
by enhancing drug delivery across the BBB [109]. Addi-
tionally, receptor-mediated transport can be enhanced by
modifying PNPs to target specific receptors. For instance,
antibody-grafted chitosan nanoparticles loaded with
siRNA have demonstrated the ability to halt HIV repli-
cation in the brain, highlighting their potential for treat-
ing CNS diseases [50]. The flexibility in design, efficient
drug delivery, and ability to cross the BBB make PNPs a
promising strategy for addressing challenges in CNS drug
therapy and targeting neurological disorders effectively.

Peptide-derivatives nanocarriers

Short peptides, typically 5-30 amino acids long, have
gained recognition as efficient carriers for delivering
nucleic acids both in vitro and in vivo. These peptide-
based carriers effectively address the challenges associ-
ated with nucleic acid transport, proving particularly
adept at delivering DNA and siRNA [48]. Peptides used
for this purpose are classified into two main categories:
cell-penetrating peptides (CPPs) and homing peptides
(HPs). CPPs are short, cationic sequences capable of pen-
etrating cell membranes via receptor-independent mech-
anisms. In contrast, HPs are selected using phage display
techniques and utilize receptor-mediated endocytosis to
achieve TD. Both types of peptides enable NAD through
mechanisms such as PNA coupling and co-self-assem-
bly. These processes give rise to various nano-vehicles,
including nanoparticles, nanofibers, and nanotubes [168].
Recent advancements have demonstrated the potential of
peptide modifications for enhanced delivery efficiency.
For example, modifying the rabies virus glycoprotein
(RVG) with additional arginine residues to create RVG-
9R significantly improved siRNA delivery across the BBB
and into the brain [165]. The versatility and efficiency
of these short peptides make them a promising tool for
advancing NAD technologies, particularly for applica-
tions targeting the CNS and beyond.

Inorganic nanostructured molecules

Inorganic nanoparticles, including gold, silver, and silica,
are increasingly utilized for CNS drug delivery. Gold
nanoparticles (AuNPs) efficiently penetrate the BBB
and exhibit low toxicity, with exosome-coated AuNPs
enhancing brain cell binding and transport [78]. Silver
nanoparticles (AgNPs) show potential for binding sero-
tonin and enhancing chemotherapeutic effects on GBM,
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but their toxicity needs further investigation [94]. Silica
nanoparticles, often functionalized with PEG and com-
bined with lactoferrin, enhance BBB penetration through
receptor-mediated endocytosis, making them versatile
for CNS delivery [158]. Other transition metal nanopar-
ticles, like selenium [60] and superparamagnetic iron
oxide [47], enhance CNS delivery, with selenium showing
promise in Alzheimer’s by interacting with amyloid-beta
plaques and improving memory. Recently, pH-sensitive
drug delivery systems like superparamagnetic iron oxide
nanoparticles loaded with doxorubicin optimize drug
release in GBM treatment [47]. Moreover, Carbon dots,
known for biocompatibility and fluorescence, enhance
pDNA and siRNA delivery to the CNS [116].

Extracellular vesicles as novel drug delivery
systems

Exosomes are rapidly emerging as one of the most prom-
ising innovations in drug delivery. These naturally occur-
ring nanocarriers have evolved to transport complex
biological molecules across challenging barriers in the
body, like the BBB, with remarkable precision and mini-
mal immune response. Their natural compatibility with
the human body, ability to remain stable in circulation,
and potential for TD make them a compelling solution
to many of the limitations faced by current therapeutic
delivery systems in the brain [15, 25].

Their nanoscale size (30—150 nm) and endogenous ori-
gin facilitate efficient cellular uptake and systemic circu-
lation while minimizing immune clearance. Moreover,
surface proteins such as tetraspanins and integrins ena-
ble exosomes to exhibit cell-specific targeting capabili-
ties [56]. Recent developments in engineering strategies,
including sonication, electroporation, and chemical sur-
face modifications, have expanded the utility of exosomes
for loading a broad spectrum of therapeutic cargos such
as nucleic acids, proteins, and small molecules [24]. In
particular, stem cell-derived exosomes have demon-
strated immunomodulatory and regenerative proper-
ties, while milk-derived exosomes have shown promise
for oral delivery of hydrophilic biomolecules, enhancing
bioavailability and transepithelial transport [89, 90, 93,
160]. Despite their therapeutic potential, challenges such
as large-scale production, standardization of isolation
techniques, and batch-to-batch reproducibility remain
critical hurdles for clinical translation [169, 172]. Nev-
ertheless, ongoing preclinical and clinical studies under-
score the value of exosomes as next-generation delivery
platforms for diverse therapeutic modalities in oncology,
neurology, infectious diseases, and regenerative medicine
[132].

EVs facilitate intercellular communication in the
brain and have the potential to cross the BBB, offering
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advantages over traditional drug delivery systems by tar-
geting specific cells, maintaining stability in the blood-
stream, and delivering therapeutic materials. Current
research is exploring the bioengineering of EVs for stroke
therapy, their interactions with the BBB, and the chal-
lenges and prospects of EV-based therapies for brain
disorders [5, 16]. A study by Morad et al. [117] investi-
gated how breast cancer-derived EVs cross the intact
BBB, revealing transcytosis as the primary mechanism
and outlining the cellular pathways involved. This find-
ing highlights the potential for EVs as new methods for
drug delivery in treating brain disorders. MSCs and their
secreted EVs have shown promise in promoting neuro-
logical recovery after ischemic events. These EVs con-
tribute to brain remodeling, immune modulation, and
enhance angiogenesis and neurogenesis [122]. Addition-
ally, neural cells, including microglia, oligodendrocytes,
astrocytes, and neurons, rely on EVs for essential inter-
cellular communication, which influences neural spe-
cialization, cell growth, and synapse formation [3]. In the
context of CNS disorders, EVs are also gaining attention
as potential vehicles for delivering therapeutic agents
to the brain. Their ability to address currently untreat-
able CNS conditions opens up new avenues for treat-
ment [142]. Exosomes, a subtype of EVs, are emerging
as powerful tools in nanotechnology for drug delivery.
They offer high biocompatibility, efficient drug delivery,
and the ability to cross physiological barriers with mini-
mal side effects, making them an exciting area of focus
for therapeutic interventions [130].

Exosome biogenesis and its biodistribution

Exosomes, a subtype of extracellular vesicles, are emerg-
ing as a promising tool for brain drug delivery, especially
in the context of NA-BTs. Exosome biogenesis is intri-
cately linked to the endosomal trafficking pathway, begin-
ning with the invagination of the plasma membrane,
which forms early endosomes. These early endosomes
undergo maturation into late endosomes or multive-
sicular bodies (MVBs). A hallmark feature of MVBs is
the formation of intraluminal vesicles (ILVs) within their
lumen, generated by a secondary inward budding of the
endosomal limiting membrane. This budding process
sequesters specific cytosolic components, including
proteins, lipids, DNA fragments, mRNAs, microRNAs
(miRNAs), long non-coding RNAs (IncRNAs), and other
bioactive molecules, into the ILVs (Fig. 3). The formation
of ILVs involves both ESCRT-dependent and ESCRT-
independent mechanisms. In the ESCRT (Endosomal
Sorting Complex Required for Transport) pathway, the
process is orchestrated by four complexes-ESCRT-0, I,
11, and III- along with associated proteins like ALG-2-in-
teracting protein X and Tumor Susceptibility Gene 101,
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which help recognize ubiquitinated cargo, deform the
membrane, and facilitate vesicle scission [72]. In parallel,
ESCRT-independent mechanisms involve molecules like
tetraspanins (e.g., CD9, CD63, CD81) and lipid compo-
nents such as ceramides, which can drive vesicle budding
through changes in membrane curvature and fluidity
[67]. Once ILVs are formed within MVBs, these MVBs
have two potential fates: fusion with lysosomes for deg-
radation or fusion with the plasma membrane, result-
ing in the release of ILVs into the extracellular space. At
this stage, ILVs are termed exosomes, now functioning
as intercellular messengers capable of delivering their
cargo to recipient cells via endocytosis, phagocytosis, or
direct membrane fusion [53]. This complex and highly
regulated process enables exosomes to play a central role
in cell-to-cell communication and offers a sophisticated
platform for therapeutic delivery. Exosomes are catego-
rized based on their cellular origin, biogenesis pathways,
and surface markers, which are crucial for developing
effective delivery strategies [73] (Fig. 3). The identifica-
tion and characterization of exosomes typically involve
the use of surface markers such as tetraspanins and heat
shock proteins (e.g., HSP70, HSP90) [196], which help
define their cellular origin and functional properties.
Exosomes are also classified based on their formation
pathways, which include the ESCRT pathway, as well as
ESCRT-independent mechanisms [53]. The main sources
of exosomes for brain delivery include MSCs, endothe-
lial cells, dendritic cells, and neural cells. Understanding
the classifications and biodistribution of these exosomes
is essential for optimizing their use in targeted thera-
pies. MSC-derived exosomes are highly valued for their
ability to modulate the immune system, which is vital
for managing neuroinflammation, offering neuroprotec-
tion, and supporting tissue regeneration in neurological
disorders [151]. Neural cells-derived exosomes naturally
possess the ability to target specific brain regions, mak-
ing them an excellent option for precise delivery to dis-
eased or injured areas, thereby promoting neural repair
[198]. Furthermore, exosomes originating from endothe-
lial cells can interact directly with the BBB, enhancing
their specificity in transporting therapeutic agents to the
CNS [154]. Moreover, exosomes derived from dendritic
cells have demonstrated significant potential in modulat-
ing immune responses, particularly by enhancing antigen
presentation and regulating immune tolerance. These
immunomodulatory properties make them promising
candidates for the development of therapeutic vaccines
aimed at brain tumors and neurodegenerative disorders
[181].
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Fig. 3 Overview of different types of extracellular vesicles (EVs). The illustration presents a comprehensive overview of various EVs, emphasizing
their structural and functional diversity. Each EV type varies in size, origin, and cargo, offering unique capabilities for therapeutic applications

and intercellular communication. Key EV types depicted include: Supermeres and Exomeres: Nanoparticles without lipid bilayer, notable for their
unique biomolecular cargo and functions in intercellular communication, metabolic, and signaling processes. Migrasomes: Large vesicles
formed during cell migration, playing roles in intercellular signaling and cargo transport. Exosomes: Well-characterized small vesicles derived
from the endosomal pathway, crucial for transporting proteins, lipids, and nucleic acids across cells. ARMMs (Arrestin Domain-Containing Protein
1-Mediated Microvesicles): Specialized small vesicles involved in signaling pathways, formed through plasma membrane budding. Ectosomes:

A subset of small vesicles with specific size ranges and functional properties. Microvesicles: Larger vesicles formed by direct outward budding

of the plasma membrane, involved in cell-to-cell communication and immune modulation. Oncosomes: Large vesicles released from cancer cells,
associated with tumor progression and metastasis. Exophers: are formed when cells expel large portions of their cytoplasm, along with cellular
components such as organelles, aggregated proteins, and other debris. Source: Adapted from Jeppesen et al. [68]

Exosomes as nucleic acid delivery (NAD) machinery

The distribution of exosomes is significantly influenced
by their size, surface characteristics, and targeting
strategies. When administered systemically, exosomes
can cross the BBB and accumulate in brain tissues
[139]. Different cell types-derived exosomes exhibit
varying affinities for the brain. To further enhance tar-
geting accuracy, exosomes can be engineered by modi-
fying their surface with ligands, antibodies, or peptides,
enabling them to specifically target certain brain cells
or regions [41]. Exosomes are increasingly being rec-
ognized as effective carriers for transporting nucleic
acids to the brain [13]. Therapeutic nucleic acids (such

as siRNA, miRNA, mRNA, and antisense oligonucleo-
tides) can be integrated into exosomes using either
endogenous or exogenous loading strategies, each lev-
eraging distinct molecular mechanisms. In endogenous
loading, nucleic acids are introduced into the exosome-
producing cells before exosome release, typically via
plasmid transfection, synthetic RNA delivery, or viral
vector infection. These nucleic acids are synthesized
intracellularly and selectively incorporated into ILVs
during their formation within MVBs. This selective
packaging is mediated by specific RNA-binding pro-
teins (RBPs) such as heterogeneous nuclear ribonucleo-
protein A2/B1, Y-box binding protein 1, and SYNCRIP,
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which recognize particular sequence motifs or second-
ary structures on target RNAs and actively guide them
into the exosomal cargo. While this strategy ensures
a more physiological context and compatibility with
the exosome’s endogenous biogenesis pathways, the
efficiency of targeted loading is variable and depend-
ent on the precise sorting signals and expression lev-
els [129]. In contrast, exogenous loading involves
the post-isolation introduction of nucleic acids into
purified exosomes. Among the most commonly used
techniques is electroporation, which uses controlled
electrical pulses to transiently permeabilize the exo-
somal lipid bilayer, allowing nucleic acids to enter the
vesicle lumen; however, this method may cause cargo
aggregation or compromise membrane integrity if not
finely tuned. Another approach is chemical transfec-
tion, which employs cationic lipids or polymers to form
nucleic acid complexes that can fuse with or be endocy-
tosed by exosomes. While this method is gentler on exo-
somal structure, it may introduce potentially cytotoxic
residues. Lastly, passive incubation entails the co-incu-
bation of exosomes with nucleic acids under conditions
that favor spontaneous membrane association or diffu-
sion. Though this technique preserves vesicle stability,
it typically results in lower loading efficiency and lacks
cargo specificity. Together, these strategies offer a ver-
satile toolkit for engineering exosome-based delivery
systems, each with trade-offs between precision, effi-
ciency, and biocompatibility [101]. Recent clinical stud-
ies have underscored the potential of using exosomes
in nucleotide-based gene therapy. For example, a study
showed that exosomes loaded with miR-146b, derived
from bone marrow stromal cells (BMSC), significantly
reduced tumor metastasis by approximately 60% [76].
These findings highlight the growing potential of exo-
some-based therapies in treating neurological condi-
tions and cancers through precise NAD.

The role of exosomes in CNS disorders

Exosomes have emerged as a highly promising tool for
treating brain diseases due to their exceptional bio-
compatibility and unique ability to penetrate the BBB.
Their natural role in intercellular communication
and cargo delivery positions them as effective carri-
ers for therapeutic agents. Recent research highlights
their potential application in NDDs, particularly for
regulating synaptic function and restoring neuronal
health [103, 104]. For instance, a notable study dem-
onstrated that MSCs-derived exosomes, when loaded
with gold nanoparticles, were able to selectively target
inflamed brain regions hallmark of many NDDs [125].
This selective targeting underscores their potential to
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deliver therapeutic agents precisely to areas of the brain
affected by disease, minimizing off-target effects and
enhancing treatment efficacy. In this section, we dis-
cuss recent advancements in understanding the role
of exosomes in neurodegenerative diseases, highlight-
ing their potential as both biomarkers and therapeutic
delivery systems.

Exosomes in Alzheimer’s disease

Alzheimer’s disease (AD) is an important NDD, primar-
ily characterized by the progressive decline in memory
and cognitive functions, severely affecting the quality of
life of millions worldwide [145]. Emerging research has
identified EVs, particularly exosomes, as critical media-
tors in both the progression and potential treatment of
AD [136, 190]. These nanoscale vesicles can transport
pathogenic molecules, such as amyloid-beta (AP) pep-
tides and tau proteins, facilitating the spread of disease
pathology. However, their unique properties also make
them attractive candidates for therapeutic applica-
tions. More than a decade ago, Alvarez-Erviti et al. [9]
introduced a groundbreaking strategy for treating neu-
rological disorders by utilizing engineered exosomes
derived from dendritic cells, demonstrating their poten-
tial to deliver siRNA across the BBB. While this study
marked a significant advancement in exosome-mediated
brain delivery, subsequent research has shown that the
source of exosomes plays a crucial role in their biodis-
tribution and therapeutic efficacy. Dendritic cell-derived
exosomes, as used in the Alvarez-Erviti study, are well-
suited for immunomodulatory applications and can be
engineered for TD. However, MSC-derived exosomes
have gained greater popularity due to their inherent
regenerative and anti-inflammatory properties, as well as
their ability to home to sites of injury or inflammation,
including the CNS. Comparative studies suggest that
while both exosome types can be modified for brain-TD,
MSC-derived exosomes may offer advantages in terms of
safety profile, scalability, and intrinsic therapeutic poten-
tial, making them highly attractive for clinical applica-
tions in brain injury [102, 148]. Moreover, hippocampal
neuronal stem cell (NSC)-derived exosomes loaded with
specific microRNAs (miR-322, miR-17, miR-485) have
shown remarkable efficacy in preclinical studies. These
exosomes improved memory deficits and enhanced long-
term potentiation by mitigating the neurotoxic effects of
AR oligomers, suggesting a promising avenue for restor-
ing cognitive functions in AD patients [112].

Exosomes in Parkinson'’s disease

Parkinson’s disease (PD) is the second most common
NDD, characterized by the progressive degeneration of
dopamine-producing neurons in the substantia nigra,
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leading to diminished dopaminergic activity and motor
impairments [12]. A hallmark of PD pathology is the
presence of Lewy bodies, which consist primarily of
aggregated a-synuclein (a-Syn), along with neuroinflam-
mation, microglial activation, and oxidative stress in the
brain [159]. It has been demonstrated that neuronal dys-
function and gene modulation mediated by non-coding
RNAs play a significant role in Parkinson’s disease and
other synucleinopathies. These molecules may also serve
as promising candidates for new therapeutic approaches
[111]. Advances in exosome-based therapies have opened
new possibilities for delivering therapeutic agents to the
brain. For instance, Yang et al. utilized MSC-exosomes to
deliver ASOs to the brains of A53T transgenic PD mice.
This innovative approach demonstrated the potential
to reduce a-Syn levels and alleviate PD symptoms [183,
187]. In addition to targeting a-Syn, exosomes have been
explored for mitigating oxidative stress, another key
contributor to PD pathology. Serum-derived exosomes
loaded with miR-137 effectively reduced oxidative stress
in neurons, leading to physiological and behavioral
improvements in PD animal models [69].

Exosomes in amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a devastating NDD
characterized by the progressive degeneration of motor
neurons in the motor cortex, brainstem, and spinal cord,
ultimately leading to muscle paralysis and death [27, 66].
Despite significant advancements in understanding its
pathology, effective treatments remain limited. Recent
research has highlighted the potential of exosome-based
therapies as promising candidates for ALS treatment
due to their neuroprotective properties and ability to
target multiple aspects of the disease. Adipose-derived
stem cells (ADSCs)-derived exosomes have shown con-
siderable neuroprotective effects in ALS models. These
exosomes were found to enhance the survival of motor
neuron-like NSC-34 cells by increasing the expression
of human SOD], a critical antioxidant enzyme, and acti-
vating anti-apoptotic pathways [18]. Further proteomic
analyses identified 189 proteins within these exosomes
that play roles in cell adhesion and apoptosis preven-
tion, including the downregulation of the pro-apoptotic
gene Bax and the upregulation of the anti-apoptotic gene
Bcl-2 [17]. Mitochondrial dysfunction, a hallmark of ALS
pathology, has also been targeted using exosome-based
approaches. ADSC-derived exosomes have demonstrated
the ability to restore mitochondrial function, reduce the
accumulation of mutant SOD1 proteins, and enhance
mitochondrial coupling efficiency in ALS models [20,
87]. Specifically, these exosomes improved mitochondrial
membrane potential and complex I activity in mutant
SOD1 (G93A) NSC-34 cells, indicating their potential to
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mitigate mitochondrial impairments associated with ALS
[20].

Exosomes in Huntington’s disease

Huntington’s disease (HD) is a progressive NDD char-
acterized by the expansion of CAG repeats in the hun-
tingtin gene, resulting in a range of symptoms, including
neuropsychiatric disturbances, cognitive decline, and
involuntary movements [85]. Although the genetic
mutation responsible for HD is well-defined, the exact
molecular mechanisms driving the disease are still not
fully understood. Recent research has focused on devel-
oping various therapeutic approaches to address this
gap, with a particular emphasis on targeting the RE1-
silencing transcription factor (REST) as a potential treat-
ment in HD and other neurodegenerating diseases [63].
One promising study by Lee et al. utilized exosomes to
deliver miR-124, a small RNA molecule, to R6/2 HD
mice, aiming to restore REST function. These exosomes
were engineered from HEK293T cells transfected with
the pSUPER-mir-124 vector and successfully reduced
REST expression. Despite this, behavioral improvements
were not observed in the treated mice, suggesting that
further refinement of this therapeutic strategy is needed.
Moreover, gene-editing technologies like prime editors
have emerged as promising tools for directly correcting
the genetic mutations that cause Huntington’s disease,
potentially offering a more precise approach to targeting
the root cause [88]. As research advances, these methods,
together with RNA-based therapies and neuroprotective
agents, hold significant potential to improve future treat-
ments for HD.

Exosomes in epilepsy

Epilepsy is a neurological condition marked by abnormal
electrical activity in the brain, which leads to seizures,
altered sensations, and episodes of impaired conscious-
ness. It is frequently associated with several NDDs, and
current pharmacological treatments often provide only
partial symptom relief, with limited long-term effective-
ness and poor overall prognosis [21]. Given the chal-
lenges of managing epilepsy, alternative therapeutic
strategies are being explored. One study highlighted
specific exosomal proteins, such as F9 and TSP-1, pre-
sent in the serum of individuals with epilepsy, suggesting
their potential as biomarkers for the detection of epilepsy
[98]. In another study, exosomes loaded with miR129-5p
demonstrated protective effects on neurons by reduc-
ing degeneration caused by status epilepticus, achieved
through the inhibition of the pro-inflammatory HMGB1/
TLR4 signaling pathway [103, 104]. Additionally, research
on tuberous sclerosis complex, a genetic disorder com-
monly linked to epilepsy, found that exosomes released
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from epileptogenic TSC tubers served as carriers of pro-
inflammatory microRNAs [33].

Exosomes in stroke

Stroke, resulting from inadequate blood supply to the
brain, can lead to significant disability or even death.
Despite considerable research efforts, over 700 drugs
aimed at improving stroke outcomes have failed to
achieve clinical approval [174]. In recent years, exosomes
have emerged as a promising therapeutic approach for
enhancing recovery following stroke. These extracel-
lular vesicles, naturally secreted by various cells, have
demonstrated the potential to promote neuroprotec-
tion and support tissue regeneration after brain injury
[7]. For example, MSCs-derived exosomes that over-
express miR-133b have demonstrated neuroprotective
effects by enhancing neuroplasticity and promoting func-
tional recovery post-stroke [180]. These MSC-derived
exosomes carry molecular signals that support neuronal
survival and regeneration, positioning them as a promis-
ing option for future stroke therapies. Ongoing clinical
studies are investigating the potential of exosome-based
therapies for ischemic stroke, aiming to advance their use
in clinical settings [143].

Exosomes in traumatic brain and spinal cord injury

CNS trauma caused by accidents remains a leading cause
of disability and death worldwide, often resulting in pro-
longed sensory and functional recovery. Current treat-
ments for traumatic brain injury (TBI) and spinal cord
injury (SCI) are limited, and effective therapeutic options
are lacking. However, recent experimental research high-
lights the potential of exosome-based therapies in miti-
gating the effects of CNS trauma and enhancing recovery
outcomes [195]. One promising approach involves the
intranasal delivery of bone marrow BMSCs-derived
exosomes, loaded with phosphatase and tensin homolog
(PTEN) siRNA. This method has shown significant effi-
cacy in targeting spinal cord lesions and reducing the
extent of spinal cord injury [51]. By silencing PTEN, a
molecule known to inhibit neuronal regeneration, these
exosomes facilitate axonal repair and functional recov-
ery [100]. Exosomes isolated from microglia carrying
miR-124 have been successfully delivered to TBI sites in
animal models. Administration of miR-124 fosters M2
polarization of microglial cells, directing them toward an
anti-inflammatory and regenerative phenotype. This pro-
cess enhances hippocampal neurogenesis and improves
cognitive and neurological functions after TBI [188].
Further research indicates that NSCs-derived exosomes
can promote angiogenesis, stimulate neurogenesis, and
reduce apoptosis in experimental TBI models, offering
another promising therapeutic approach [198].

Page 18 of 28

Engineering exosomes with neurotherapeutic
application

Surface engineering techniques can further enhance exo-
some’s ability to deliver nucleic acids specifically to the
brain [95]. Although native EVs or exosomes can cross
the BBB, systemic administration of unmodified EVs
from various cell types often results in their primary
accumulation in the liver and spleen, with less than 1%
reaching the brain [114, 176]. To improve brain targeting,
exosomes can be engineered to enhance their accumula-
tion in the brain. We have summarized the strategies for
engineering exosomes for brain targeting and delivery
that undergo clinical evaluations in Table 2. In this sec-
tion, we describe some of the important approaches.

T7-exosomes

Recently, engineering exosomes with specific ligands
have emerged as a promising strategy for targeted gene
therapy in GBM (Table 2). By incorporating a transfer-
rin receptor (TfR)-binding peptide, T7, onto the exosome
surface, researchers have enhanced targeting of TfR-rich
GBM cells, such as C6 cells, compared to unmodified or
RVG-modified exosomes [54]. Moreover, genetic modi-
fication of exosomal surface proteins, expressing lyso-
some-associated membrane glycoprotein 2b (Lamp2b),
can enhance their binding affinity to brain-specific
targets while preserving the structural integrity of the
exosomes. When T7-Lamp2b-Exo, loaded with anti-
miR-21, was administered intravenously, it effectively
reduced miR-21 levels in GBM tumors, leading to sig-
nificant tumor suppression with reduced side effects [79].
In a comparative study, Kim et al. evaluated exosomes
decorated with the T7 peptide (T7-exo) against those
modified with the RVG peptide for delivering antisense
miRNA oligonucleotides targeting miR-21 (AMO-21) to
GBM in the brain. The T7-exo demonstrated superior
delivery efficiency in both in vitro and in vivo settings.
However, despite this enhanced efficiency, both T7-exo/
AMO-21 and RVG-exo/AMO-21 exhibited similar
therapeutic effects on brain tumors following systemic
injection, highlighting an intriguing aspect that requires
further investigation [79]. The T7 peptide’s effectiveness
is attributed to its strong binding affinity to TfR and the
elevated expression of TfRs in brain tumors, making it a
valuable tool for targeted tumor therapy [74] (Table 2).

RVG-exosomes

RVG is a peptide sequence from the rabies virus glyco-
protein, which naturally targets the nicotinic acetyl-
choline receptor and neural cell adhesion molecules
on neuronal cells. Scientists have successfully fused a
29-amino-acid peptide from the RVG with Lamp2b
(RVG-Lamp2b-Exos), creating exosomes with a specific
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Table 2 Summary of recent developments in artificial exosomes for brain targeting and delivery

Carrier Method Cargo

Purpose References

T7-Lamp2b-exosomes Genetic engineering

CD9-ApoB-exosomes Empty

MSC-derived
BACET siRNA

RVG-Lamp2b-exosomes

NGF pro and mRNA

HMGB1-siRNA
miR-124

Opioid receptor siRNA

circDYM

Aptamer F5R1 or F5R2
RVG-CP05-CD63-exosomes  Anchor peptide EXOPMO
CXCR4-exosomes Genetic engineering TRAIL
RGD-C1C2 NPC-derived
c(RGDyK) peptide Click chemistry Curcumin
NRP-1 peptide Click chemistry Curcumin
AN2 Genetic engineering STAT3 siRNA

AN2; CD133 RNA aptamers  Amphiphilic molecule bridge

Antisense miR-21

Temozolomide

Kim et al. [79]
Choi et al. [26]

Targeted delivery for glioma

Targeted delivery in middle cerebral artery
occlusion

Cuietal. [32]
Alvarez-Erviti et al. [9]
Yang et al. [184]

Kim et al. [80]

Yang et al. [185]
Liuetal. [102]

Targeted delivery for Alzheimer’s disease

Targeted delivery for ischemic stroke

Targeted delivery for inhibiting morphine
relapse

Yuetal [191-193]
Renetal. [131]

Gao et al. [44]
Lietal [92]

Tian et al. [164]

Tian et al. [163]
Thirumalai et al. [166]
Liang et al. [96, 97]
Liang et al. [96, 97]

Targeted delivery for depression
Targeted delivery for Parkinson’s disease
Targeted delivery to the brain

Targeted delivery for ischemic stroke

Targeted delivery for glioblastoma

and O°-benzylgua-

nine
Nefmut-scFv-exosomes Genetic engineering Anti-CD24
D47-SST exosomes Genetic engineering miR29b-2

Stott et al. [153]
Lin et al. [99]

Targeted delivery for Parkinson's disease
Targeted delivery for Alzheimer’s disease

binding affinity for nicotinic acetylcholine receptors [9].
These RVG-Exos, loaded with siRNA targeting BACEL,
successfully deliver their cargo to neurons, microglia,
and oligodendrocytes in the brain following intravenous
administration [9]. Similarly, RVG-modified MSCs-
derived exosomes specifically targeted brain regions
affected by amyloid-beta, significantly increasing their
accumulation in the cortex and hippocampus threefold
and alleviating neuroinflammation in a mouse model
of AD [32]. When these RVG-modified MSC exosomes
were loaded with miR-124, they effectively delivered the
miRNA to injury sites [185]. Emerging research is also
investigating the use of exosomes with Lamp2b-RVG on
their surface, where TD of these exosomes to the brain
in a mouse model of PD attenuated neurotoxicity and
neuroinflammation [137]. Additionally, the use of RVG-
modified exosomes for delivering HMGB1 siRNA into
ischemic brain tissue led to reduced HMGBI levels and
smaller infarct sizes [80]. Moreover, RVG-Exos carrying
circDYM eftectively suppressed microglial activation and
astrocyte dysfunction, leading to improved depressive
symptoms [191-193]. Additionally, the systemic deliv-
ery of recombinant human nerve growth factor (NGF)
protein and its mRNA via RVG-Exos facilitated trans-
lation within the ischemic cortex, reducing ischemic
injury. This delivery method improved brain function by

modulating microglial polarization, supporting inflam-
matory cell survival, and increasing the population of
doublecortin-positive cells [184]. Moreover, RVG-Exos
encapsulating the aptamer F5R2, which targets fibrillar
a-synuclein, successfully cleared a-synuclein aggregates
from cultured neurons, prevented neuronal death and
synaptic protein loss, and alleviated associated motor
impairments [131]. A recent study demonstrated the
successful use of engineered exosomes expressing the
neuron-targeting RVG peptide on their surface to deliver
siRNA against the opioid receptor mu (MOR) into the
brain as a therapeutic strategy for morphine addiction
[102]. The RVG-modified exosomes efficiently encap-
sulated MOR siRNA, which was shown to associate
with AGO2 within the exosomal cargo. These exosomes
enabled specific and effective delivery of MOR siRNA
into Neuro2A cells and across the BBB in mice. Nota-
bly, treatment with the siRNA-loaded RVG exosomes
significantly reduced MOR mRNA and protein expres-
sion in brain tissues, leading to a marked suppression of
morphine relapse behavior [102]. Finally, a study intro-
duced CPO05, a peptide identified through phage display,
which bound specifically to the exosomal surface protein
CD63. The peptide enabled efficient targeting, loading,
and capture of exosomes from various sources, includ-
ing patient-derived ones, without altering the exosomal
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membrane. In therapeutic applications, exosomes loaded
with CP05-modified phosphorodiamidate morpholino
oligomers (EXOPMO) significantly increased dystrophin
protein levels by 18-fold in the quadriceps of dystrophin-
deficient Mdx mice compared to non-exosomal CP05-
PMO. Further enhancement using a muscle-targeting
peptide on EXOPMO led to improved dystrophin expres-
sion and functional recovery, with no observable toxicity
[44]. These findings highlighted CPO05 as a promising tool
for engineering exosomes for targeted, non-toxic NAD
and gene modulation in vivo. Altogether, these findings
underscore the potential of RVG-Exos as a powerful tool
for targeted brain therapies, addressing both NDDs and
functional recovery post-injury (Table 2).

Nefmut-scFv-exosomes

scFv (Single-Chain Variable Fragment) is a genetically
engineered antibody fragment consisting of the variable
regions of the heavy (VH) and light (VL) chains of an
antibody, connected by a short peptide linker. This struc-
ture preserves the antigen-binding specificity of a full-
length antibody while being significantly smaller, making
scFvs ideal for therapeutic and diagnostic applications.
Engineered EVs from transduced neuronal cells can be
precisely targeted by co-expressing the Exo-anchoring
protein (Nefmut)-scFv fusion protein, which includes
membrane-binding proteins and ligands specific to the
target cells. For example, fusing a humanized anti-CD24
scFv enables exosomes to target CD24-expressing cells,
enhancing therapeutic effectiveness in conditions like PD
[153].

AN2-exosomes

The low-density lipoprotein receptor (LDLR)-related
protein (LRP-1), expressed on brain capillary endothe-
lial cells and glioma cells, is crucial for the transcytosis
of endogenous proteins and small molecules into the
brain. Leveraging this pathway, researchers have devel-
oped exosomes functionalized with angiopoietin 2
(AN2), which has a high affinity for LRP-1, to enhance
brain delivery. By displaying AN2 these engineered
exosomes can exploit receptor-mediated transcytosis
to efficiently cross the BBB. This TD system not only
enhances the accumulation of therapeutic cargo such as
siRNAs, chemotherapeutic agents, or neuroprotective
molecules in brain tissues but also minimizes off-target
effects. Liang and colleagues created AN2-functionalized
exosomes (AN2-Exos) for TD of STAT3-siRNA, dem-
onstrating improved brain targeting [96, 97] (Table 2).
Moreover, dual-targeting exosomes, incorporating both
AN?2 and CD133 RNA aptamers, were effective in inter-
nalizing cargo in U87MG cells and GBM stem cells [96,
97]. These studies suggest that AN2-modified exosomes
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have substantial potential for improving brain therapies
by enabling more efficient and TD of therapeutic agents
to brain cells (Table 2).

SST/CCK exosomes

Somatostatin (SST) and Cholecystokinin (CCK) are nat-
urally occurring neuropeptides in the brain involved in
neural signaling. By engineering exosomes to display SST
or CCK, researchers aim to improve targeting specific-
ity toward cells expressing SST or CCK receptors, such
as neurons or glial cells involved in neurodegenerative
or psychiatric diseases. Recently, these exosomes have
been employed for targeted brain delivery of microRNA-
29b-2 and further engineered to express CD47 proteins
[99]. CD47, known for its role in inhibiting phagocytosis,
is essential for protecting exosomes from immune clear-
ance and ensuring their safe passage to the brain follow-
ing BBB translocation. CD47 is a transmembrane protein
commonly known as the “don’t eat me” signal because it
binds to Signal Regulatory Protein alpha (SIRPa) recep-
tors on immune cells such as macrophages and microglia.
This interaction inhibits the phagocytic activity of these
cells, allowing exosomes to avoid immune clearance and
enhance their stability and targeting efficiency within the
CNS [77]. By targeting somatostatin receptors, the deliv-
ery system effectively reduced presenilin 1 expression
and B-amyloid accumulation in the brains of AD mouse
models [99].

Other strategies for enhancing exosome brain targeting
In addition to their natural properties, exosomes can
be engineered for enhanced targeting through surface
modification using tetraspanin superfamily proteins like
CD63, CD9, and CD81. These proteins can be modified
to present specific cell-targeting sequences by incor-
porating targeting components into their extracellular
loops [14]. For example, the LDLR-mediated transcyto-
sis pathway can be harnessed by engineering exosomes
to express ApoB through conjugation with the tetraspa-
nin CDI. In this study, exosomes were produced from
Expi293F cells transiently transfected with either CD9 or
a modified CD9 containing the ApoB targeting peptide
(CD9/LEL170-ApoB). Results showed that CD9-ApoB
exosomes accumulated prominently in cortical blood
vessels, unlike the unmodified CD9 exosomes, which
were not detected in the vasculature. Furthermore, the
presence of CD9-ApoB exosomes in the brain was sig-
nificantly higher and sustained up to 24 h, indicating
enhanced targeting and prolonged retention within brain
tissue [26].

The BBB has limited strategies for treating brain
metastases of breast cancer. MSCs-derived exosomes
can bypass the BBB and deliver gene therapy to enhance
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chemotherapeutic efficacy. This study used exosomes
modified with C-X-C chemokine receptor type 4
(CXCR4) and TNF-related apoptosis-inducing ligand
(TRAIL) to target cancer cells. In a mouse model,
exosome-CXCR4TTRAIL combined with carbopl-
atin showed significant antitumor activity, suggesting a
promising strategy for treating brain metastases. Further
research is needed to assess the vector’s effectiveness on
the BBB and its safety in animal models [92]. Another
study investigates the potential of CXCR4-overexpressing
bone marrow stem cells-derived exosomes in promoting
vascular function and neural repair following ischemic
stroke. Exosomes (ExoCXCR4) were isolated and charac-
terized, and their effects were evaluated using a rat model
of middle cerebral artery occlusion. Results showed that
ExoCXCR4 significantly improved neurological function,
promoted endothelial cell proliferation, and enhanced
angiogenesis. The exosomes also played an antiapoptotic
role via the Wnt-3a/B-catenin pathway. These findings
suggest that ExoCXCR4 could serve as a potential neuro-
protective therapy for ischemic stroke [92].

Moreover, strategies like the engineering of exosomes
to incorporate BBB-crossing peptides like internalizing
RGD (iRGD), have been shown to improve brain target-
ing [163] (Table 2). The iRGD is a tumor-penetrating
peptide that binds to avp3/avp5 integrins and is cleaved
to expose a CendR motif, which interacts with neuropi-
lin-1 (NRP-1) to enhance tissue penetration, including
BBB crossing [166]. Engineered exosomes modified with
the cyclic peptide c(RGDyK) [cyclo(Arg-Gly-Asp-D-Tyr-
Lys)] have demonstrated the ability to selectively target
ischemic brain lesions by recognizing integrins over-
expressed at injury sites. When loaded with curcumin,
these Crgd-Exo effectively reduced neuroinflammation
and cellular apoptosis [163]. Similarly, another targeting
strategy using a fusion protein, RGD-C1C2 (comprising
an Arg-Gly-Asp motif fused to the lactadherin-derived
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C1C2 domain), enabled exosomes to localize to ischemic
regions in the brain and exert anti-inflammatory effects.

Recent exosome-based clinical trials

for neurological disease

Recent exosome-based clinical trials for neurological
diseases have shown promising results. The clinical trial
NCT03384433 evaluated the safety and efficacy of bone
marrow MSCs (BM-MSCs)-derived exosomes in patients
with acute ischemic stroke. The trial involved five male
participants aged 40—80, who were given a single injec-
tion of 200 mg of BM-MSC-derived exosomes with miR-
124, 1 month after their stroke. The primary goal was to
assess safety, with a 12-month follow-up, and the sec-
ondary goal was to evaluate neurological improvements
using the modified Rankin Scale. The results showed that
the exosome therapy was safe with no adverse effects,
and it led to significant neurological improvements in
the participants, suggesting potential for treating acute
ischemic stroke (Table 3).

NCT04202770 is a clinical trial investigating the
safety and efficacy of exosome therapy combined with
focused ultrasound in patients with refractory depres-
sion, anxiety, and neurodegenerative dementia. The trial
uses MSCs-derived exosomes and focuses on improv-
ing cognitive function and reducing symptoms. Primary
outcomes include changes in depression, anxiety, and
cognitive function (Table 3).

NCTO05326724 is a clinical trial titled “The Role of
Acupuncture-Induced Exosome in Treating Post-Stroke
Dementia,” conducted by China Medical University Hos-
pital. The study aims to evaluate the therapeutic effects
of acupuncture treatment-derived exosomes in individu-
als aged 50-70 with post-stroke dementia. Participants
receive acupuncture to induce exosome release, and out-
comes are assessed using standardized cognitive func-
tion scales. This trial is actively recruiting participants
(Table 3).

Table 3 Clinical studies involving exosomes for neurological diseases

Exosome source NIH identifier Type

Purpose

Mesenchymal stem cell-derived exosomes NCT03384433

Not specify NCT04202770
Acupuncture patient-derived exosomes NCT05326724
Not specified (LRRK2 positive exosomes) NCT01860118
Adipose mesenchymal stem cell-derived NCT04388982
exosomes

Not specify NCT04202783

Not specified (antisense RG6042 loaded) NCT03761849

Phase 2 enrollment: 5
Early-stage enrollment: 300

Phase 1 enrollment: 30
Phase 1 enrollment: 601
Phase 2 enrollment: 9

Early-stage

Phase 3 enrollment: 791

Promoting recovery after acute ischemic stroke

Treating depression, anxiety, and neurodegenerative
dementia

Treating post-stroke dementia
Treating Parkinson’s disease
Treating Alzheimer’s disease

Treating depression, anxiety, and cognitive impair-
ments

Treating Huntington’s disease
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The clinical trial NCT01860118, conducted by the Uni-
versity of Alabama at Birmingham, explored exosomal
biomarkers associated with PD. The study aimed to iden-
tify proteins in exosomes that could serve as indicators of
PD susceptibility and progression. Additionally, it investi-
gated the effects of the LRRK2 kinase inhibitor sunitinib
on LRRK2 expression and phosphorylation in exosomes
from PD patients. While the study has concluded,
detailed results have not been published (Table 3).

NCT04388982 is a Phase I/II clinical trial conducted
at a single center. The study aimed to evaluate the safety
and efficacy of allogenic human adipose MSCs-derived
exosomes (ahaMSCs-Exos) in treating AD. Participants
aged 50 and older received intranasal administrations of
ahaMSCs-Exos twice weekly for 12 weeks. The trial uti-
lized a three-arm, open-label design with escalating dos-
ages to assess dose-limiting toxicity. The study concluded
in April 2022, with findings indicating no adverse events
and suggesting potential therapeutic benefits of ahaM-
SCs-Exos for AD (Table 3).

The clinical trial NCT04202783 investigates the com-
bined use of focused ultrasound (FUS) and exosome
therapy to treat various neurological conditions. The
study aims to enhance the delivery of exosomes with
therapeutic potential into specific brain regions using
FUS, thereby improving treatment efficacy for depres-
sion, anxiety, and cognitive impairments associated
with neurodegenerative diseases. The primary outcome
measures include evaluating the safety of this combined
approach and assessing potential adverse effects such as
death, severe intraventricular hemorrhage, cystic perive-
ntricular leukomalacia, or other brain injuries, along with
major neurodevelopmental impairments at 36 months of
corrected age. Secondary outcomes involve short-term
safety analyses and evaluations of therapeutic efficacy.
This trial is being conducted by Neurological Associates
of West Los Angeles and is currently recruiting partici-
pants (Table 3).

NCT03761849 was a Phase III study evaluating the effi-
cacy and safety of intrathecally administered RO7234292
(tominersen) in patients with manifest Huntington’s
disease. Conducted by Hoffmann-La Roche, the trial
enrolled 791 participants aged 25-65, who were ran-
domized to receive either tominersen or a placebo. The
study was terminated in March 2021 after a pre-planned
data review indicated that tominersen did not demon-
strate a favorable benefit-to-risk profile (Table 3). These
trials indicate a growing interest in harnessing exosomes
for brain-targeted therapies.
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Challenges in the clinical translation
of exosome-based therapeutics
Although exosome-based therapeutics hold great prom-
ise for targeted brain delivery, several key challenges
must be addressed to support clinical translation. Regula-
tory agencies such as the FDA and EMA need to establish
clear guidelines and quality standards to ensure the safe
and effective development of these therapies. Successful
translation also depends on the availability of accurate
and standardized labeling and tracking methods to assess
exosome biodistribution, pharmacokinetics, and stability.
Current approaches, such as lipophilic dyes and donor
cell genetic modifications, face limitations in precision
and clinical relevance, highlighting the need for non-
invasive and regulatory-compliant imaging technologies.
Ethical concerns regarding exosome sourcing are also
critical. While MSC-derived exosomes are generally pre-
ferred for their safety and therapeutic potential, tumor-
derived exosomes pose oncogenic risks. Another major
issue is immunogenicity, while exosomes are generally
considered biocompatible, modifications such as sur-
face engineering or loading of foreign cargos can trigger
immune responses, especially upon repeated administra-
tion. Moreover, the full composition and oft-target effects
of exosomal cargo must be carefully evaluated, particu-
larly for long-term applications in humans. Another
significant concern is their unpredictable biodistribu-
tion; despite surface targeting strategies, exosomes often
accumulate in off-target organs like the liver, spleen, or
lungs, limiting delivery efficiency to the brain. Addition-
ally, scalable and standardized manufacturing remains a
major hurdle. Conventional isolation methods like ultra-
centrifugation are inefficient at large scale and lack repro-
ducibility, and the absence of widely accepted quality
control and potency assays continues to impede regula-
tory approval and clinical use. These limitations under-
score the need for stringent safety assessments, improved
targeting strategies, and regulatory frameworks to guide
their therapeutic use.

Conclusion and prospective

Recent FDA approvals of RNA-based therapies for neu-
rological and neuromuscular disorders highlight the
growing potential of this modality. These include Pati-
siran (Onpattro) and Vutrisiran (Amvuttra), both siRNAs
for treating hereditary transthyretin-mediated amyloido-
sis; Nusinersen (Spinraza), an ASO that modifies SMN2
splicing; and Risdiplam (Evrysdi), a small molecule that
promotes exon 7 inclusion, both used in spinal muscu-
lar atrophy. Tofersen (Qalsody), an ASO, targets mutant
SOD1 mRNA in ALS, and Milasen, a compassionate-
use ASO, was developed for Batten disease (CLN7 vari-
ant). These cases demonstrate the versatility of RNA
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therapeutics in addressing genetic causes of neurologi-
cal conditions. Based on our analysis, stem cells are the
predominant source of exosomes used in neurological
disease therapy, while exosomes derived from Glial cells
remain comparatively underexplored. Genetic engineer-
ing is commonly employed to create artificial exosomes
tailored for TD to the brain. Among various cargo
types, RNA molecules are most frequently loaded into
exosomes to achieve precise therapeutic targeting. These
strategies have been investigated in the context of multi-
ple neurological disorders, including Glioblastoma, Par-
kinson’s disease, and Ischemic Stroke, highlighting both
the current progress and the potential for future innova-
tion in this rapidly advancing field.

Exosomes offer multiple distinct advantages over both
traditional nanocarriers and cell-based therapies, mak-
ing them an increasingly attractive platform in nano-
medicine. Compared to synthetic nanodelivery systems,
exosomes are typically non-toxic and exhibit immu-
nomodulatory properties, minimizing adverse immune
reactions. Their natural ability to cross the BBB and tar-
get lesion sites addresses a major obstacle in treating
neurological diseases. Moreover, exosomes inherently
carry bioactive molecules that contribute to therapeu-
tic effects beyond the delivered cargo. When compared
to cell transplantation, exosomes present a safer and
more controllable alternative. Lacking a nucleus, they
cannot replicate in vivo, thereby eliminating the risk of
teratoma formation. They also allow for rigorous quality
control, as they can be sterilized by filtration and stored
at low temperatures without loss of function. Exosomes
penetrate the BBB more effectively through systemic
injection than transplanted cells and possess a high sur-
face-to-volume ratio, enabling enhanced modulation of
ligand-mediated signaling. Their capacity for efficient
drug loading and transcytosis-mediated tissue penetra-
tion further strengthens their therapeutic potential, posi-
tioning exosomes as a versatile and clinically viable drug
delivery system. Furthermore, although the behavior of
transplanted cells is often influenced by the surrounding
microenvironment, exosomes act as more autonomous
carriers of therapeutic cargo, which may lead to more
predictable and consistent therapeutic outcomes.

A key limitation of using cell-derived exosomes for brain-
TD is the limited understanding of their native cargo.
While MSC-derived exosomes are commonly used (modi-
fied or not) the exact biomolecules they carry and their
contribution to therapeutic effects remain unclear. This
uncertainty can lead to off-target effects and low reproduc-
ibility. High-throughput RNA sequencing and proteomics
are needed to better characterize exosome content and
understand mechanisms of action. To address this, vari-
ous methods like electroporation, sonication, and chemical
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treatments are used to remove endogenous cargo and load
exosomes with specific therapeutic agents. It's important
to note that while these techniques can help create empty
or “washed” exosomes, achieving a completely cargo-free
exosome preparation can be challenging, and the methods
used depend on the specific application and the properties
of the cargo being removed or loaded.

As a prospective strategy to enhance BBB penetration,
the conjugation of cell-penetrating peptides to exosomes
holds significant promise. For example, Polyglutamine-
binding peptide 1 has demonstrated the ability to enhance
the delivery of therapeutic agents across the BBB, selec-
tively reducing polyglutamine-expanded huntingtin pro-
tein aggregation. Notably, it does so without interfering
with other amyloid proteins, such as f-amyloid, highlight-
ing its high target specificity for neurodegenerative diseases
[200]. Among the tested peptides, SynB3 exhibited supe-
rior delivery efficiency compared to the commonly used
TAT peptide. Furthermore, integrating external stimuli,
such as magnetic targeting [40] and ultrasound guidance
[152], offers additional potential to improve the accumula-
tion and penetration of exosomes into the brain, thereby
advancing their application in precision neurotherapeutics.
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