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Cancer remains a leading cause of mortality worldwide, with metastases significantly impacting 
patient prognosis. Brain metastases (BM) and primary malignant gliomas, such as glioblastoma 
(GBM), are among the most aggressive forms, with survival rates often below 12 months. GBM alone 
accounts for 2.5% of cancer-related deaths globally and is a leading cause of mortality in young 
adults aged 15–34. One of the major challenges in treating brain tumors is the blood-brain barrier 
(BBB), which limits the delivery of therapeutic agents to the central nervous system (CNS). Exosomes, 
a subset of extracellular vesicles (EVs), have emerged as promising candidates for overcoming these 
challenges due to their natural ability to transport bioactive molecules across biological barriers. These 
nanosized vesicles (30–150 nm) are actively involved in tumor progression, angiogenesis, immune 
modulation, and drug resistance. Recent studies have highlighted their potential as biomarkers for 
early cancer detection and as drug delivery vehicles capable of crossing the BBB. Despite their 
promise, challenges such as large-scale production, efficient cargo loading, and targeted delivery 
remain critical hurdles to clinical translation. This review explores the role of exosomes in brain 
malignancies, focusing on their involvement in tumor progression, potential utility as diagnostic 
biomarkers, and prospective therapeutic applications.
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Introduction
Cancer is a leading cause of mortality worldwide, with 

metastases being a primary contributor. Brain metastases 
(BM) significantly impact neurological function, quality 
of life, and prognosis, with most cases originating from 
melanoma, breast cancer, and lung cancer (1). Treatment 
options include surgical excision, radiation therapy, 
chemotherapy, immunotherapy, and targeted therapies. 
However, survival rates for BM remain low, often below 12 
months. Among primary brain tumors, GBM is the most 
prevalent and aggressive, comprising about 70% of all gliomas 
and resulting in a median survival of only approximately 15 
months (2, 3). 

A major challenge in treating brain tumors is the BBB, 
which restricts the entry of therapeutic agents into the 
CNS. This limitation has necessitated the development 
of novel drug delivery strategies. Exosomes, a subset of 
extracellular EVs, have emerged as promising candidates 
due to their natural ability to transport bioactive molecules 
across biological barriers (4). These nanosized vesicles (30–
150 nm) are secreted by various cell types and are involved 
in intercellular communication, immune modulation, and 

tumor progression (5). Exosomes contain proteins, lipids, 
and nucleic acids that reflect their cell of origin, making them 
valuable for both diagnostic and therapeutic applications (6). 

Recent studies have shown that exosomes play a crucial 
role in the tumor microenvironment by facilitating tumor 
progression, angiogenesis, immune escape, and drug 
resistance (7, 8). Additionally, their ability to traverse the BBB 
makes them attractive candidates for targeted drug delivery 
in brain tumors. 

Exosomes have also been investigated for their potential 
as biomarkers for early cancer detection and treatment 
monitoring, offering a non-invasive approach to brain tumor 
diagnosis via liquid biopsy (9). Given their ability to carry 
therapeutic agents, exosomes are being explored as drug-
delivery vehicles to enhance the efficacy of chemotherapy 
and immunotherapy in brain tumors. Their biocompatibility 
and ability to evade immune clearance further enhance 
their potential as therapeutic tools. Despite their therapeutic 
promise, challenges such as large-scale production, cargo 
loading efficiency, and targeted delivery specificity remain 
critical hurdles to clinical translation (10). This review 
examines the role of exosomes in brain malignancies, focusing 
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on their involvement in tumor progression, their potential as 
diagnostic biomarkers, and their therapeutic applications. 

Literature search strategy
A systematic literature search was conducted in PubMed, 

Scopus, Web of Science, and Google Scholar to identify relevant 
studies on the role of exosomes in brain tumors. The search 
was published articles covering the period from their inception 
to May 2025, with particular emphasis on the past decade.

Search strings
• PubMed

(“Exosome”[Title/Abstract] OR “Extracellular 
Vesicles”[Title/Abstract]) AND (“Glioblastoma”[Title/
Abstract] OR “Brain Tumors”[Title/Abstract] 
OR “Neuroblastoma”[Title/Abstract] OR “Brain 
Metastases”[Title/Abstract]) AND (“Blood-Brain 
Barrier”[Title/Abstract] OR “Drug Delivery”[Title/Abstract] 
OR “Tumor Microenvironment”[Title/Abstract] OR 
“Exosomal miRNA”[Title/Abstract])

• Scopus
TITLE-ABS-KEY (exosome OR “extracellular vesicle*”) 

AND TITLE-ABS-KEY (“glioblastoma” OR “brain tumor*” 
OR “neuroblastoma” OR “brain metastas*”) AND TITLE-
ABS-KEY (“blood-brain barrier” OR “drug delivery” OR 
“tumor microenvironment” OR “exosomal miRNA”)

• Web of Science
TS=(exosome OR “extracellular vesicle*”) AND 

TS=(“glioblastoma” OR “brain tumor*” OR “neuroblastoma” 
OR “brain metastas*”) AND TS=(“blood-brain barrier” 
OR “drug delivery” OR “tumor microenvironment” OR 
“exosomal miRNA”)

• Google Scholar
A custom search combining the above keywords was 

manually screened for relevance.

Search results and screening
• Total records found in all database searching: n = 523 

• Total after duplicates removed: n = 503
• Not meet the inclusion: n= 434
• All Articles were included: 77
Titles and abstracts were screened, and full texts were 
retrieved for potentially relevant studies.

Inclusion criteria
• Peer-reviewed original research, systematic reviews, and 
meta-analyses
• Studies addressing the biological role, diagnostic 
significance, or therapeutic potential of exosomes in primary 
or metastatic brain tumors
• Articles exploring exosome-mediated drug delivery across the 
BBB, signaling pathways, or tumor progression mechanisms

Exclusion criteria
• Non-english publications
• Conference abstracts, editorials, and commentaries without 
original experimental data
• Studies unrelated to exosomes or not focused on brain 
malignancies
• A PRISMA flow diagram is provided in Figure 1.

Exosome biology and blood-brain barrier interaction
Exosomes are nanosized extracellular vesicles (30–150 

nm) secreted by diverse cell types (11), such as blood (12), 
cerebrospinal fluid (13), saliva (14), urine (15, 16), and 
breast milk (17). These vesicles faithfully represent the 
molecular profile of their parent cells, both in physiological 
and pathological conditions (18). Specific proteins, including 
TSG101, HSP70, CD81, and CD63, serve as exosomal 
markers and are actively involved in exosome biogenesis 
(Figure 2) (19, 20). RNA sequencing analyses of exosomal 
cargo show diverse RNA types—including mRNA, miRNA, 
rRNA, snRNA, tRNA, and lncRNA—that are key to cellular 
regulation and communication (21). Exosome formation 
begins within the endosomal pathway, where early sorting 
endosomes mature into multivesicular bodies (MVBs) 
containing intraluminal vesicles (ILVs). ILVs may be 
degraded in lysosomes, recycled to the trans-Golgi network, 
or released as exosomes via fusion with the plasma membrane 

Figure 1. This schematic diagram shows the search strategy of the present study
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(22). The Rab GTPase family controls exosome secretion by 
aiding membrane fusion, while flotillin and other cell-specific 
proteins are incorporated during biogenesis. Exosome 
formation is chiefly regulated by the ESCRT machinery—
comprising ESCRT-0, I, II, III, and associated proteins 
(VPS4, TSG101, ALIX)—with ESCRT-0 recognizing and 
sequestering ubiquitinated proteins in endosomal domains 
(23). Subsequently, ESCRT-I and ESCRT-II drive membrane 
budding, leading to ILV formation, which is completed when 
ESCRT-III facilitates the final step of membrane scission and 
detachment (24). The coordinated action of these complexes 
results in MVB maturation (Figure 3).

A pivotal feature of exosomes is their ability to traverse the 
blood–brain barrier (BBB). They do so primarily via receptor-
mediated endocytosis and transcytosis, utilizing receptors 
such as transferrin, ICAM-1, GLUTs, and CD46. Once 
internalized by endothelial cells, exosomes are trafficked 
via endosomes and released into the brain parenchyma 
through exocytosis (Figure 4). Studies also show that the 
efficiency of BBB penetration varies by exosome origin and 
cargo composition, influenced by both physiological and 
pathological states (25, 26).

Methodological considerations: EV isolation, characterization 
standards, and implications for biomarker variability

Methodological heterogeneity in extracellular vesicle 
(EV) isolation and characterization remains a major 
obstacle to biomarker discovery and validation in brain 
tumor research (Table 1). To address this, the International 
Society for Extracellular Vesicles (MISEV) recommends 
using the generic term “extracellular vesicles” unless 
biogenesis is explicitly demonstrated. MISEV further 
emphasizes transparent reporting of protocols—including 
sample source and volume, pre-processing steps, separation 
and concentration methods, characterization markers, 
and evaluation of non-EV contaminants—to enhance 
reproducibility. Adherence to the MISEV minimal reporting 
checklist, which requires evidence of EV-enriched proteins, 
appropriate negative controls for common contaminants, 
and application of orthogonal characterization techniques, 
helps reduce misinterpretation and prevents overstatement 
of exosome-specific functions (27).

Common isolation approaches (differential 

ultracentrifugation, density gradients, size-exclusion 
chromatography, precipitation, ultrafiltration, 
immunoaffinity capture, and emerging microfluidic 
platforms) differ in yield, purity, processing time, scalability, 
and the type of co-isolated material (protein aggregates, 
lipoproteins, ribonucleoprotein complexes). These 
differences systematically affect the molecular readout, 
particularly protein and RNA cargo profiles, and therefore a 
given biomarker’s measured abundance and reproducibility 
across studies. For example, precipitation-based methods 
often yield high particle counts but co-precipitate protein/
lipoprotein contaminants that can distort proteomic and 
small-RNA measurements. At the same time, SEC generally 
increases purity at the expense of lower yield and greater 
sample requirements—features that make SEC preferable 
for sensitive downstream omics but potentially less suitable 
for low-volume clinical samples (28).

In brain-tumor studies (including those summarized in 
this review), methodological variability likely accounts for 
some of the inconsistent biomarker signatures reported 
across cohorts. To mitigate this, we recommend: (a) explicit 
declaration of the chosen separation strategy and rationale 
tied to downstream assays; (b) reporting of sample handling 
(freeze–thaw cycles, anticoagulant used, centrifugation 
steps) and all instrument/column parameters; (c) 
orthogonal characterization (size distribution by NTA or 
TRPS, electron microscopy, and at least three EV-associated 
protein markers, plus negative markers for contaminants) 
per MISEV; and (d) when possible, orthogonal validation of 
candidate biomarkers across at least two isolation methods 
to confirm robustness. Implementing these practices will 
reduce biomarker variability and accelerate the translation 
of EV-based liquid biopsies for brain tumors (27).

Utilizing exosomes for cancer diagnosis and therapy
Recent research highlights the potential of exosomes 

as innovative tools for both diagnosing and treating brain 
tumors (29). Exosome-based liquid biopsy has emerged as 
a promising non-invasive method for detecting GBM and 
BM. Studies have identified tumor-derived exomes (TDEs), 
such as EGFRvIII-mutated exomes, that carry specific 
biomarkers, are prevalent in the plasma of GBM patients, 
and serve as a reliable diagnostic marker (30). Additionally, 

Figure 2. Composition and structure of exosomes
Exosomes are small extracellular vesicles enclosed by a lipid bilayer. They contain lipids, proteins, and nucleic acids. Membrane-associated proteins include major histocompatibility 
complexes I and II, tetraspanins, endosomal origin proteins, heat shock proteins, receptors, adhesion proteins, and integrins. The vesicle also carries cytoskeletal and cytosolic 
proteins, as well as RNA, miRNA, and DNA.
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exosomal miR-21 and miR-222 have been found to correlate 
with glioma progression and prognosis (31). Exosomes also 
play a critical role in therapeutic applications as natural drug-
delivery vehicles. Their ability to cross the BBB makes them 
ideal candidates for targeted drug delivery in brain tumors. 
Research has demonstrated that engineered exosomes loaded 
with siRNA or chemotherapeutic agents can effectively inhibit 
glioblastoma (GBM) cell proliferation and enhance sensitivity 
to temozolomide (TMZ), the standard chemotherapy for 
GBM (32). Furthermore, exosome-mediated delivery of 
miR-124 has been shown to suppress GBM stem-like cells, 
reducing tumor growth and increasing therapeutic response 
(33). Despite their therapeutic promise, challenges such as 
scalability, cargo loading efficiency, and targeted delivery 
specificity remain major hurdles for clinical applications. 
Future research should focus on optimizing exosome 
engineering and production to harness their full potential in 
brain tumor management (34).

The method of exosome-mediated BBB penetration 
The BBB is a biological barrier composed of brain 

capillary endothelial cells that serve to block the entry 
of potentially dangerous chemicals into the brain. Cells 
that lack fenestrations, have tight junctions, and allow the 
passage of small-sized molecules distinguish the BBB. Most 
chemotherapeutic or biotech drugs cannot cross the blood-
brain barrier because of a specialized transport mechanism 
that only allows specific large molecules through. This 
means that they aren’t as effective at treating brain disorders. 
Although many illness-relieving agents are available, only 
a small fraction (2%) of medications can cross the BBB 
(35). This limitation significantly reduces their efficacy in 
treating brain ailments. Exosomes can cross the BBB through 
receptor-mediated transcytosis. The BBB expresses a greater 
number of cell receptors, such as transferrin, low-density 

lipoprotein receptor family members, intracellular adhesion 
molecules (ICAM 1), insulin, and glucose receptors (GLUTs). 
An in vitro study showed that targeting these receptors via 
exosome-based nanomedicine could improve drug delivery 
to the brain. The BBB allows hormones, small molecules, 
ions, and nutrients to enter the brain, making it a viable route 
for therapeutics (36).

An in vitro study on the BBB penetration capacity of 
exosomes found that CD46 is a key receptor for facilitating 
tumor metastasis by internalizing cancer cells’ exosomes into 
the brain (37). The in vitro work conducted by Chen et al. 
demonstrates that exosomes can cross the BBB via multiple 
mechanisms (38). The researchers found that exosomes 
primarily enter endothelial cells via endocytosis. Once inside, 
they accumulate in endosomes and subsequently traverse cells 
via MVBs and exocytosis to reach the brain parenchyma. This 
effective transportation guarantees targeted cell distribution 
in situations similar to stroke. Furthermore, a significant 
number of exosomes can penetrate the brain by exploiting the 
spaces between endothelial cells. The BBB crossing capacity 
of ten distinct exosome types from various animals and cell 
types was investigated by Banks et al. (39). They determined 
that all of these exosomes could cross the BBB, although 
the traversing pace differed by up to ten times. Wheatgerm 
agglutinin (WGA) and lipopolysaccharide (LPS) improved 
the ability of most exosome types to penetrate the BBB, while 
WGA altered the transport of most exosomes. These results 
were true regardless of the origin or markers of endothelial 
cells. It was discovered that mouse macrophage cells may 
employ the mannose-6-phosphate receptor as a transport 
receptor. However, exosomes’ capacity to cross the BBB may 
be compromised by cargo molecules bigger than 1100 Da 
(40). The in vitro findings indicate that the origin of the cells 
and the disease state influence the capacity of exosomes to 
cross the BBB (41). 

Figure 3. Exosomes are formed through the inward budding of the multivesicular body (MVB) membrane within early endosomes
Invagination of late endosomal membranes inside large MVBs generates intraluminal vesicles (ILVs). Evidence suggests that the ESCRT (endosomal sorting complex required for 
transport) machinery plays a crucial role in this process.
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Tumors of the brain and exosomes
Glioblastoma

Recent studies have demonstrated that exosomes have 
significant therapeutic potential in the treatment of brain 
tumors. Tumor cells in the brain release exosomes that 
transport cancer cell constituents to neighboring cells (42). 
Treating brain cancer is particularly challenging due to the 
presence of the BBB and the complex environment of the 
CNS (43). However, exosomes have shown therapeutic 
efficacy in treating various brain malignancies, including 
GBM, neuroblastoma, medulloblastoma, astrocytoma, 
gliosarcoma, and oligodendroglioma. These vesicles are 
particularly valuable for drug delivery and in enhancing 
therapeutic responses (44).

Exosomes, especially in the context of GBM treatment, 
have therapeutic applications. For example, exosomes 
can deliver specific drugs, such as temozolomide (TMZ), 
to tumor cells, thereby enhancing treatment efficacy and 
reducing side effects (45). Moreover, exosomes can transport 
therapeutic molecules, such as miRNAs and other RNAs, 
into the brain’s microenvironment, facilitating targeted 
treatment strategies for brain tumors (46).

Therapeutic role of exosomes in GBM
• Exosomes can deliver therapeutic molecules, including 
chemotherapy drugs or inhibitory proteins, to tumor cells, 
thereby improving therapeutic efficacy and minimizing side 
effects (47).
• Exosomes derived from therapeutic cells can transfer 
genetic material (such as miRNA or non-coding RNA) 
to cancer cells, reducing drug resistance. For instance, 
exosomal miR-151a may enhance GBM cells’ sensitivity to 
TMZ (48).

Exosome-mediated drug resistance therapy
• Exosomes can serve as a tool for overcoming drug 
resistance. For example, exosomes can transfer miR-34a 
from mesenchymal stem cells (MSCs) to GBM cells, thereby 
increasing their sensitivity to TMZ (49).

• In cases of TMZ resistance caused by elevated levels of 
proteins such as MGMT and APNG, exosomes can effectively 
target these proteins, thereby enhancing treatment response 
(50).

Clinical potential of exosomes in glioblastoma
Recent advances highlight the substantial clinical 

potential of exosomes in the diagnosis, prognosis, 
and treatment of GBM. These nanoscale vesicles carry 
bioactive molecules—particularly non-coding RNAs and 
microRNAs—that reflect the molecular profile of their 
parental GBM cells, enabling real-time, non-invasive tumor 
monitoring (51-53). Several exosomal miRNAs, including 
miR-21, miR-221, and miR-124, exhibit dysregulated 
expression in GBM and correlate with tumor grade, 
therapeutic resistance, and patient survival (52). Their 
remarkable stability in biofluids and accessibility through 
liquid biopsy position them as promising biomarkers for 
early detection and disease stratification (51, 53). Beyond 
their diagnostic value, engineered exosomes provide an 
innovative therapeutic platform for the targeted delivery 
of drugs, siRNAs, or antisense oligonucleotides to tumor 
sites, effectively bypassing the blood–brain barrier and 
minimizing systemic toxicity (53). Preclinical studies have 
demonstrated that exosome-mediated transfer of tumor-
suppressive miRNAs or chemotherapeutic agents can 
suppress GBM proliferation, angiogenesis, and invasion 
(51, 53). Furthermore, exosomal molecular signatures may 
help predict therapeutic responses, facilitating personalized 
therapeutic strategies (52). Although challenges remain in 
standardizing isolation, characterization, and large-scale 
production, the integration of exosome-based diagnostics 
and therapeutics into clinical practice holds considerable 
promise for transforming GBM management in the era of 
precision oncology (51, 53).

Neuroblastoma
Neuroblastoma (NB), particularly common in infants and 

young children, is one of the most prevalent malignancies 

Figure 4. Transport and fate of exosomes across the blood-brain barrier (BBB)
Exosomes can cross the BBB through multiple pathways, including: (A) macropinocytosis, lipid raft–mediated uptake, or nonspecific exosome–endothelium interaction; (B) 
receptor-mediated transcytosis. After entering target cells, exosomes can traffic from multivesicular bodies (MVBs) to the plasma membrane as de novo intraluminal vesicles. 
Their fate may include: (1) degradation by lysosomes; (2) release of contents into the cytoplasm via backfusion in MVBs; (3) activation of cell signaling through interaction with G 
protein–coupled receptors; or (4) fusion with the plasma membrane to release their cargo and initiate molecular events in endothelial cells.
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of the nervous system (54). In NB, exosomes not only 
facilitate the transfer of signaling molecules but also serve 
as therapeutic vehicles to enhance immune responses and 
treatment outcomes. Exosomes extracted from specific 
cells can deliver therapeutic agents directly to tumor cells, 
thereby improving treatment efficacy (55).

Therapeutic applications of exosomes in neuroblastoma
• Exosomes can transfer specific miRNAs such as miR-

21 and miR-155 from immune cells to tumor cells. This 
process may reduce chemotherapy resistance and improve 
prognosis (56).
• In NB, exosomes can transfer hsa-miR199a-3p to 
tumor cells, which decreases NEDD4 activity, enhancing 
therapeutic effects. Moreover, this miRNA can serve as a 
biomarker for early detection and prognosis of NB (57).

Exosomes and brain metastasis: A therapeutic role
Recent research highlights the need for therapies 

targeting metastatic brain tumors, which are often more 
aggressive and cause significant damage to brain tissue 
compared to primary tumors (58). Exosomes have shown 
significant therapeutic potential in combating brain 
metastasis, especially those originating from lung and breast 
cancers. These vesicles can transport proteins and miRNAs 
to brain tumor cells, helping to reduce metastatic spread 
and improve treatment outcomes (59).

Therapeutic role of exosomes in brain metastasis
• Exosomes can transfer miRNAs like miR-105 from 

breast cancer cells to brain endothelial cells, disrupting the 
BBB and facilitating metastasis. In this context, inhibiting 
miR-105 could serve as a promising therapeutic strategy to 
prevent brain metastasis (60).

• In non-small cell lung cancer, exosomal miR-451a 
and miR-4257 are associated with metastasis and poor 
prognosis. Targeting these miRNAs may offer a potential 
strategy to prevent tumor spread to the brain and improve 
prognosis in patients (61).

Clinical potential of exosomes in neuroblastoma
Exosomes hold significant clinical promise in NB by 

serving as minimally invasive biomarkers, prognostic 
indicators, and potential therapeutic targets. Tumor-derived 
exosomes (TDEs) from NB carry DNA, RNA, and proteins 
reflecting the molecular status of their parent cells, enabling 
real-time disease monitoring without surgical biopsy (62, 
63). Proteomic and genomic profiling of NB exosomes 
has revealed tumor-specific mutations (e.g., ALK, CHD5, 
PHOX2B) and distinct protein signatures—such as NCAM, 
NCL, and VASP—that can discriminate NB patients into 
high- versus low-risk groups (62, 64). Exosomal miRNAs, 
including miR-199a-3p, miR-29c, and let-7b, correlate 
with tumor aggressiveness, therapy response, and drug 
resistance, providing opportunities for early intervention 
(62, 63). Functionally, NB exosomes modulate the tumor 
microenvironment, promoting angiogenesis, immune 
evasion, and pre-metastatic niche formation in bone marrow 
and liver (63). They can also transfer oncogenic proteins 
(e.g., PKM2, B7-H3) that enhance glycolysis, metastasis, 
and chemoresistance (63, 64). Given their stability and 
accessibility in biofluids, NB exosomes are being investigated 
for integration into liquid biopsy platforms, with the dual 
aim of improving early detection and enabling personalized, 

adaptive therapeutic strategies (62-64).

Clinical potential of exosomes in brain metastases
Exosomes hold significant clinical potential in the 

management of BM, particularly as non-invasive diagnostic 
and prognostic biomarkers. Studies have demonstrated 
that tumor-derived exosomes carry specific molecular 
cargo, such as miR-206-3p and vinculin (VCL), which are 
upregulated during BM progression in lung cancer, providing 
opportunities for early detection before conventional 
imaging methods can identify lesions (65). These exosomal 
biomarkers reflect dynamic intercellular communication 
between metastatic cells and the brain microenvironment, 
including blood-brain barrier (BBB) modulation and 
immune evasion. Additionally, exosomes’ natural ability to 
cross the BBB positions them as promising drug delivery 
vehicles for targeted therapies, potentially overcoming 
the limitations of current treatments (2, 65). Their role in 
forming pre-metastatic niches further highlights their utility 
in understanding metastatic mechanisms and developing 
therapeutic interventions. Moreover, exosomal profiles 
can stratify patients at risk of BM, enabling personalized 
treatment strategies. Despite challenges in isolation and 
standardization, exosomes represent a transformative tool 
for improving BM diagnosis, monitoring, and therapy, 
ultimately enhancing patient outcomes (2, 65).

As summarized in Table 2, the clinical translation of 
exosome-based approaches in brain tumors remains at an 
early stage. Only a limited number of registered clinical trials 
directly involve exosomes in gliomas or other central nervous 
system malignancies. Most efforts focus on liquid biopsy 
applications, where circulating exosomes are analyzed for 
genomic or molecular abnormalities (e.g., NCT06116903). 
Other trials explore exosome dynamics in combination with 
blood–brain barrier modulation strategies, such as focused 
ultrasound (NCT04202770), or assess their therapeutic 
potential in neurological conditions not involving tumors 
(NCT04202783). A pilot glioma immunotherapy study 
(NCT02507583) has examined tumor-derived exosomes 
as antigen sources. In contrast, additional early-phase 
oncology studies outside the CNS provide proof of concept 
for drug-loaded exosome therapeutics. Collectively, these 
trials highlight the translational promise of exosomes. Still, 
they also underscore the current scarcity of CNS tumor–
specific therapeutic applications and the need for further 
well-designed clinical studies.

Conclusion
Brain tumors present both physical and cognitive 

difficulties, and their treatment is intricate. The surgical 
procedure remains the most pivotal stage; however, it 
presents challenges due to the extended recuperation 
time and the potential for complications. Chemotherapy 
and radiation are recommended for malignant tumors; 
nevertheless, despite their increased efficacy, they are not 
yet capable of entirely eliminating some malignant and 
metastatic brain tumors. Chemotherapy is associated with 
serious problems. Overall, the management of brain tumors 
poses several challenges in the medical domain.

Exosomes and EVs play a vital role in facilitating tumor 
growth and metastasis, offering significant diagnostic 
and prognostic value. Additionally, they provide novel 
therapeutic opportunities for the treatment of metastatic 
cancer, including BM. Recent research indicates that 
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EVs play a crucial role in intercellular communication by 
carrying biomolecules, including proteins, lipids, mRNA, 
and miRNA. This mechanism helps regulate both normal 
and aberrant brain functions. Recent studies have shown that 
exosomes have a pivotal role in the progression, invasion, 
resistance to treatment, and dissemination of gliomas. 
Investigating exosomes will further our comprehension 
of carcinogenesis and the molecular mechanisms 
associated with tumors, facilitating the identification 
of effective diagnostics and targeted therapeutics for 
tumors. Nevertheless, further research using sophisticated 
technologies such as machine learning, scRNA-seq, and high-
throughput screening is necessary to enhance understanding 
of exosomal drugs as carriers and to validate their efficacy as 
potential therapeutic agents and biomarker tools for gliomas 
and other cancers.

While exosomes show considerable promise for brain 
tumor diagnosis and therapy, their clinical translation is 
hindered by several unresolved challenges. First, there is 
a lack of standardized protocols for exosome isolation, 
purification, and characterization, leading to variability 
in yield, purity, and reproducibility across studies. This 
technical heterogeneity complicates biomarker validation 
and regulatory approval. Second, large-scale production 
of clinical-grade exosomes remains a bottleneck, as 
current methods are labor-intensive and may alter vesicle 
integrity or bioactivity (73). Third, efficient and selective 
cargo loading—particularly for therapeutic nucleic acids 
or drugs—remains suboptimal, and off-target delivery 
poses a risk of unintended effects on healthy brain tissue. 
Targeting specificity is further complicated by the diverse 
cell origins of circulating exosomes and the complex tumor 
microenvironment. Fourth, while exosomes can cross the 
BBB, the mechanisms governing their tropism, uptake, and 
biodistribution in vivo are incompletely understood, raising 
concerns about variable therapeutic delivery.Additionally, 
most preclinical evidence derives from in vitro systems 
or small animal models, which may not fully recapitulate 
human CNS pathophysiology. Finally, there are safety 
considerations—such as the potential for tumor-derived 
exosomes to promote angiogenesis, immune evasion, or 
drug resistance—that require careful mitigation before 
clinical application. Addressing these limitations through 
standardized methodologies, scalable manufacturing, 
advanced targeting strategies, and rigorous clinical testing 
will be critical for realizing the full therapeutic and 
diagnostic potential of exosomes in brain tumors.

Future directions and research gaps
Despite rapid progress in elucidating the diagnostic and 

therapeutic potential of exosomes in brain tumors, several 
research avenues remain underexplored. Future work should 
prioritize the development of standardized, reproducible 
isolation and characterization protocols to enable cross-study 
comparability and accelerate regulatory approval. Advances 
in scalable biomanufacturing technologies are needed to 
produce clinical-grade exosomes with consistent quality, 
while preserving vesicle integrity and bioactivity. Research 
on precision cargo engineering—including selective loading 
of therapeutic agents and enhancing targeting specificity—
should be coupled with deeper mechanistic studies on 
blood–brain barrier (BBB) crossing, biodistribution, and 
clearance kinetics in human-relevant models. The integration 
of multi-omics profiling, single-cell analysis, and machine 

learning may yield robust biomarker panels and improve 
patient stratification for personalized therapy. Furthermore, 
long-term safety studies are essential to assess risks such as 
off-target effects, immune modulation, and the inadvertent 
delivery of pro-tumorigenic signals. Addressing these gaps 
through interdisciplinary collaborations will be critical for 
translating exosome-based strategies from experimental 
promise to clinical reality.
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