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Abstract: Aggressive malignant brain tumors have a poor prognosis, and early detection can significantly improve

treatment effectiveness and increase patient survival rates. Various methods are available for diagnosing brain tumors,

with biopsy being one of the primary options. However, a biopsy is an invasive procedure that carries a risk of brain

damage, highlighting the need for safer alternatives. One promising non-invasive method is liquid biopsy, which

involves extracting extracellular vesicles (EVs) from different biological fluids. Most cell types can produce and release

extracellular vesicles. EVs isolated from bodily fluids, along with the molecules they carry—such as proteins, nucleic

acids, and lipids—can be used to diagnose brain tumors. This approach has the potential to replace labor-intensive

and expensive diagnostic methods that can adversely affect patient health. This review discusses recent advancements

in the use of EVs as biomarkers for diagnosing brain tumors.

Introduction

Gliomas are primary brain tumors, derived from glial stem
cells or precursors. Gliomas are typically classified into four
grades according to the World Health Organization (WHO)
classification system, with grades I and II being benign, and
grades III and IV malignant [1,2]. The main types of
gliomas include pilocytic astrocytoma (Grade I), anaplastic
astrocytomas (Grade II), oligodendrogliomas (Grade III),
and glioblastomas (GBM) (Grade IV), the latter being the
most aggressive and lethal subtype of glioma with a poor
prognosis [3,4]. Gliomas are the most common type of
malignant neoplasm of the central nervous system in adults,
accounting for about 80% of all primary brain tumors.
Gliomas are a heterogeneous group of tumors originating
from glial cells and characterized by diffuse growth and
infiltration of brain tissue, which significantly complicates
their therapy [5].

Currently, detecting tumors at their early developmental
stages remains a challenge [6]. One such approach is biopsy, a
diagnostic test involving the removal of a small amount of
tissue from an organ for microscopic examination. Tissue
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biopsy for brain tumors typically carries a much higher risk
of complications compared to most other tumors. For
instance, hemorrhage or brain swelling may damage healthy
brain tissue, leading to disability or death. Liquid biopsy
offers a non-invasive diagnostic method that enables early
detection of tumors [7]. In body fluids such as blood,
cerebrospinal fluid (CSF), and urine, extracellular nucleic
acids (e.g., circulating free DNA or RNA (cfDNA/cfRNA)),
extracellular vesicles (EVs), and circulating tumor cells
(CTCs) can be detected. Liquid biopsy is currently used in
observational and interventional studies involving patients
with GBM to monitor tumor progression or response to
treatment [8].

One common type of liquid biopsy is the clinical
application of cfDNA analysis. Circulating tumor DNA
(ctDNA) is a component of extracellular DNA released by
malignant tumors into the bloodstream and other body
fluids. The levels of cfDNA are typically low, especially in
patients with localized disease, necessitating highly sensitive
detection and quantification methods [9]. A major challenge
in this area of research is that tumor-derived cfDNA can
constitute as little as 0.01% of total cfDNA, making
detection particularly difficult in the early stages of cancer.
Digital polymerase chain reaction (PCR) and next-
generation sequencing (NGS) are the most popular methods
for cfDNA analysis, although they have some limitations.
Digital PCR can only detect known variants and analyze a
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limited number of variants in a single reaction. Meanwhile,
NGS remains a relatively expensive and time-consuming
method and also requires bioinformatics expertise for data
analysis and interpretation [10].

CTCs are tumor cells that have detached from the
primary tumor, are extravasated into the bloodstream, and
circulate within it. Detecting CTCs among blood cells is a
challenging task [11]. For instance, in the blood of patients
with GBM, only one or a few cells may be found in a
10-mL blood sample, and they exhibit low stability in
circulation. These factors make CTCs far from representing
the molecular structure of the entire tumor in a real
clinical scenario, where blood sampling is limited to small
volumes [12].

Another form of liquid biopsy is the isolation and
analysis of EVs. EVs are membrane-bound particles that are
secreted by all types of cells [13].

Based on various characteristics, such as size, biogenesis,
cellular origin, morphology, and content, EVs are divided into
four main classes: small exosomes of endosomal origin (50-
150 nm), medium-sized microvesicles from the plasma
membrane (100-1000 nm), large oncosomes (1000-10,000
nm), and apoptotic bodies (500-4000 nm) (Fig. 1) [14-16].
It is important to note that according to the literature, it is
customary to divide vesicles by their sizes, but there is no
clear division. Exosomes and microvesicles can have similar
sizes.

EVs offer advantages over ctDNA and CTCs as tools for
liquid biopsy. EVs have a bilayer membrane structure that
provides stability, and they also effectively preserve
biological information from source cells [6]. Furthermore,
EVs reflect the real-time status of the disease, providing
insights into the biological and functional nature of the
tumor. They can be used for accurate diagnosis and
monitoring of the disease status, enabling a personalized
approach to therapy (Fig. 2) [5].
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It can be hypothesized that using EVs, isolated through
liquid biopsy, primarily from human blood, could replace
labor-intensive and expensive cancer detection methods,
thereby reducing the impact on patient health [7,17].

EVs can be detected using various diagnostic methods,
including isolation from different human secretions such as
saliva, blood plasma, breast milk, ejaculate, CSF, and urine
[18-21]. It is assumed that EVs play a role in cell-to-cell
communication, including in pathological processes
associated with various types of cancer [22-26]. EVs can
cross the blood-brain barrier (BBB), and since vesicles from
different tissues may have specific components in their
composition, there is evidence that they can be detected due
to this. It has been found that vesicles produced by cancer
cells contain specific RNA and protein sequences that allow
for the identification of their oncogenic origin [26-30]. In
studies of EVs and plasma particles from cancer patients in
the first and fourth stages of cancer progression, it was
observed that cancer could be detected at early stages using
tumor-associated extracellular vesicle and particle (EVP)
proteins [7]. These properties of EVs potentially allow their
use as biomarkers for brain tumors.

According to the literature, the production of both
exosomes and microvesicles increases in damaged or
malignant cells. Aggressive and highly differentiated tumor
cells generate a greater number of EVs compared to their
normal cellular equivalents [31]. However, there is an
opposite case associated with a decrease in exosome
production from colorectal cancer cells due to hyperoxia.
Hypoxia, on the other hand, promotes the release of
exosomes [32]. EVs derived from tumor cells contain
distinct pro-tumorigenic components that regulate several
aspects of cancer development. For instance, they carry pro-
tumorigenic proteins such as growth factors (mutant
epidermal growth factor receptor (EGFR)) and oncogenes
(e.g., Kirsten rat sarcoma (KRAS)), as well as RNA that
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FIGURE 1. Types of EVs secreted by cells. MVB—
multivesicular body. The figure was created using
Keynote.
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targets the transcriptional machinery of recipient cells,
promoting oncogenesis [33]. Substantial evidence indicates
that EVs significantly influence the formation and
metastasis of GBM. EVs derived from GBM play a crucial
role in oncogenesis, tumor microenvironment alterations,
angiogenesis, immune response, invasion, subtype
specification, and chemoresistance by transferring oncogenic
proteins and nucleic acids [1].

In this review, we aim to present the current state of
knowledge on the potential applications of EV-based
biomarkers. We focus on brain tumor biomarkers, analyze
potential vesicular tumor biomarkers, describe methods for
vesicle isolation, and discuss techniques for detecting
extracellular vesicle biomarkers.

Brain Vesicle Biomarkers
The potential use of EVs as biomarkers for brain tumors was

first explored in 2008 [26]. Since then, extensive research has
investigated the relationship between vesicles and brain
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FIGURE 2. Possibility of using vesicles for
diagnostics of brain cancer. Potential for
using blood-derived vesicles that carry
biomarkers to diagnose brain cancer. BBB
—blood-brain barrier. The figure was
created using Keynote.

biomarkers

cancer. (Table 1). To date, a fairly large number of glioma
biomarkers are already known (Fig. 3).

The initial study, conducted in 2008 by Al-Nedawi et al.,
discovered that aggressive human brain tumors (gliomas)
often express a truncated and oncogenic form of the EGFR,
known as EGFRVIII (EGFR variant III). This receptor can
be transported via microvesicles released into the
bloodstream, thereby, the presence of such vesicles can
indicate the existence of a malignant brain tumor. However,
this study did not examine the role of microvesicles as
markers, focusing instead on horizontal transfer, colony
formation ability, and increased cell proliferation induced by
EGFRVIII [26]. Later, in 2018, research on EGFRVIII and
EGFR as markers revealed that the mRNA of these proteins
is present in very small quantities within vesicles, requiring
RNA amplification via PCR for detection. It is important to
note that these molecules were not found in all patients, and
correlated with the progression of GBM. In one-third of
patients with grade IV GBM, this marker was detected,
whereas less than 10% of samples from patients with grade

TABLE 1

Timeline of publications reporting potential glioma biomarkers. Adapted from [34]

Date of Biomarker data Source of vesicles Reference
publication
2008 mRNA: EGFRvIII and GFAP Blood serum and directly [35]
microRNA: let-7a, miR-15b, miR-16, miR-19b, miR-20, miR-21, miR-26a, miR- {rom GBM cells
27a, miR-92, miR-93, miR-320
Protein: angiogenin, IL-6, IL-8, TIMP-1, VEGF, TIMP-2, FGF-a
2008-2009 Protein: EGFRvVIII GBM cell lines [26,36]
2009 Protein: EGFR wild type, EGFRVIII, TGFp1 [37]

(Continued)
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Table 1 (continued)

Date of Biomarker data Source of vesicles Reference
publication
2012 Suppression of ribosomal gene regulation Blood serum Glioma cell lines [38]
2013 microRNA: AC068946.1, let-7b, miR-15b, miR-21, miR-22, miR-23a, miR-23b, Glioma cell lines [39]
miR-25, miR-27b, miR-29a, miR-30a, miR-30b, miR-30d, miR-30e, miR-92b,
miR-99a, miR-100, miR-125a, miR-135b, miR-191, miR-221, miR-222, miR-339,
miR-374b, miR-448,miR-451a, miR-619, miR-1246, miR-1269b, miR-1273, miR-
1273d, miR-1273a, miR-1285-1, miR-1303, miR-3676, miR-3676-5p, miR-4255,
miR-4256, miR-4301, miR-4443, miR-4454, miR-4500, miR-4792, miR-5095,
miR-5096, miR-5100
2013 mRNA: IDH1 CSF and blood serum [40]
2013 microRNA: miR-21 CSF [41]
2014 snRNA: RNU61 Blood serum [42]
microRNA: miR146a, miR-197, miR-223, miR-320, miR483-5p, miR-484, miR-
574-3p
2015 mRNA: MGMT, APNG GBM cell lines and blood [43]
serum
2015 microRNA: miR-21, miR-24, miR-103, miR-125 CSF, plasma, and GBM cells  [44]
2015 microRNA: miR-21 CSF and GBM cell lines [45]
2016 Protein: TrkB GBM cell lines and plasma [46]
2016 Protein: ANXA1, ACTR3, ITGP1, IGF2R, PDCD6IP, CALR, IPO5, MVP, GBM cell lines and [47]
PSMD2 neurosurgical aspirates
2017 Protein: Ras GBM cell line [48]
2017 microRNA: miR-221 GBM cell line [49]
2017 gDNA: IDH1 mutant and wild type, Xenografted mouse plasma,  [50]
AKT1, AKT3, ASCLI, CDK4, EGFR, ERBB2, IDH2, MDM2, MDM4, MGMT, ~GBM cells, and plasma
PIK3CA, RB1
2017 microRNA: miR-21, miR27b, miR-130b, miR-193b, miR-218, miR-331, miR-  CSF [51]
374a, miR-520f, miR-548c
2017 mRNA: EGFR wild type, EGFRVIII CSF [52]
2017 microRNA: miR-1587 Glioma cells [53]
2018 microRNA: miR-301a Blood serum [54]
2018 gDNA: PD-L1 Serum and plasma [55]
2018 Long non-coding RNA: HOTAIR Blood serum [56]
2018 Protein: PTRF Blood serum [57]
2018 mRNA: EGFRVIIL Blood serum [58]
2018 microRNA: miR182-5p, miR-328-3p, miR-339-5p, miR-340-5p, miR-485-3p,  Blood serum of GBM patient [59]
miR486-5p and miR-543
microRNA: miR-7d-3p, miR-98-5p, miR-106b-3p, 130b-5p and 185-5p Blood serum of glioma
patient
2019 Protein: CCT6A, S100-A10, S100-A11, LCP1, CHI3L1, CLICI, EIF2S3, CD163, GBM and neurosurgical [28]
MRC2, APOL2, STABI1, RPS27, PYGL, FCGR2A, CAPG, SLC16A3/MCT4 aspirates
Protein: CERS4, CBSL, NUBPL, SLC9A6/NHE6 Glioma and neurosurgical
aspirates
2019 Protein: FTL, vWF, AZGP1, serpin 3, C3, APOE Plasma [30]
2019 Protein: SDC1 Plasma [60]
2020 Protein: FASN GBM, Glioma cell line, [61]
plasma
2022 microRNA: miR-9 CSF [62]
2023 Protein: LGALS3BP Primary GBM cell line [63]

(Continued)
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Table 1 (continued)
Date of Biomarker data Source of vesicles Reference
publication
2024 Protein: Hsp70 (HSPA1A), CTR Plasma [64]
2024 Protein: A2M, ALDOA, CLU, CTSA, FABP5, GGH, MVP, MYOF, S100-A11, Urine [65]

PSAP, VDAC1

Note: *EGFR (epidermal growth factor receptor), GFAP (glial fibrillary acidic protein), IL (interleukin), TIMP (tissue inhibitor of metalloproteinase), VEGF
(vascular endothelial growth factor), FGF (fibroblast growth factor), TGFf1 (transforming growth factor beta-1), IDH (isocitrate dehydrogenase), MGMT
(methylguanine methyltransferase), APNG (alkylpurine-N-glycosylase), TrkB (tropomyosin receptor kinase B), ANXA1l (annexin Al), ACTR3 (actin
related protein 3), ITGP1 (integrin beta-1), IGF2R (insulin-like growth factor 2 receptor), PDCD6IP (programmed cell death 6 interacting protein),
CALR (calreticulin), IPO5 (importin 5), MVP (major vault protein), PSMD2 (proteasome 26S subunit ubiquitin receptor, non-ATPase 2), AKT1 (AKT
serine/threonine kinase 1, protein kinase B alpha), AKT3 (AKT serine/threonine kinase 3, protein kinase B gamma), ASCL1 (achaete-scute family bHLH
transcription factor 1), CDK4 (cyclin dependent kinase 4), ERBB2 (erb-b2 receptor tyrosine kinase 2), MDM2 (MDM2 proto-oncogene), MDM4 (MDM4
regulator of p53), PIK3CA (phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha), RB1 (RB transcriptional corepressor 1), PD-L1
(Programmed death ligand 1), HOTAIR (HOX transcript antisense RNA), PTRF (polymerase I and transcript release factor), CCT6A (chaperonin
containing TCP1 complex 6A), S100-A10 (S100 calcium binding protein A10), S100-A11 (S100 calcium binding protein All), LCP1 (lymphocyte
cytosolic protein 1), CHI3L1 (chitinase-3-like protein 1), CLIC1 (chloride intracellular channel protein 1), EIF2S3 (eukaryotic translation initiation factor
2 subunit 3), CD163 (scavenger receptor cysteine-rich type 1 protein M130), MRC2 (mannose receptor C type 2), APOL2 (apolipoprotein L2), STABI
(stabilin 1), RPS27 (40S ribosomal protein S27), PYGL (glycogen phosphorylase L (liver form)), FCGR2A (low affinity immunoglobulin gamma Fc region
receptor II-a), CAPG (macrophage-capping protein), SLC16A3/MCT4 (monocarboxylate transporter 4), CERS4 (ceramide synthase 4), CBSL
(cystathionine beta-synthase-like protein), NUBPL (nucleotide-binding protein-like), SLCOA6/NHE6 (sodium/hydrogen exchanger 6), FTL (ferritin light
chain), vWF (von Willebrand factor), AZGP1 (alpha-2-glycoprotein 1), C3 (complement component 3), APOE (apolipoprotein E), SDC1 (syndecan 1),
FASN (fatty acid synthase), LGALS3BP (lectin galactoside-binding soluble 3 binding protein), Hsp70 (heat shock protein family A (Hsp70) member 1A),
CRP (calcitonin receptor protein), A2M (alpha-2-macroglobulin), ALDOA (aldolase, fructose-bisphosphate A), CLU (clusterin), CTSA (cathepsin A),
FABP5 (fatty acid binding protein 5), GGH (gamma-glutamyl hydrolase), MYOF (myoferlin), PSAP (prosaposin), VDACI (voltage dependent anion
channel 1).
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FIGURE 3. Brain tumor biomarkers
containing EVs. The figure was
created using Keynote.

III showed this marker. Additionally, in some cases, gene
expression was found in biopsy tissue samples but not in
vesicles isolated from blood [58]. Another study on
EGFRVIIL, conducted by Choi et al., investigated the impact
of non-vesicular EGFRVIII on the protein composition of
EVs. It was found that EGFRVIII expression was associated
with the production of vesicles with low expression of CD81
and syntenin-1 (SDCBP), a complete absence of CD82, and
higher expression of CD9, compared to vesicles from cells

that did not express EGFRVIIL. Moreover, there were
significant changes in the proteome of vesicles produced by
EGFRVIII-positive cells, suggesting a greater potential for
using these vesicles as biomarkers [27], but some of these
markers and the increase or decrease of their expression
might be hardly enough to define the cells of origin in vivo.
A study by Hallal et al. in 2019 investigated the proteome
of vesicles isolated from neurosurgical aspirates of GBM and
grades II and III gliomas. They identified 298 distinct
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proteins that differentiate high-grade glioblastoma from low-
grade glioma. Among these, 133 proteins were more prevalent
in high-grade GBM patients, while 165 were more prevalent in
low-grade glioma patients. Additionally, 19 specific marker
proteins were identified, 15 of which were unique to GBM
§100 calcium-binding protein (S100)-A10, SI00A11, plastin-
2 (LCP1), chitinase-3-like protein 1 (CHI3L1), chloride
intracellular channel protein 1 (CLIC1), -eukaryotic
translation initiation factor 2 subunit 3 (EIF2S3), scavenger
receptor cysteine-rich type 1 protein M130 (CD163),
mannose receptor C type 2, apolipoprotein (APO)-L2,
stabilising 1 (STABI), 40S ribosomal protein S27 (RPC27),
glycogen phosphorylase, liver form (PYGL), low-affinity
immunoglobulin gamma Fc region receptor II-a (FCGR2A),
macrophage-capping protein (CAPG), monocarboxylate
transporter 4 (SLC16A3/MCT4), and 4 were specific to low-
grade glioma ceramide synthase 4 (CERS4), cystathionine
beta-synthase-like protein (CBSL), iron-sulfur protein
NUBPL, also known as nucleotide-binding protein-like,
sodium/hydrogen exchanger 6 (SLC9A6/NHES6). These
findings suggest that vesicles could be used to determine the
type and severity of brain tumors [28]. In a follow-up study
in 2020, Hallal and her team discovered several vesicular
protein markers specific to grade III and higher GBMs,
astrocytomas, and oligodendroglioma. For instance, the cell
division cycle 40 (CDC40) protein was found in samples
from patients with grade III astrocytomas, while the
tyrosylprotein sulfotransferase 2 (TPST2) protein was
identified in patients with grade III oligodendrogliomas.
However, other proteins, including axin interactor,
dorsalization associated (AIDA), Rho guanine nucleotide
exchange factor 10 (ARHGEF10), BCL2 interacting protein
3 like (BNIP3L), FYN binding protein 1 (FYBI), lysine
methyltransferase 2D (KMT2D), microtubule associated
protein 7 (MAP7), microtubule-associated serine/threonine
kinase family member 4 (MAST4), phosphodiesterase 8A
(PDE8SA), RNA polymerase II subunit D (POLR2D), renin
binding protein (RENBP), and solute carrier family 25
member 17 (SLC25A17) were found in patients with grade
IV GBM. These findings complicate the use of these
proteins as standalone markers for GBM, and their potential
use as indicators of disease severity requires further
investigation [29]. Similarly, Vineesh Indira Chandran et al.
identified the protein syndecan-1 in vesicles, which is
specific to patients with astrocytoma. Since syndecan-1
levels are significantly higher in patients with grade IV
multiform GBM compared to those with grade II GBM, this
marker could potentially differentiate disease severity.
However, the study did not mention whether this marker is
present in vesicles from patients with grade II GBM, leaving
its value as a standalone marker in question [60].

In another 2019 proteomic study, researchers found that
vesicles isolated from the plasma of patients with GBM and
other brain tumors had elevated levels of proteins ferritin
light chain (FTL), von Willebrand factor (vWF), alpha-2-
glycoprotein 1, zinc-binding (AZGP1), serpin 3, complement
component 3 (C3) and APOE, which may play a role in the
pathophysiology of GBM. The study revealed that GBM
releases all types of vesicles, in which immunoblotting
identified the presence of the CD9 antigen. While the
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vesicles’ size showed no difference between control and
patient groups, their concentration in the blood was
significantly higher in GBM patients. Since the vesicles from
healthy individuals and patients appear identical, additional
protein isolation methods are required for analysis, which
again complicates the use of vesicles as tumor markers [30].

A recent proteomic study of EVs derived from blood
plasma, conducted in 2021 by Rana et al, identified
potential markers for glioma. Protein groups of 34, 21, and
14 were discovered, with differential prevalence exceeding
1.3-fold across various glioma grades. Additionally, the
transcription factors Yin Yang 1 (YY1) and signal
transducer and activator of transcription (STAT)-1 were
identified as potential regulators of various proteins in the
early stages of glioma. Elevated levels of galectin-3 were also
observed in samples from patients with grades I, II, and III
gliomas compared to the control group. The lectin
galactoside-binding soluble 3-binding protein (LGALS3BP)
was similarly present in increased amounts in these patients’
samples [66].

It should be noted that microRNA in vesicles can be
biomarkers. The article by Jafari et al. describes a fairly large
number of exosomal microRNAs (ExomiR) that can play a
role in tumor diagnosis [67]. For example, miR-1246,
obtained from CSF, can be used as a possible diagnostic
biomarker for gliomas [68].

An intriguing discovery was made in a 2015 study by Rui
Shi et al. The microRNA molecule miR-21 was identified in
exosomes derived from CSF. Their findings showed a
correlation between the presence of gliomas and elevated
miRNA levels. miR-21 expression from CSF exosomes was
significantly higher in both high-grade and low-grade glioma
groups, compared to the control group. These results suggest
that miR-21 could serve as a biomarker for brain tumors [45].

Another marker was found among patients with variant
disease severity in 2023 by Dobra et al. They examined 222
patients with various brain lesions, including meningioma,
GBM, and brain metastases from non-small cell lung cancer.
The study revealed higher levels of matrix
metalloproteinase-9 (MMP-9) in EVs isolated from the
blood serum of patients with malignant tumors. A
correlation was observed between the degree of malignancy
and tumor aggressiveness, and MMP-9 levels. Furthermore,
MMP-9 levels decreased following surgical resection,
therapy, or in cases of recurrence. High MMP-9 levels were
also associated with lower survival rates in patients. Since
levels of MMP-9 do not depend on gender or age, but
directly correlate with the degree of tumor malignancy,
this marker has significant prognostic and diagnostic
potential [69].

Also of considerable interest is a 2019 study by Cumba
Garcia et al. In which, exosomes isolated from blood were
subjected to sequential density gradient ultracentrifugation
(DGU). Although no specific markers were identified, it was
found that with one-stage DGU, exosomes from patients
with wild-type glioma were significantly smaller and more
abundant in the blood, compared to those from healthy
individuals. Additionally, exosomes from patients with grade
IV GBM contained lower levels of cytokines interferon
(IFN)-vy, interleukin (IL)-10, and IL-3 compared to healthy
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individuals. This research showed that the diagnostic potential
of vesicles lies not only in the transport of specific markers but
also in the differential composition of various non-tumor-
specific biomolecules [70].

In conclusion, various studies on EV biomarkers indicate
a substantial number of potential markers that can be derived
from biological fluids and used as biomarkers for brain
tumors. However, there still remains the challenge of vesicle
identification and the search for specific biomarkers,
highlighting the need for further research.

Isolation of Extracellular Vesicles

In order to utilize EV's as biomarkers for oncological diseases, it
is essential to be able to isolate them. EVs from tumor cells
have been shown to cross the BBB and enter the bloodstream
[71], which highlights the importance of isolating vesicles
from serum and plasma [72]. Based on the literature,
circulating EVs can cross the BBB bidirectionally, from the
bloodstream to the brain and vice versa, where they can be
more easily detected [71]. For instance, Garcia-Romero et al.
demonstrated that all three types of EVs secreted by human
glioma cells can cross an intact BBB and be detected in
peripheral blood, providing a minimally invasive method for
their detection [50]. Transcytosis has been implicated as a
key active mechanism for the passage of BBB-crossing
molecules. However, despite extensive research, direct
visualization of transcytosis across the blood-brain barrier in
mammals, including humans, remains elusive. Evidence for
transcytosis has been obtained in zebrafish studies, but their
neurovascular unit differs from the more complex
mammalian structure, raising concerns about the full
applicability of these findings. Therefore, a comprehensive
approach, incorporating both in vitro and in vivo studies, is
still necessary to gain a more complete understanding of the
transcytosis process across the BBB [73].

To obtain serum and plasma samples, vacutainers with
different anticoagulants can be used. Mari Palviainen et al.
investigated the extent to which anticoagulants affect the
concentration, cellular origin, and protein composition of
EVs. For serum collection, anticoagulants such as acid-
citrate-dextrose (ACD), citrate, or ethylenediaminetetraacetic
acid (EDTA), as well as samples without anticoagulants, were
used in the study. The research showed that serum samples
indeed contain significantly higher concentrations of
platelet-derived EVs compared to plasma samples and that
serum-derived EVs bind more annexin V. The number of
platelet-derived EVs was also higher when using citrate
anticoagulant, compared to ACD and EDTA. This suggests
that citrate inhibits platelet activation less effectively than
ACD and EDTA, leading to the formation of platelet EVs in
blood samples during and after collection. This is crucial, as
the uncontrolled release of platelet-derived EVs affects
biomarker detection; for example, it has been shown that
platelet-derived EVs distort miRNA populations in patient
and control samples [74]. Moreover, there is evidence that it
is better to use plasma to determine biomarkers for EVs
instead of serum since the latter represents a higher
concentration of platelet-derived EVs [74]. Therefore, to
reduce confounding factors potentially arising from
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platelet-released EVs, plasma is the preferred source of EVs
for biomarker detection, whereas serum is used to study cell-
free microRNAs [75].

The presence and amount of plasma exosomes correlate
with tumor mass [76], as well as with cancer progression and
overall patient survival [77]. Interestingly, plasma analysis can
be performed at different time points (before treatment, one
month post-surgery, and after six months following
therapy), allowing monitoring of EVs’ quantities at various
stages of treatment [78]. This repeated plasma sampling
approach is also effective for tracking treatment progress in
brain cancer or monitoring disease progression [77].

EVs can be obtained through centrifugation/
ultracentrifugation. For example, in a study by Erika Bandini
et al., exosome isolation from blood plasma involved a series
of centrifugation steps with progressively increasing speeds to
separate larger vesicles and particles. Another crucial step is
filtration using centrifugal filter devices [78]. The pore size of
filters may vary, the supernatant can be filtered through a
045 pm or 0.22 pm filter. The final purification step for
exosomes involves ultracentrifugation. After removing the
supernatant, the resulting pellet is examined [79].

Washing the samples is also an important step. Following
ultracentrifugation, the sample is washed with a large volume
of phosphate-buffered saline [77].

Additional purification of EVs can be achieved using
size-exclusion chromatography (SEC). However, this
method is primarily applied to verify the purity of the
isolated exosome preparation [78,80]. In SEC, samples are
filtered through a porous stationary phase. Sample
components with smaller hydrodynamic radii pass through
the pores more quickly and are thus eluted faster, whereas
components with larger radii do not enter the pores and
freely exit the column [81]. During the development of this
method, starch, and water were initially used to form the
pores in the column, but over time, various other
compounds have been utilized, such as polymer dextran
(Sephadex), agarose (Sepharose), and polyacrylamide
(Sephacryl or Bio-Gel) [82]. Various columns can be used in
SEC. For instance, Brennan et al. used IZON qEV columns
in their study, which enabled the separation of EVs larger
than 70 nm from smaller particles and proteins that took
longer to pass through the column [83].

Another method for EV isolation is magnetic
immunoprecipitation. In the case of immunomagnetic
capture, a biotinylated antibody against the target antigen is
attached to the surface of streptavidin-coated magnetic
beads. The antibody-coated beads are then incubated with
the sample from which exosomes need to be isolated. The
main advantage of this method over enzyme-linked
immunosorbent assay (ELISA) is that the beads provide a
larger surface area for capturing exosomes, resulting in
higher isolation efficiency [84].

Various techniques are employed for the analysis of EV
size, morphology, and quantification. Among such
techniques are nanoparticle tracking analysis (NTA),
tunable resistive pulse sensing (TRPS), and transmission
electron microscopy [85]. NTA aids in detecting the content
and size of EVs [79], while their morphology can be
examined using transmission electron microscopy [79].
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Western blotting is used to confirm the purification of EVs
[79], by analyzing the expression of exosomal markers [78].

Specialized kits for the isolation of EVs have also been
developed (Table 2).

TABLE 2

Commercial Kits for the isolation of EVs
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Therefore, reliable methods for EV isolation are currently
available, enabling their use as biomarkers for tumor diseases.

Identification of Biomarkers

Currently, brain tumor detection relies on the symptomatic
presentation of the tumor, magnetic resonance imaging
(MRI), and invasive tissue biopsy, which can lead to a
delayed diagnosis. Therefore, there is an urgent need to
develop diagnostic tools that enable timely and non-invasive

Name Description References
P assessment of brain tumors [90]. Analysis of EVs, derived
ExoRNeasy Serum/Plasma Immunoaffinity  [86] from patient blood, could serve as a potential solution to
Maxi Kit (QIAGEN, Hilden,  assay kit this problem. ELISA is commonly used for identifying these
Germany) vesicular biomarkers (Fig. 4).
ExoQuick ™-TC (System Polymer (87] ELISA is a method utilized for the quantification of
Bioscience, Palo Alto, CA, precipitation kit peptides and proteins [91]. All techniques employing
USA) enzymes to detect antigen-antibody reactions are generally
Exo PK (Invitrogen, Waltham, One-step (88] referred to as enzyme immunoassays (EIA/ELISA) [91].
NA, USA) precipitation kit The immunocapture-based ELISA for EVs/exosomes
ExoTIC (exosome total Isolation kit based [89] was first described in 2009. Logozzi et al. developed a
isolation chip, developed by Liu on size sandwich ELISA to capture and quantify exosomes in
et al,, Patent number: differentiation plasma, based on the expression of housekeeping proteins
US20210311025A1, Stanford, (CD63 and Rab-5b) and a tumor-associated marker
CA, USA) (caveolin-1). This method enabled the sensitive detection
ExoMir (Bioo Scientific, Isolation kit based [84] and quantification of EVs isolated from human tumor cell
Austin, TX, USA) onsize culture supernatants and plasma from SCID mice
differentiation xenografted with human melanoma. It was found that
. Streptavidin EV ki
Substrate Detection (L-18, IL-6, TNF-c, IFN-y)
‘,‘/,7 Changed antibody Magnetic bead ’ ’ ’ v
= color with capture
EVs “antibody EVs
Enzyme-linked Detection
monoclonal antibody antibody
. ————EV marker (Cytokine) Cap ture
EVs Multiplex antibody
Digital ELISA using th —
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Immobilized ELISA for inflammatory
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FIGURE 4. Various modifications used in the ELISA method. CA IX—carbonic anhydrase 9, CD63—cluster of differentiation 63, CD81—
cluster of differentiation 81, HRP—horseradish peroxidase, IFN-y—interferon gamma, IL-1B—interleukin 1 beta, IL-6—interleukin 6, PSA—
prostate-specific antigen, Simoa—single molecule array, TNF-a—tumor necrosis factor alpha, TIM-4—T-cell membrane protein 4. The figure

was created using Keynote.
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plasma exosomes expressing CD63 or caveolin-1 were
significantly elevated in melanoma patients, compared to
healthy donors [76]. This study demonstrated that
immunocapture-based ELISA allows for the simultaneous
detection and quantification of both exosome-specific
antigens and tumor antigens on EVs.

The immunocapture-based ELISA method involves
coating a polypropylene surface of a 96-well plate with
specific ~ antibodies against an exosomal antigen.
Subsequently, exosomes are incubated in the wells to
facilitate capture. The plate is then washed, and a detection
antibody either directly or indirectly conjugated with an
enzyme, is added. Upon addition of the appropriate
substrate, a signal is generated that can be read using a
microplate spectrophotometer. Furthermore, the detection
antibody can be targeted either at an exosomal antigen, or
specific disease markers, making this method applicable for
disease diagnosis and monitoring [92].

Following the adaptation of the ELISA method for
protein analysis on EVs, this technique gained widespread
popularity and became broadly used for detecting tumor
biomarkers (Table 3).

TABLE 3

Modifications of the ELISA method for protein analysis on EVs

Description of the method References
Exosomes were captured using anti-CD81 [93]
antibodies, while anti-CAIX (carbonic anhydrase

IX) antibodies were used as detection antibodies

Recombinant mouse TIM4-Fc protein was used [94]

instead of anti-CD63 antibodies

For the direct isolation and subsequent detection of a [95]
specific population of exosomes, engineered
superparamagnetic gold-loaded iron oxide

nanocubes (Au-NPFe,0; NC) were utilized. These
nanocubes were initially functionalized with a

common tetraspanin (associated with exosomes)
antibody (i.e., CD63) and dispersed in sample fluids,
where they act as “dispersible nanocarriers,”

capturing the bulk of the exosome population

To quantify EVs, ApoB-100, the protein component [96]
of several lipoproteins, albumin, and three

tetraspanin proteins, a digital ELISA analysis based

on Single Molecule Array (Simoa) technology was
developed. This Simoa method involves individual
immune complexes being captured on magnetic

beads, which are loaded into micro-wells,
accommodating no more than one bead per well

A multiplex ELISA method was used to measure the [97]
concentration of endo-EVs and exo-EVs (remaining
supernatant material with reduced EV content after
exosome precipitation) using a specific pro-
inflammatory panel (IL-1p, IL-6, tumor necrosis

factor (TNF)-a, IFN-y, Meso Scale Diagnostics)

Anti-CD81 plates were treated with an exosome [98]
preparation, followed by the addition of an antibody
against prostate-specific antigen (PSA); a tumor
marker for prostate cancer

(Continued)
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Table 3 (continued)

Description of the method References

The study assessed the effects of cytokines and [99]
MMP-9 after treatment with 4-aminopyridine (4-

AP). Using the ELISA method, the immobilized
antibody was bound to the cytokine and intubated

with a monoclonal enzyme-linked antibody. The

color changed depending on the cytokine amount

ELISA is not the only method for detecting biomarkers
on EVs. For instance, there is a rapid lateral magnetic flux
immunoassay test called the lateral flow immunoassay
(LFIA). LFIA utilizes antibodies immobilized on a
specialized nitrocellulose membrane, which react with the
analyte and migrate via capillary effect. “Sandwich
complexes” of the target protein and free-capture antibodies
also form and accumulate in two regions to form the test
and control lines. In a melanoma study, the capture targets
were tetraspanins CD9, CD63, and CD81l; common
biomarkers of exosomes [100]. This method can vary
depending on experimental conditions, such as the type of
disease being investigated. It is crucial to select the
appropriate antibodies for EV-associated antigens relevant
to the specific cancer type. LFIA has been employed for
diagnosing melanoma [100,101], colorectal cancer [85],
ovarian cancer [102], prostate cancer [103,104], and cervical
cancer [105]. LFIA could also be effective for diagnosing
and monitoring brain tumors with the proper EV isolation
methods and antibody selection.

The addition of silver [103,105] and gold nanoparticles
[100,104] improves the accuracy and efficacy of LFIA [100].

Furthermore, there is the option of using the time-
resolved fluorescent microsphere (TRFM) method. These
microspheres are conjugated with an antibody against
CA199, a serum biomarker useful in cancer diagnostics and
progression monitoring. Researchers have detected signals
using ultraviolet light, testing the method on serum from
healthy individuals and liver cancer patients, noting a 60%
efficiency in differentiation, with potential for method
improvement in the future [106].

ELISA and LFIA can be used together to compare
results or confirm the effectiveness of each method for
specific studies [100].

Unlike other immunoassays, LFIA is a rapid test that can
be conducted in an extremely short time, down to several
minutes. A primary limitation is that LFIA examines larger
vesicles rather than exosomes, and may lack precision [100],
which is less productive for glioma research where accuracy
is crucial due to limited non-invasive diagnostic methods.
Nonetheless, LFIA can provide preliminary information
about the patient’s condition and an initial cancer assessment.

A recent study involving RNA sequencing of serum EVs
from a large cohort of patients with isocitrate dehydrogenase
(IDH)-wildtype GBM and healthy individuals aimed to
discover new tumor biomarkers. The research showed that
serum EV biomarker panels could predict/diagnose tumor
tissue status in terms of IDHI1 mutation, methylguanine
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methyltransferase ~ (MGMT)  promoter  methylation,
telomerase reverse transcriptase (TERT) promoter mutation,
and p53 mutation, with high sensitivity and specificity for
GBM. RNA sequencing of serum EVs from preoperative
glioblastoma patients vs. controls identified 569 differentially
expressed genes (differential gene expression (DEG), false
discovery rate (FDR) <0.05). Based on these DEGs, serum
EV biomarker panels were developed for IDHI1 wild-type
glioblastoma (96% sensitivity/80% specificity), MGMT
promoter methylation (91% sensitivity/73% specificity), p53
gene mutation (100% sensitivity/89% specificity) and TERT
promoter mutation (89% sensitivity/100% specificity). This
study showed that a panel of tumor biomarkers based on
EVs derived from the serum of patients with GBM can be
used clinically at the genetic level to diagnose GBM,
monitor tumor burden, and assess tumor progression and
response to therapy [107].

Jalali et al. developed a multiplex fluidic device with
integrated nanocavity microchips (MoSERS microchip),
enabling molecular profiling of distinct EVs in small fluid
volumes (<10 pL), via surface-enhanced Raman
spectroscopy (SERS). This device can provide information
on the surface properties and composition of EVs for early
detection and monitoring of cellular transformation during
tumor progression and therapy. The MoSERS microchip
was applied to identify and distinguish signals from distinct
EVs derived from benign glial cells (NHA), glioma cells
(U373, U87), and glioma stem cells (GSC83, GSC1005, and
GSC1123). These cell lines were either wild-type or modified
to express relevant molecular changes, such as EGFRVIII
and phosphatase and tensin homolog (PTEN), which are
naturally lost during GBM progression, and MGMT, a
marker and effector of GBM resistance to temozolomide.
After that, to maximize the method’s ability to distinguish
SERS spectra with minor differences, and achieve more
precise and sensitive multidimensional EV identification,
SERS of individual EVs was combined with deep learning
methods based on computational neural network (CNN).
The CNN was then applied to recognize EVs derived from
blood samples of GBM patients. The CNN approach
allowed for determining the probability that each EV carried
specific oncogenic markers, including EGFR amplification,
EGFRVIII mutation, and MGMT expression. The study
found that combining CNN with MoSERS improved
diagnostic accuracy (87%) in detecting GBM mutations in
the blood samples of 12 patients, compared to clinical
pathological tests. Accordingly, MoSERS demonstrates the
potential for molecular stratification of cancer patients using
circulating EV's [108].

Two patents include panels for the application of EV's as
biomarkers for brain tumors. The first patent (RU2712223C2)
relates to laboratory diagnostics and oncology, focusing on the
detection of tumors in patients in vitro. It has been found that
the protein transmembrane 9 superfamily member 4
(TMOSF4) is overexpressed in tumor-derived EVs. Results
from a sandwich ELISA, where 40, 20, 10, and 5 pg of
exosomes, purified via ultracentrifugation from conditioned
medium of the GBM cell line (U87), are captured by an
antibody against TM9SF4 and detected by an antibody
against CD9, demonstrate that these biomarkers are
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expressed on the exosomal membrane. This indicates that
the sandwich ELISA can be utilized to detect exosomes from
malignant peripheral nerve sheath tumors (MPNST) or
other solid tumors such as GBM. Therefore, the analysis of
the TM9SF4 protein can be used to determine the presence
of tumors or the state of tumor transformation in patients
in vitro.

Another patent (US20150293101) was granted for an
invention related to the diagnosis and prognosis of cancer,
as well as for monitoring tumor progression by detecting
the activity of oncogenic proteins and mediators in
microvesicles. More specifically, the oncogenic or EV-
associated proteins can be EGFR and human epidermal
growth factor receptor (HER)-2, or HER-2 and HER-3, or
HER-2 and EGFR2, or EGFRVIII and HER-2. For cancer
diagnosis and prognosis, the amount of oncogenic EV-
associated protein was evaluated before and after treatment.
As for monitoring tumor progression, the level of
phosphorylation of the oncogenic EV-associated protein was
also assessed before and after treatment, where an increase
in phosphorylation levels indicates tumor progression and
treatment inefficacy. Accordingly, the quantity of oncogenic
EV-associated proteins and their phosphorylation levels can
serve as reliable tumor biomarkers.

Currently, numerous methods are available for analyzing
the composition of EVs, enabling their potential application as
biomarkers for the diagnosis and prognosis of brain tumors.

Conclusion

In recent years, there has been significant interest in using EV's
as biomarkers for brain tumors. They can be isolated from
various biological fluids, allowing for their use in liquid
biopsies. Unlike traditional biopsies, liquid biopsy is
considered a safe and non-invasive method. Tumor-derived
EVs hold great potential as biomarkers, with current
protocols developed for isolation and various methods for
analyzing their contents. However, challenges persist in
identifying vesicles and searching for specific biomarkers,
requiring further research. While most studies concentrate
on identifying specific biomarkers, there is a hypothesis that
vesicles from tumor cells may differ in the composition of
non-tumor-specific biomarkers. Despite vesicles having great
potential as biomarkers, they may be hard to identify in
patients with low grade GBM. Also there is a concern that
vesicles from tumor and normal «cells can be
indistinguishable, and on the other hand they can be
associated with cancer and other diseases both. Therefore,
extensive research is needed to fully utilize EVs as tumor
biomarkers, a task that needs significant time and effort.
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