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| 1. Physicochemical Characteristics of Exosomes

Nowadays, scientists provide a big arsenal of various natural nanosystems that utilize a spectrum of natural materials,
including proteins, lipids, polysaccharides, synthetic polymers, and inorganic materials, differing in shapes, sizes,
structures, and compositions RIEZIEI4IE Owing to the combination of advantageous physicochemical and biological
characteristics of natural components, the aforementioned NPs have been recently assessed as auspicious fundamental
materials for cancer therapy. In particular, natural-derived nanostructures possess desired properties, such as enhanced
biocompatibility, biodegradability, non-immunogenicity, and superior safety profiles in contrast to the majority of synthetic
NPs. Moreover, they own functional groups that promote their reaction with chemicals enabling their modification, thus
leading to the achievement of more effective final formulations K61,

Additionally, due to the fundamental role of toxicology evaluations in the further clinical outcome assessment of particulate
nano drugs !, the propitious cellular response to natural NPs could their rapid exploitation in clinical tests, and
subsequently, in various medicinal applications instead of synthetic alternative solutions. An extensive list of anticancer
nanoparticle formulations containing resveratrol and curcumin (Cur) recording their physicochemical characteristics, the
type of cancer, and crucial effects is reviewed in detail (€],

Despite the progress in this field, several concerns have been raised regarding the use of these NPs, relating to their
bioavailability, expense, undesirable outcomes, including cytotoxic effects on diverse cells B9 hiocompatibility, and a
very limited half-life in vivo, which is revealed by the swift removal from the systemic circulation 11,

Exosomes are natural NPs able to transport and distribute a spectrum of proteins as well as some nucleic acids, mainly
RNA, whereas they are also liable to subjection to the engineering process in order to ameliorate their effectiveness
against tumor progression 22, Interestingly, these nano-scale vesicles originated from membrane invaginations and
originally participated in the communication between cells; they display penetration capacity through the BBB, which is an
advantage that enables their utilization as vehicles for the transportation of administered therapeutic agents for brain
diseases 13,

Exosome applications have emerged as an auspicious nanotechnology field expanded to several diseases, therefore
contributing to both diagnosis and therapy. Owing to their innate properties, exosomes perform efficient drug
transportation, exhibit high biocompatibility inside the organism, permeate easily through physiological barriers, and cause
negligible or mild side effects, thus diminishing the distance until clinical tests and translational medicine 13!, A recent
review highlights the attempts documented at drug transportation utilizing exosomes destined for neurodegenerative
diseases and brain cancer therapy, while it also synopsizes the possible hindrances and future perspectives that will
emerge in clinical translation 1],

Notably, exosomes regarding their properties excel beyond other NPs because of their remarkable biocompatibility,
negligible immunogenicity, sufficient stability, protracted circulation half-life, recognition of their targets, and ability to cross
physical barriers such as the BBB X4l Additionally, their capability to carry active biomolecules with therapeutic and
diagnostic potential as well as their intrinsic propensity for bioengineering has been greatly recognized nowadays.



| 2. Exosome Isolation

Taking the physical and chemical properties of extracellular vehicles (EVs) into consideration, exosome isolation from
body fluids was attempted using several methods that aimed to ameliorate the yield, purity, structural integrity, and
functionality of exosomes, leading indeed to a final preparation with altered parameters 5. Based on the applied isolation
method, the exosomal purity and the physicochemical characteristics could be affected 3. The methods that have
evolved to enhance the aforementioned exosomal parameters include several size-based techniques, such as tangential
flow filtration (TFF) (28], ultrafiltration apparatus 14, size-exclusion chromatography (SEC) 28, polymer precipitation 2920,
ultracentrifugation 24, and microfluidics techniques (221231,

An acoustic nano-filter could utilize ultrasound standing waves to apply electromagnetic wave forces on the biological
liquid and permit the vesicles’ segregation depending on their mechanical properties such as their dimensions and density
(241 currently, another standard protocol was reported involving a number of purification steps to achieve a suitable
exosomal preparation 23], although the final batch-to-batch purity, as well as the sample concentration, is not sufficiently
reproducible.

Concerning the employment of exosomes in medical applications and clinical use, a protocol that ensures the production
of a sufficient amount of particles is required. Due to the high productivity of exosomal mass, which is necessary for
clinical utility, TFF is regarded as the most convenient method, since it provides a higher yield with minor non-exosomal
component contamination that usually occurs in serial centrifugations. In addition, high exosomal reproducibility has urged
some corporations, involved in exosome commerce, to install TFF-based exosome manufacturing facilities 28!,

According to a worldwide International Society for Extracellular Vesicles (ISEV) survey &, ultracentrifugation (UC)-based
exosome isolation is considered to be the most ordinarily utilized method [2LI28129301BL3233]  Exosome isolation in
gliomas has been described in detail B4, By highlighting the lack of an established method to receive a homogeneous
exosomal preparation, an exosome comparative quantification approach in terms of particles and protein concentration
(ug/mL) was performed, depending on the isolation method, cellular origin, and source availability 4. The benefits and
drawbacks of exosomal purification methods have been recently reviewed 351361,

| 3. Exosome Size

EVs differ in size depending on their type, ranging from 30 to 5000 nm, including exosomes, exomeres, microvesicles
(MVs) or ectosomes, and apoptotic bodies, as well as in the mechanism of their biogenesis BZ. Even though the
categorization of EVs, relying on exosomal size, is ceaselessly progressing 28, they are normally classified into four main
subcategories containing

o Exosomes (30-150 nm);

* Microvesicles (100-1000 nm);

e Large oncosomes (1000-10,000 nm); and
« Apoptotic bodies (100-5000 nm) [B2149],

Other studies have reported that EVs are classified into three major subclasses including MVs or ectosomes, apoptotic
bodies, and exosomes 2142l Thejr smaller size and unified shape permit exosomes to successfully elude the elimination
by the mononuclear phagocyte system, leading to a prolonged circulation duration but also suggesting their supremacy
concerning the communication between cells B4,

| 4. Exosome Stability

Regarding their stability, exosomes are proved to be adequately stable inside the majority of the body fluids, thus
protecting the encapsulated biomolecules from catabolic processes. When the cells are under pathological conditions,
they are subjected to alterations mirrored in the secretion of biological exosomal constituents. In the case of a
differentiated exosomal cargo, this could be detected and correlated to the transcriptome, proteome, and lipidome
analyses to gain insights. Consequently, the determination of fluctuations in the content of certain selected components
will contribute to the exploitation of exosomes in the biomarker field 421,

Although exosomes represent a favorable cell-free therapy, a drawback regarding their storage stability exists, since they
cannot be stored for an extended time period. Henceforth, to confront this problem, exosomes’ maintenance technology
with the goal of keeping intact their biological potential and rendering them suitable for shuttle and clinical performance
should be taken into consideration. Currently, the utilized shielding methods mostly comprise freezing, freeze-drying, and



spray-drying 4. Upon their preparation, when exosomes are lyophilized, they become more stable at higher
temperatures (29,

Due to the distinct complexity of exosomes, their dimension range, and natural incompatibilities during their assembly, the
inherent hazards that follow the biogenesis process are more than those of the synthetic production 546 These
properties reflect on the variability of their reproducible load with therapeutic drugs, which is something that requires
suitable technological approaches 421,

| 5. Exosome Biological Properties

Exosomes own unique and inspiring properties that have motivated scientists to employ them for therapeutic approaches
against many diseases, including degenerative disorders, cancers [371(38] and, mainly, brain cancer. Due to these suitable
properties, their therapeutic benefits, and unelucidated functions, exosomes elicit the inquisitiveness of researchers to
develop them as drug transportation systems 47,

Their advantageous properties are enumerated as the adequate stability in both physiological and pathological conditions,
their small and relatively homogeneous dimensions, their ability for intracellular distribution of selected load through the
fusion process of membranes, the capability to traverse physiological barriers, such as the BBB, the absence of
immunogenicity and the autologous use permitting personalized medicine . Another benefit that exosomes possess is
attributed to their bio-originated membrane, which is inactive in the generation of the named “protein corona”, which is the
abundant proteinaceous coating that usually cover NPs when they interact with proteins that are adsorbed to their
surfaces in various biological processes [81149],

On the contrary, among the disadvantages are the requirement of standardized protocols for their isolation and
purification, the necessity of sufficient characterization of cell provenance, the undesirable outcomes attributed to the
exosome constituents themselves, and the absence of standardized mass production protocols for clinical applications [2I.

Because of the heterogeneity of small EVs and the existence of non-vesicular extracellular material, a debate has
emerged concerning the composition and functional properties of exosomes. By utilizing high-resolution density gradient
fractionation and direct immunoaffinity capture techniques, the constituents harbored by exosomes and other non-vesicle
material, including nucleic acids and proteins, were precisely characterized 2,

Exosomes participate in a spectrum of functions because of the membrane-connected proteins, e.g., tetraspanins (CD63,
CD81, CD9, CD37, CD53, and CD82), intercellular adhesion molecule-1 (ICAM-1), integrins, intracellular transportation
and membrane fusion proteins, such as Ras-associated binding (Rab) and Annexins, proteins related to multi-vesicular
bodies (MVBs) and the endocytic pathway, i.e., the endosomal sorting complex needed for transport (ESCRT). For
instance, Alix, tumor susceptibility gene 101 (TSG101), proteins mainly participate in vesicle trafficking, such as cell
surface receptors and antigen presentation molecules, such as major histocompatibility complex | and Il (MHC-I, MHC-II),
human leukocyte antigen-G (HLA-G) B4 and, in addition, other proteins implicated in long-distance signal transduction,
such as cytokines 2, hormones 8, growth and transcription factors 24, and heat shock proteins (HSPs) [B3156]
Moreover, the protein content of the membrane depends on the cell type and the methodology of purification, as portrayed
in the record of databases ExoCarta 2857 vesiclepedia 28 and EVpedia 2. An abundant depository completes the
exosomal  composition, including  cholesterol,  sphingomyelin, phosphatidylcholine, phosphatidylserine,
phosphatidylethanolamine, phosphatidylinositol, ganglioside GM3, prostaglandins, and lyso-bisphosphatidic acid €261,

There is evidence that exosomes comprise or express a variety of bioactive molecules including proteins, RNAs (mRNA,
microRNA, and other non-coding RNAs), DNAs (mitochondrial DNA (mtDNA), double-stranded DNA (dsDNA), single-
stranded DNA and viral DNA, lipids, amino acids, and metabolites. These miscellaneous constituents exert important
roles, such as in intercellular signaling and regulating neighboring or remote cellular microenvironments [E2631(64]
Moreover, to obtain insights into exosomes composition, small EV exosomes, and non-vesicular components, a
combination of the direct immune affinity capture method targeting the classical exosome marker tetraspanin with high-
resolution density gradient fractionation was applied B2, Although exosomes and non-vesicular components were found
to bear different proteins and RNAs, they did not possess microRNA (miRNA) processing proteins, such as Argonautes
(Agos), glycolytic enzymes, or cytoskeletal proteins. Moreover, others reported that exosomes did not contain double-
stranded DNA (dsDNA) or DNA-binding histones, which are typically found in exosomes, suggesting that dsDNA or DNA-
binding histones are released through an exosome-unmediated mechanism. These outcomes highlight the necessity for a
revaluation of the exosome composition by an in-depth analysis to elucidate exosomal heterogeneity 22, One idiosystatic
and noteworthy property is that endogenous exosomes operate as “signalosomes” inasmuch as they transmit signals



through ligands or adhesion molecules localized on the exosomal membrane or enclosed in the interior of the exosome.
This communication carried out by the intervention of the exosome has several unique features 21, Specifically,
exosomes exchange various substances between the cells without contact and, as a result, participate in various ways in
cell communication and signal transduction processes, thus comprising autocrine, endocrine, juxtracrine, paracrine, or in
distance transmission (€8],

The existence of exosomes in biofluids may exhibit certain diagnostic and therapeutic properties. For instance, the
extensive investigation of circular RNAs (circRNAs) present in exosomes circulating in biological fluids, such as blood, or
cerebrospinal fluid (CSF) may contribute to discovering the fundamental mechanisms of the progress of neuropsychiatric
diseases 43, Furthermore, miRNAs transported by serum exosomes are useful for the prognosis and diagnosis of spinal
cord injury (SCI) 2. The recognition of the therapeutic properties of exosomes renders them as candidates for utilization
in clinical applications that are dependent on the three following features: the kind of vesicle and load and/or the type of
surface modifications or functional encapsulated molecules 121,

| 6. Exosome Biogenesis and Internalization

According to the exosome biogenesis pathway, exosomes are derived from the endosomal membrane, creating a toward-
the-inside budding, which leads to the generation of MVBs. Subsequently, MVBs possess two fates, either degradation
into the lysosomes or fusion with the plasma membrane, and the subsequent externalization of exosomes.

Exosomes are supposed to constitute a homogeneous ensemble of vesicles that originate from the inner budding of the
MVBs membrane. After MVBs fusion with the cellular membrane, the secretion of exosomes occurs, displaying the same
membrane orientation as the parent cells 18, For comparison, MVs constitute an almost heterogeneous group of vesicles
shaped by exterior folding followed by disruption of the cell membrane, which could be controlled by some membrane lipid
micro areas and some regulatory proteins, such as ADP Ribosylation Factor 6 (ARF6). Thus, both exosomes and MVs
can be assumed as “signalosomes” implicated in diverse biological processes (Figure 1).
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Figure 1. Exosome biogenesis and different uptake pathways.

After their exocytosis, exosomes migrate into the extracellular matrix (ECM), where exosomal surface proteins assist in
the detection of the target cells for the subsequent uptake €8], Exosomes interact with particular receptors of the recipient
cells by the intervention of integrins, tetraspanins and intercellular adhesion molecules, which subsequently internalize
exosomes through the same conventional means following the uptake of various molecules into the cells, including:

(i) Phagocytosis. Phagocytosis is almost a similar internalization process to macropinocytosis where exosomes, along
with some extracellular fluids, are phagocytosed. This process is common and adopted by both phagocytic cells, i.e.,
macrophages and dendritic cells (DCs) and non-phagocytic cells, i.e., T cells 2,

(ii)Macropinocytosis. Macropinocytosis is a process in which the deformation of the plasma membrane leads to the
formation of protrusions that surround the extracellular fluid and exosomes, therefrom uptaking exosomes. This



complicated process is mediated by many factors, since it relies on Ras-related C3 botulinum toxun substrate 1 (Racl),
actin and cholesterol and it requires Na*/H* exchange [Z9.

(i) Clathrin/caveolin-mediated endocytosis. The Clathrin protein shapes a basket knitted-like structure around the
exosomes for their internalization. The plasma membrane of the target cells creates an internal folding, which is
followed by squeezing off the clathrin-coated vesicle from the membrane. Subsequently, the exosome releases all its
cargo in the targets cell's endosomes to implement particular functions 24,

(iv)Internalization through lipid raft. The endocytosis process may be also mediated by caveolin-1, similar to the clathrin-
dependent way, whose clusters in plasma membrane are configured in rafts. The invagination of the plasma membrane
named caveolae is abundant in caveolin 1, glycolipids, and cholesterol 72l and

(v)Direct fusion with the plasma membrane. In this fusion process, the Lysosomal-Associated Membrane Protein 1
(LAMP-1) and glycoprotein type | transmembrane protein are implicated primarily residing across lysosomal
membranes, and in certain cases, it can be expressed across the plasma membrane of the cell, and the integrins or
tetraspanins [Z3174],

The internalization of exosomes through the receptor-mediated endocytosis process has been reviewed extensively 9,
and a number of receptor—ligand complexes listed are considered to facilitate exosomal internalization, while several other
proteins have been identified as contributors in this endocytosis process of exosomes through protein—protein interactions
implicated in the exosomal uptake. Apart from the detailed presented receptor/ligand complexes, other receptor-mediated
endocytosis ligands and receptors have been also identified, but still, further evaluation is required to elucidate their role in
exosomal internalization (Figure 1).

| 7. Cancer Cell-Derived Exosomes

Cancer cell-derived exosomes are pivotally involved in tumor-linked processes including proliferation, metastasis, and
immune regulation BZI38] whereas they might be employed to surveil the progress of disease 2, serving as selected
diagnostic markers. Although all cells possess the ability to generate exosomes, tumor-derived exosomes (TdEX) seem to
display distinguishing characteristics from exosomes secreted by normal cells, being mightily immunosuppressive 3761,
TdEX can transmit signals between cells or transport various biological active matter toward the recipient cells, in this way
triggering alterations of their cellular features 2787 Another important property that should be taken into consideration
is that exosomes and, especially, those originating from tumor cells are considered to preferentially perform delivery to
tumors, which is a phenomenon attributed to their homotypic features. Due to these properties, the TdEX has received
growing interest to be considered as a potential clinical biomarker, and they may constitute particular vehicles for specific
cancer targeting. Moreover, the pharmacokinetic properties of naive exosomes and factors contributing their intracellular
“luck or destiny” have been recently summarized (651,

Cancer cells-secreted exosomes convey pathophysiological features and function as intermediates of tumor progression
and distant lesions genesis 48149501 Several in vitro studies propose that in the micro-surrounding of a tumor, cancer cell-
derived exosomes probably attack other neoplastic cells in preference to physiological cells, therefore employing them as
selective distribution vehicles 28, In addition, cancer cell-derived exosomes carry various DNA, including genomic,
cytoplasmic, and mitochondrial DNA as particular cancer cargo, alongside with other cellular molecules such as RNA,
proteins, and lipid rafts. All the previously mentioned biomolecules, that are pleiotropically functional in the receiver cell,
contribute to the alteration of the tumor microenvironment, angiogenesis, metastasis, and immunity avoidance .

Exosomes are responsible for their decisive role in cancer spreading because of their mediation in DNA horizontal
transfer, comprising specific differentiations attributed to tumors. These differentiations occur by transmitting DNA from
cancer cells to healthy ones, henceforth reflecting the transformation of the receiver cell to a condition premalignant or
malignant. Exosome-derived miRNAs may also be considered as candidate biomarkers for glioma, although additional
scientific attempts are required to promote the investigation of clinically helpful biomarkers for gliomas 9,

In brain cancer, a resistant cancer type in immune cell recruitment, exosomes originated from DCs have been considered
as a favorable treatment strategy against glioma, applied in a mice model, and this immune-related and exosome-based
approach constituted an unconventional therapy for GBM Bl Another noteworthy property of exosomes is that they can
traverse through an uninjured BBB and anatomical compartments through transcytosis, which is the common strategy of
multicellular organisms utilized to selectively transport vesicular macromolecules between two surroundings without
altering their unique composition 21,



In contrast to the natural ones, exosomes derived from desired design and modifications could eliminate the restrictions
derived from natural exosomes, such as lack of target recognition capability, insufficient half-life in circulation, and a small
quantity of functional molecules. Similarly, exosomes profit concomitantly from their content in surface-decorated and
encapsulated molecules (3],

Many attempts have been made to clarify the properties of TAEXs as sources of tumor antigens and immune adjuvants.
Nevertheless, several statements have proposed TdEXs to be involved with pro-tumorigenic roles. The complicated
functionalities of TdEXs must be investigated exhaustively, and an in-depth exploration into TdEX biogeneration and
identification will expand their usefulness by permitting the TAEXs optimization reflecting on the alleviation of their adverse
features and amplifying their potency (22,
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