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Exosomes are microscopic vesicles secreted by cells, serving as carriers of diverse biological substances and
playing an essential role in the communication between cells. When meticulously engineered, these small
extracellular vesicles transform into highly effective delivery systems for therapeutic agents, enabling the tar-
geted administration of active pharmaceutical ingredients to specific organs, tissues, and cells. Exosomes play an
indispensable role in a myriad of biological processes, including intercellular communication, the regulation of
gene expression, apoptosis, inflammation, immunity, as well as cell maturation and differentiation. The versatile
role of exosomes is largely attributed to their intricate cargoes and composition, which encompasses nucleic
acids, proteins, and lipids. In this review, we present a comprehensive overview of state-of-the-art character-
ization and isolation techniques used for the study of exosomes, especially for exosome-based biomedical ap-
plications. We will discuss the potential use of exosomes in personalized treatments, their interactions with other
nanostructures focusing on the biomolecule corona, as well as the challenges and future expectations. In
conclusion, this review provides evidence that we will witness extremely important functions and advances with

innovative therapeutic and diagnostic applications of exosomes in the biomedical field.

1. Introduction

The investigations that distinctly recognized extracellular vesicles
(EVs) as biological entities, endowed with enzymatic and functional
capabilities, commenced in the 1980s and 1990s. Before this era, a
multitude of studies suggested the existence of potential structures that
would later be characterized as EVs, or detailed experiments that we can
now retrospectively theorize may have involved the functions of EVs. In
this regard, the narrative of EV research’s inception arguably traces back
to the studies surrounding coagulation. The early 1980s started the
dawn of a period marked by growth and a more nuanced comprehension
of EV research. Although the substantial surge of publications, theories,
debates regarding nomenclature, and EV-related societies would not
emerge for another two decades, the foundation was laid during this
time. Two pivotal and complementary papers from the Johnstone and
Stahl laboratories established a compelling argument for the release of

intraluminal vesicles from the cell, thereby defining them as exosomes
[11.

Exosomes are nanometer-scale vesicles characterized by a spherical
shape and a lipid bilayer with a diameter of approximately 40-100 nm.
These biological entities are secreted by cells and are known to exhibit a
density in a specific range when analyzed in sucrose density gradient
solution (1.13-1.19 g/mL) [2]. Both prokaryotic and eukaryotic cells
secrete EVs as a fundamental aspect of their physiological processes, as
well as in response to various acquired abnormalities. EVs can be
broadly divided into two main types: ectosomes and exosomes. Ecto-
somes are membrane-bound vesicles that are formed through the pro-
cess of outward budding from the plasma membrane. They encompass a
variety of structures, including microvesicles, microparticles, and larger
vesicles, which typically range in size from approximately 50 nm to 1 pm
in diameter (Fig. 1A). Exosomes are EVs of endosomal origin releases out
of multivesicular bodies (MVB) [3].
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Exosomes play a significant role in various biological processes,
including immune responses, the pathogenicity of viruses, pregnancy,
cardiovascular disorders, diseases of the central nervous system, and the
advancement of cancer [3]. Exosomes can transfer their cargo between
cells, playing an important role in both physiological and pathological
processes along with cell-to-cell communication. Exosomes, which are
characterized by their origin, encapsulate various components,
including proteins and nucleic acids, within a lipid bilayer membrane.
This membrane is enriched with specific membrane proteins, such as
tetraspanins, growth factor receptors, cell adhesion molecules, and
integrins (Fig. 1B) [4-7]. The diversity of surface proteins contributes to
the tissue-specific targeting characteristics exhibited by exosomes [5].

In this review, we discussed the latest potential of exosomes, which
have been the subject of very important research in recent years, in the
biomedical field, their characterization, isolation and purification, as
well as their interactions with possible nanostructures, and personalized
exosome corona. The potential to evaluate exosome corona and exosome
interactions with nanostructures is one of the important unique aspects
of this review article.

2. Relevance of exosomes in diseases

In clinical trials, a significant emphasis is placed on the early diag-
nosis and prognostic biomarkers of cancer. In therapeutic clinical trials,
priority is given to plants, stem cells, and exosomes derived from den-
dritic cells. It is hoped that future exosome-based clinical trials will yield
superior solutions for cancer [8]. Both human- and plant-derived exo-
somes are currently undergoing clinical trials, although more compre-
hensive reports are accessible for those derived from humans. Given
their role as vesicles that transport cellular secretions, exosomes have
been effectively utilized as vehicles for drugs or peptides aimed at
treating various diseases. Among the most favored sources for exosome
preparation are dendritic cells (DCs) and mesenchymal stem cells
(MSCs). Exosomes derived from DCs possess the capability to trigger
inflammation in patients, particularly those afflicted with cancer, due to
their content of tumor antigens that provoke a specific inflammatory
response. A well-established cell bank of MSCs exists, providing an
alternative source for exosome preparation. The primary application of
MSC-derived exosomes lies in the treatment of inflammation. It is
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imperative that exosomes involved in clinical trials adhere to good
manufacturing practices (GMP). Three critical issues are commonly
encountered in GMP concerning exosomes: the upstream processes of
cell cultivation, the downstream purification processes, and the quality
control of the exosomes themselves [9].

Exosomes, the exquisite extracellular vesicles originating from the
intricate process of cell endocytosis, serve as vital communicators be-
tween cells. Their significance is profound, influencing both health and
disease states. For example, exosomes exhibit a dual regulatory capacity
in the context of pathogen infections by delivering their diverse con-
tents. On one hand, exosomes enriched with pathogen-derived proteins
and RNAs can exacerbate infections through three primary mechanisms.
First, exosomes can facilitating the spread of infection by facilitating the
spread of pathogen-associated molecules. Furthermore, exosomes aid in
the immune evasion strategies of pathogens, and can suppress immune
responses by inducing apoptosis in immune cells [10].

Conversely, exosomes also assume a protective role against in-
fections by directly thwarting pathogen proliferation and invasion or
stimulating immune responses, particularly those involving monocyte-
macrophages, NK cells, T cells, and B cells [10]. Thus, exosomes are
elegantly positioned as “bridges” in the landscape of pathogen in-
fections, orchestrating complex interactions through the aforemen-
tioned mechanisms [10].

Exosomes are integral to the process of antigen presentation, which
is essential for the activation of immune cells, and they promote the
release of inflammatory mediators and the expression of immune-
related molecules, thereby fine-tuning the immune responses of host
cells. In the context of microbial infections, exosomes enhance both
innate and adaptive immune responses, bolstering the host’s defenses
against invading pathogens through the engagement of natural killer
cells, macrophages, and activated T cells by presenting viral and bac-
terial antigens. However, it is noteworthy that exosomes can also exert
immunosuppressive effects during such infections. Their significant
biological activities in intercellular transport, information relay, and
modulation of cell-mediated immunity render exosomes invaluable in
both research and clinical strategies aimed at combating microbial in-
fections [11]. In conclusion, exosomes have received significant atten-
tion in the context of infectious disease management and have the
potential to serve as potential diagnostic markers, vaccine candidates,
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Fig. 1. Schematic overview of different classes of extracellular vesicles (A) and their structure (B). (A) Extracellular vesicles can be divided into three classes
depending on indicated sizes and cellular origin. Due to their biogenesis via the endosomal pathway, regulated release out of multivesicular bodies (MVB) and
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novel drug development targets, and drug delivery vehicles.
2.1. Exosomes as potential diagnostic biomarkers

In the context of diagnostics, exosomes may function as biomarkers
for tracking disease progression, as they provide insights into the
pathophysiological conditions of both healthy and affected individuals.
Exosomes circulate stably in a wide range of body fluids, including
blood, urine, saliva, and cerebrospinal fluid, where their lipid bilayer
protects enclosed proteins and nucleic acids (DNA, mRNA, miRNA,
IncRNA) from enzymatic degradation, ensuring the preservation of
biologically relevant information. This stability allows reliable sampling
even under conditions where free biomolecules would be rapidly
degraded.

Importantly, exosomes can cross biological barriers, such as the
blood-brain barrier, making them particularly valuable for detecting
central nervous system pathologies through peripheral biofluids [12].
Their molecular cargo reflects the physiological and pathological state
of the originating cells, meaning that tumor-derived exosomes often
carry oncogenic proteins, altered miRNA profiles, or specific surface
markers distinct from normal exosomes. Similarly, in neurodegenerative
diseases, neuron- or glia-derived exosomes contain disease-associated
proteins such as amyloid-p, tau, or a-synuclein [13].

In cardiovascular diseases, circulating exosomes may carry car-
diomyocyte- or endothelial-specific molecules, enabling assessment of
tissue stress or damage [14]. Together, these features enable exosomal
profiling to yield disease-specific molecular signatures with potential
applications in early diagnosis, prognosis, and longitudinal disease
monitoring through minimally invasive liquid biopsies.

2.2. Exosomes as nanoscale vehicles for drug delivery

Besides a potential application as diagnostic biomarkers, exosomes
have been exploited as nano-sized vehicels for delivery of therapuetic
agents, such as drugs and RNA. Exosomes present numerous advantages
compared to synthetic nanoparticles (NPs), including their inherent
targeting capabilities, reduced immunogenic response, stability in bio-
logical fluids, natural capacity to carry nucleic acids and proteins, and
proficiency in traversing biological barriers. These characteristics
enhance their potential as therapeutic agents and vehicles for drug de-
livery (DD) [4,7,15].

Naturally, exosomes serve as a sophisticated mechanism for inter-
cellular transport, facilitating the precise delivery of inclusions to both
proximal and distant cells or tissues, while also playing a pivotal role in
the communication of cellular information that influences physiological
functions and characteristics. Exosomes mediate intercellular commu-
nication through a cascade of mechanistic interactions beginning with
surface recognition via integrin-tetraspanin complexes or Eph receptors
that bind cognate receptors or ligands on recipient cells to confer tar-
geting specificity and may initiate signaling cascades even without
internalization [16]. Once bound, exosomes can be internalized via
distinct endocytic pathways. The well-characterized clathrin-mediated
endocytosis involves adaptor protein (AP2) and clathrin coat formation
followed by dynamin-mediated vesicle scission. Caveolin-dependent
and lipid raft-mediated routes leverage caveolin-1-rich microdomains
for uptake. Macropinocytosis captures extracellular milieu in
actin-driven membrane ruffles, and, especially in phagocytes, phago-
cytosis engulfs larger vesicles into phagosomes, often targeting them for
lysosomal degradation [1]. Alternatively, direct membrane fusion can
occur, whereby lipid bilayers of the exosome and target cell approach to
form a hemifusion stalk and expand to a fusion pore, releasing cargo
directly into the cytosol. This fusion process is thought to involve SNARE
and Rab protein families, and may be favored in specialized contexts
such as acidic microenvironments [15]. Collectively, these mechanisms
enable exosomes to deliver proteins, lipids, and RNAs that can recali-
brate recipient-cell signaling, gene expression, or phenotype based on
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cargo content and uptake route.

Upon interaction with biological fluids (BFs), nano-scale entities
experience a transformation that results in the loss of their initial
identity and the assumption of a novel biological identity. This process,
referred to as protein corona (PC) formation, significantly modifies
several physicochemical properties of NPs, such as their surface charge,
dimensions, and aggregation behavior. These alterations significantly
influence the biological consequences of NPs, shaping their bio-
distribution, pharmacokinetics, and overall therapeutic efficacy. It is
widely recognized that even subtle variations in the composition of
protein-rich fluids, such as plasma and serum, can profoundly influence
the architecture of the PC that develops on the surfaces of NPs [17].

Also exosomes representing natural NPs are likely to acquire a spe-
cific protein corona. Exosomes are distinguished by their remarkable
ability to convey signaling biomolecules, offering numerous benefits
over traditional cell-based therapies. Considering the extensive
adsorption potential of a large number of molecules to the surfaces of
exosomes and the natural variability in serum protein composition
among individuals, it is likely that there will be significant differences in
the thickness of the protein corona. Such differences are expected to
significantly affect the biological activities of exosomes. Since the pri-
mary components of the PC are typically serum proteins, it seems
reasonable to suggest that incorporation of a PC into allogeneic immu-
nogens may provide some protection from immune system recognition
of administered exosomes [17].

However, the precise mechanisms that govern the formation of
protein complexes on exosomes are not yet fully elucidated [17].
Research into exosomes remains a dynamic field, with continuous
technological and experimental progress poised to yield significant un-
derstanding of their diversity and biological roles, thereby enhancing
the prospects for utilizing their therapeutic and diagnostic capabilities.

3. Exosome isolation and purification

For large-scale use of exosomes in clinical applications, there is a
need for methods that are inexpensive, simple, rapid, and provide high
yields. Traditional methods face challenges in meeting this demand.
Table 1 and Fig. 2 provide an overview of current methods used for the
isolation and purification of exosomes, also evaluating their advantages
and disadvantages.

With the growing interest in this field, a review of the literature re-
veals that exosome isolation and characterization primarily rely on
techniques such as ultracentrifugation, density gradient ultracentrifu-
gation steps, ultrafiltration, size exclusion chromatography, immu-
noaffinity capture, precipitation-based methods, and microfluidics
(acoustic) techniques [18,19]. In summary, the downstream application
of the isolated exosomes is the decisive factor when selecting the most
suitable isolation method. While an exosome sample with low purity
may be sufficient for qualitative analysis, such as proteomics or western
blot, exosmes of high quality are needed for the analysis of
exosome-interactions with e.g. cells.

3.1. Differential ultracentrifugation (DUC) and density gradient
ultracentrifugation step (dgUC)

Differential ultracentrifugation method is based on the stepwise
sedimentation of particles with different sizes and densities by
increasing centrifugation speeds and durations. While large cellular
fragments are separated at lower speeds, exosomes are sedimented at
higher speeds (up to 100,000xg) [18,42].

The ultracentrifugation method, whose advantages and disadvan-
tages are presented in Tables 1, is the most fundamental technique for
isolating exosomes from cells (yeast, bacteria, human, and plant cells)
using strong centrifugal forces. It is frequently preferred for exosome
isolation due to its cost-effectiveness and the lack of extensive expertise
required. Two techniques, differential ultracentrifugation (DUC) and
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Table 1
Advantages and disadvantages of common methods used in exosome isolation.
Methods Advantages Disadvantages
Ultracentrifugation e Easy to implement, eLower purity;
(uc) widely available [20, contamination with
21] proteins and lipoproteins
likely [20,21]
Differential eCost-effective; widely eContamination with
Ultracentrifugation applied [20,21]. proteins/lipoproteins;
(DUC) lower reproducibility [20,

Density Gradient
Ultracentrifugation
(dguQ)

Ultrafiltration (UF)

Nano-filtration

Size exclusion
chromatography
(SEC)

Immunoaffinity capture

Precipitation-based
methods

Microfluidics

Microfluidics (Size-
based approaches)

Microfluidics (Affinity-
based approaches)

eHigher purity; better
separation from
contaminants [20-22].
eQuick, easy and cost-
effective without
requiring any special
equipment [23,24]

eCleaning the dead and
filtering their remains
[25]

eIt allows the removal of
small-scale foreign sub-
stances [25]

eEasy-to-produce method
that preserves exosome
integrity

eLow levels of
contaminants and
exosome homogeneity
[29]

eFast and efficient [31]

eEasy to use and
adaptable to high sample
volumes

ePreferred in clinical
applications

eHigh exosome yield
eprocessing of high
number of samples at the
same time [33]
eEffective, fast and high
purity [36,37]
eEffective, fast, high
purity; label-free separa-
tion; suitable for small
sample volumes; minimal
sample consumption [30,
38].

eHigh specificity due to
antibody/aptamer
capture (CD9, CD63,
CD81); suitable for
biomarker discovery;
allows downstream
RNA/protein analysis
[39-41].

21].
eTime-consuming; requires
technical expertise [20-22].

eRisk of disruption of
vesicles

eExosome structural
distortion

eExtrusion [23,24]

eRisk of contamination by
non-exosomal free-floating
humoral peptides [26]
eRisk of aggregate
formation, pore clogging
and reduced exsosome
purity [27,28]

oA time-consuming method
with problems with sample
dilution

eRisk of contamination [30]

eRequires educated
individuals

eHigh cost of reagents
eNot applicable for large
sample volumes [31,32]
eLow quality and purity
ePresence of polymer,
positively charged
molecules and
contamination of the final
exosome pellet [34,35]

eExpensive and complex
devices are used [36,37]
eExpensive and complex
devices; may require
specialized expertise;
throughput limited by chip
design [30,38].

eHigh reagent cost; risk of
non-specific binding;
limited to subpopulations
depending on target
marker; scalability issues
[39-41].

density gradient ultracentrifugation (DGUC), are employed for this
purpose [43,44]. DGUC method is based on the separation of particles
within a sucrose or iodixanol gradient according to their density dif-
ferences. In this way, exosomes with high purity are obtained [19].
Differential ultracentrifugation or DUC is the most commonly used
method, involving sequential centrifugation steps with increasing force
and duration (Fig. 2A). Under these varying centrifugal forces, the
separation of extracellular components (based on their density, size, and
shape) is achieved. In this method, large particles are first sedimented
and removed from the medium using a low centrifugal force of
approximately 300 g. Then, sequential centrifugal forces are applied to
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eliminate cell debris, apoptotic bodies, and protein aggregates. Finally,
the supernatant is removed after the last centrifugation step, and exo-
some pellets are obtained [45,46]. These sequential centrifugation steps,
although not requiring specialized expertise, demand additional time
and effort. Furthermore, there is a risk of contamination with extracel-
lular vesicles of similar sizes (such as contamination with lipoprotein
particles unrelated to exosomes) [24].

Robinson et al. [47] compared the isolation of small extracellular
vesicles from 1 mL of human plasma using different methods and re-
ported that dUC yielded EVs within the size range of 113-123 nm,
although washing steps were required to reduce lipoprotein contami-
nation. In the same study, it was also noted that SEC provided superior
purity. Additionally, Kapoor et al. [48] obtained highly pure EV frac-
tions by performing ultracentrifugation at ~120,000xg for ~15 h using
the OptiPrep® density gradient, demonstrating that lipoprotein
contamination was substantially reduced.

3.2. Ultrdfiltration (UF)

In the ultrafiltration (UF) method used for isolating exosomes,
membranes with pore sizes defined by size-exclusion limits or molecular
weight are utilized (Fig. 2C). In this method, one or more filters can be
used for exosome isolation (e.g., 0.22 and 0.1 pm filters separate smaller
particles, while 0.8 and 0.45 um filters separate larger particles) [44].
The advantages of the UF method include ease of application, no
requirement for specialized equipment, reusability of filters, and high
efficiency. However, disadvantages include reduced efficiency due to
filter clogging, structural damage to exosomes, and extrusion. To over-
come these disadvantages, tangential flow filtration (TFF) has been
developed. In TFF, pressure is applied perpendicular to the flow direc-
tion to prevent clogging. Moreover, it enables more efficient separation
at high liquid volumes by manipulating hydrodynamic flow forces [49].
Commercial kits often use the ultrafiltration method to isolate exosomes
(e.g., the ExoMir™ Kit) [50]. Bae et al. [51] developed a TFF-based
system named EVics, enabling EV isolation from sample volumes
ranging from 15 pL to 2 L, and demonstrated that it achieved purity
comparable to or even higher than that obtained with dUC and SEC in
cancer cell lines. Similarly, Visan et al. [52] compared TFF + SEC with
UC + SEC combinations and showed that yield and purity parameters
varied depending on the chosen method.

3.3. Size exclusion chromatography (SEC)

The method developed by Grant H.L. and Colin R.R. in 1955 was first
used to separate solvents with different molecular weights. Size exclu-
sion chromatography method is based on the principle that particles are
eluted at different rates according to their hydrodynamic diameters
during passage through a porous stationary phase. Exosomes are
generally collected in homogeneous fractions [53]. In this method,
starch was used as the stationary phase, and water was used as the
mobile phase. As the liquid sample passes through the stationary phase
with pores of a specific size, molecules with different hydrodynamic
radii are retained for varying amounts of time and elute from the column
at different intervals. Thus, the molecules in the liquid sample are eluted
in fractions [54,55]. In recent years, significant advancements have been
made in this method by utilizing fillers such as sephadex, sepharose
(agarose), and polyacrylamide to improve the efficiency of separation
processes [56]. For exosome purification, the SEC method, developed by
using different column fillers (such as dextrans, agarose, poly-
acrylamide, or allyldextran), is employed to separate particles based on
their size [57]. The advantages of the SEC method for exosome isolation
include preserving biological activity, achieving high purity, efficient
use of time and labor, reproducibility, and suitability for small sample
volumes [58]. However, to overcome the disadvantages of distinguish-
ing exosomes from microvesicles of the same size, SEC must be com-
bined with other methods such as membrane affinity. Additionally, high
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costs are among the drawbacks of this method [56]. Robinson et al. [47]
reported that the SEC method yielded EVs with high purity from 1 mL of
plasma in less than 90 min, with a tetraspanin profile most closely
resembling that of plasma.

3.4. Immunoaffinity capture

This method is essentially an isolation process based on specific in-
teractions between antigens and antibodies. In the isolation of exosomes
using this method, similar specific interactions are utilized [21]. In the
immunoaffinity method, antibody-coated beads, known as immuno-
magnetic beads, are commonly used to separate exosomes from con-
taminants using magnetic force (Fig. 2B) [59]. The exosomal surface
contains specific proteins and receptors. Thanks to exosomal surface
proteins such as annexins and tetraspanins, exosomes can bind to spe-
cific antibodies, enabling their selective isolation [60]. Proteins located
on the surface of exosomes, such as tetraspanins (CD9, CD63, CD81),
specifically bind to antibody-coated magnetic beads. In this way,
high-purity isolation is achieved [31]. Recently, membrane affinity has
started to be used in combination with differential ultracentrifugation
(DUC) to achieve better separation of exosomes. Commercial kits based
on this principle for high-purity exosome isolation are available on the
market (e.g., Abcam, Cambridge, UK; Miltenyi Biotec,
Bergisch-Gladbach, Germany; Thermo Fisher, CA, USA) [61-63]. The

ultrafiltration. Created with BioRender.com.

primary disadvantage of this method is that it is an expensive technique
due to the large quantities of antibody-conjugated beads required for
isolating exosomes from large volumes. Additionally, it allows for the
isolation of only specific exosome subpopulations depending on the
targeted exosome marker, which is considered a limitation. Another
drawback is that antibodies cannot be removed from the vesicles after
precipitation, which can compromise the integrity of the exosomes.
These disadvantages limit the applicability of the method. Therefore, for
researchers who do not require high purity or a specific exosome sub-
population, an isolation method based on this technique may not be a
cost-effective or suitable option [21,56,64]. Robinson et al. [47] re-
ported that TIM4-based immunomagnetic capture enriched EV sub-
populations from 1 mL of plasma but introduced differences in size and
representativeness. Furthermore, Dunlop et al. [65] enriched
L1CAM-positive EV subpopulations from the blood of ALS patients using
immunoaffinity capture, demonstrating that these subgroups exhibited
distinct proteomic profiles.

Immunoaffinity capture approaches are not restricted to anti-
body-antigen interactions. In addition to antibodies, other ligands such
as peptides, aptamers, and phosphatidylserine (PS)-binding proteins
have been widely investigated for exosome isolation. Antibodies most
commonly target tetraspanins (CD63, CD9, CD81), or tumor-associated
markers such as EpCAM, PSMA, and HER2 [20,21]. Peptide ligands
include the CD63-binding CPO5 peptide, which enables efficient capture
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and functional loading of exosomes [66], and membrane-sensing pep-
tides that recognize highly curved lipid bilayers, thereby binding to a
broad range of vesicles [67,68]. Aptamer-based platforms targeting
CD63, PTK7, or EpCAM have also been developed, offering high speci-
ficity and the possibility of gentle elution strategies [69]. In addition,
PS-binding proteins such as TIM4 can capture EVs in a
calcium-dependent manner and release them under chelating condi-
tions, although this may also co-isolate other PS-enriched vesicles [70].
A key limitation of immunoaffinity capture is marker heterogeneity: not
all exosomes express tetraspanins such as CD63, CD9, or CD81.
Single-vesicle analyses have shown uneven distribution of these
markers, meaning that single-epitope targeting may result in the loss of
subpopulations [71-73]. Thus, multiplexed or complementary ligand
strategies are recommended to reduce this bias.

3.5. Precipitation-based methods

Hydrophilic polymers such as polyethylene glycol (PEG) reduce the
solubility of exosomes, leading to their precipitation. This method is
rapid and provides high yield, but the purity may be reduced [34]. This
method is a precipitation-based technique in which a more hydrophilic
polymeric precipitating agent (PEG), which is non-toxic and reshapes
the solubility of materials in the medium) is used to competitively bind
to exosomes, displacing the water molecules they are attached to,
thereby promoting the precipitation of exosomes (Fig. 2D). The high
hydrophilicity of the polymer reduces the solubility of exosomes in the
medium, causing them to precipitate at the bottom of the tube during a
low-speed centrifugation step [74]. The principle of this approach is that
PEG and other polymers create a hydrophilic environment that reduces
exosome solubility, leading to their aggregation and sedimentation
under mild centrifugation. This allows rapid enrichment from small
sample volumes. However, precipitation agents also non-specifically
trap proteins, lipoproteins, and other macromolecular complexes,
which may compromise exosome purity and reproducibility [24,75].
The advantages of this method include not requiring specialized
equipment, being easy, fast, and highly efficient. However, a disad-
vantage is that the exosomes isolated using this technique may contain
contaminants such as protein aggregates, immunoglobulins, lipopro-
teins, and viral particles, which can affect exosome quantification [76].
Additionally, another alternative method for exosome purification in-
volves neutralizing negatively charged EVs with acetate to precipitate
exosomes for charge neutralization [77]. Another important limitation
is that precipitation-based approaches are not cost-effective for
large-volume samples such as cell culture media, because they require
large amounts of polymeric reagents. Thus, while suitable for clinical
plasma or serum samples, they are less practical for preparative-scale
isolation [20].

Currently, there are many commercial kits available for PEG-based
exosome isolation. The most commonly used ones are the ExoQuick
Plus (System Biosciences, Palo Alto, CA, USA) and ExoEasy (Qiagen,
Venlo, Netherlands) kits. These kits can produce exosomes with high
yield and purity, meeting the required needs [78]. Guerrero-Alba et al.
[79] introduced the NTI-EXO precipitation method, which requires only
100 pL of blood sample, and reported that it increased serum EV protein
recovery by 3-5 fold compared to commercial kits, successfully enabling
biomarker detection in lung transplant recipients.

3.6. Microfluidics

These systems integrate separation principles based on size, density,
or antigen-antibody interactions into microchannels. They offer high
purity and short analysis time [80]. Recently, with the discovery of
bio-markers in biological applications and their use in clinical practices,
the microfluidics method has been developed to achieve high-yield
exosome isolation from very small amounts of fluids. This method
uses various isolation principles, including immunoaffinity, size-based
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separation, and density. In the immuno-microfluidics-based method,
specific exosomes are captured by antibodies immobilized on micro-
fluidic chips, and after the addition of buffer to the medium, the exo-
somes are eluted [38,75]. As the use of this method has become more
widespread, improvements in the immobilization surface area using
nano-porous structures have minimized the binding of non-exosomal
vesicles. This method not only allows for exosome isolation but also
enables RNA extraction using immuno-microfluidics, which has
increased interest in its application [81]. Polydimethylsiloxane (PDMS),
polymethyl methacrylate (PMMA), silicone, and metals can be used in
the manufacturing of microfluidic devices. Among these, PDMS is the
most commonly used due to its notable characteristics such as biocom-
patibility, cost-effectiveness, and flexibility [77].

The advantages of this method include ease of use, minimal sample
consumption, benefits in surface-to-volume ratio, and short analysis
time. However, high costs and the complexity of the equipment used are
considered disadvantages [82,83]. Meng et al. developed a viscoelastic
microfluidic chip that enabled label-free, direct isolation of EVs from
human blood, significantly reducing processing time. Likewise, Rufo
et al. [84] reported that their acoustofluidic method, termed FLOAT,
achieved over 90 % EV recovery in less than 10 min from as little as 10
pL of sample volume.

As an alternative method, Hu et al. [85] combined asymmetric flow
field-flow fractionation (AF4) with an iodixanol cushion to isolate EVs of
high purity and low lipoprotein contamination from human plasma,
enabling the identification of more than 1000 EV proteins in proteomic
analyses. These examples demonstrate that SEC is superior in terms of
purity and representativeness for clinical volumes, TFF-based systems
offer scalability and speed, precipitation methods are suitable for small
sample volumes and ease of application, immunoaffinity techniques
selectively enrich specific subpopulations, microfluidic platforms pro-
vide advantages in speed and low sample volume requirements, and AF4
is appropriate for high-purity isolation and subpopulation separation
[38,47,51,52,79,84,85].

4. Characterization of isolated exosomes

Another important step after exosome isolation is the characteriza-
tion of the isolated and purified exosomes. For this purpose, it is
necessary to determine properties such as particle size, morphology, and
concentration [19].

To determine particle size and concentration, Nanoparticle Tracking
Analysis (NTA) is performed (Fig. 3A). NTA analysis allows for the
quantification of particles with sizes ranging from approximately 40 to
1000 nm. For the analysis, 500 pL of suspension fluid is required [86]. In
this method, a laser beam is directed at the nanoparticle suspension
solution. When the laser beam hits the nanoparticles, the scattered light
is captured by a camera attached to the device, and several images are
taken. Since smaller particles in the suspended liquid move faster than
larger ones, the motion of each particle is tracked and analyzed through
video analysis. The diffusion coefficient is then determined from this
analysis. Using the determined diffusion coefficient, the hydrodynamic
diameter of the particles is calculated using the Stokes-Einstein equation
[87]. The results of the NTA analysis provide information on size dis-
tribution, particle diameter, concentration, particle number, and size.
Additionally, since it also provides the intensity of the scattered light,
the collected data can be combined to visualize the results. NTA offers
the advantage of allowing for easy and rapid quantification of exosomes,
while its sensitivity to aggregable structures and larger particles stands
out as a disadvantage of the technique [86] (See Figs. 4 and 5.

Alternatively, Dynamic Light Scattering (DLS) analysis is also per-
formed for exosome size analysis (Fig. 3B). DLS analysis works on a
similar principle as NTA. It determines the particle size by calculating
changes in the intensity of scattered light. A disadvantage of DLS anal-
ysis is that the presence of larger particles in the medium makes it
difficult to detect smaller particles. This issue is considered a greater
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Fig. 4. Illustration of the minimally invasive delivery of a hydrogel-based
exosome patch to prevent heart failure. Copyright 2022 Elsevier, Reproduced
with permission from Ref. [143].

disadvantage in DLS analysis compared to NTA for size determination
[19,88].

Recently, Tunable Resistive Pulse Sensing (TRPS), an experimental
technique used to examine and characterize colloidal particles (such as
determining particle size, concentration, and charge) [89], has been
used to measure the number and diameter of exosomes (Fig. 3C). For this
purpose, particles in volumes of 20-30 pL are subjected to a voltage and
passed through a nanopore to measure their number and diameter.
Changes in electrical current proportional to the particle volume are

observed, allowing for concentration calculation. A disadvantage of
TRPS is that measurement needs training and experimental experience
since there are many factors that have to be adjusted for the measure-
ment, like the pore size, current, and choice of calibration particles.
Furthermore, there is the risk for nanopores to be blocked during mea-
surement [90].

Another method used for characterization is Transmission Electron
Microscopy (TEM, Fig. 3D). TEM analysis is a commonly used technique
for exosome characterization, as it is in many scientific fields. The
dehydration conditions of the samples, the use of metal contrast agents,
and the drying conditions can affect the shape of exosomes, so these
factors should be considered when performing TEM analysis [91]. For
Cryo-Electron Microscopy (Cryo-EM) samples are vitrified, preserving
their natural hydrated state. As a result, the spherical shape of exosomes
can be better preserved and visualized. Cryo-EM also allows for the
observation of the lipid bilayer of exosomes [92].

Another technique commonly used as an alternative to electron mi-
croscopy for exosome analysis is Atomic Force Microscopy (AFM). Due
to its ability to determine the structure, biomechanics, and biomolecular
content of exosomes in heterogeneous environments (such as tumors),
AFM analysis of isolated exosomes has become a strong alternative to
other imaging methods and is increasingly preferred by researchers in
recent years [93]. In this technique, topographical and mechanical in-
formation of the sample is obtained. For this purpose, the sample is
scanned line by line. The height of the tip used during the analysis is
adjusted based on feedback (which comes from the tip’s oscillation
frequency, the force applied to the console, and their combination) [94].

Another commonly used method is Enzyme-Linked Immunosorbent
Assay (ELISA), which is used for detecting and measuring analytes such
as proteins, peptides, and antibodies. It is used to characterize and
determine the quantity of exosomes [95,96].

5. Specially designed exosomes

Over the past two decades, remarkable progress has been achieved in
our comprehension of the biology, chemistry, and physiology of exo-
somes. However, an FDA-approved therapeutic or diagnostic platform
based on exosomes has yet to be realized. This delay can be attributed to
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the inherent limitations of exosomes as natural vesicles, which pose
challenges for therapeutic applications. For example, in the context of
cancer treatment, it is crucial to ensure that therapeutic exosomes are
specifically directed towards cancer cells. Furthermore, researchers
often need to introduce entirely new drugs, proteins, or RNA into exo-
somes to achieve the desired therapeutic outcomes. In addition to the
complexities associated with the large-scale production of exosomes,
these constraints have hindered the translational progress of exosome-
based therapies. Nevertheless, the advent of various biotechnological
strategies has given rise to the innovative field of exosome engineering
[971.

Nevertheless, the emergence of various biotechnological strategies
has facilitated the development of a new discipline, exosome engineer-
ing. This field focuses on achieving several key goals:

o Targeting exosomes to specific tissues or cell types,

e Incorporating exogenous substances such as drugs, proteins, or
nucleic acids into exosomes or adhering them to their external
surfaces,

¢ Increasing the concentration of endogenous molecules within the
exosomal lumen or on their surfaces.

Recent studies have increasingly integrated a number of exosome
engineering techniques to create highly specialized entities known as
designer exosomes [97].

Exosomes have become a prominent subject of fascination in the
field of biomedicine. Enhancing our understanding of exosomes is crit-
ical for their effective clinical application. Presently, both fundamental
and applied research concerning exosomes encounters two significant
challenges. The first challenge is the absence of a universally accepted
protocol for the isolation of exosomes that ensures both high yield and
purity. The second challenge lies in the difficulty of differentiating
exosomes from other extracellular vesicles (EVs), particularly functional
microvesicles. Addressing these challenges is essential to substantiate
the promising results associated with exosomes in various clinical con-
texts. Furthermore, additional research should concentrate on the
nanoengineering of exosomes to optimize drug delivery systems (DDSs)

and improve clinical outcomes [98].

In general, engineering of exosomes comes to the fore as biological,
immunological, physical and chemical modification [99]. Biological
modification represents the predominant approach for altering mem-
branes, encompassing both targeted peptide modifications and bio-
mimetic alterations of exosomes. Biological modification utilizes the
predominant approach for altering membranes, encompassing both
targeted peptide modifications and biomimetic alterations of exosomes
[99].

5.1. Exosome interactions with nanoparticles

5.1.1. Exosome corona and personalized exosome coronas

Recent studies have revealed that the formation of protein complexes
surrounding exosomes occurs in aqueous environments, mostly as a
result of electrostatic interactions and aggregation of proteins [100].
However, the comprehension of the elements that govern the formation
of protein complexes in biofluids is still in a nascent stage, both in
theoretical frameworks and experimental validation. Prior in-
vestigations have produced inconsistent findings concerning the pres-
ence of albumin on the exosomal surface [17,100,101].

When nanomedicine is introduced into the human body, bio-
molecules present in biological fluids, especially proteins, create a layer
on the nanoparticle’s surface referred to as a “personalized protein
corona”. Gaining insights into the development and dynamics of this
personalized protein corona is crucial, as it enhances the effectiveness of
nanotherapy and can also contribute to disease diagnosis [102].

Regarding artificial NPs, the development of a unique protein corona
specific to each individual has been described in the literature. The
composition of protein coronas is influenced by the characteristics of
NPs, such as their physicochemical properties, as well as by various
environmental factors, including temperature, the source of protein, and
the specific disease context. The impact of the physicochemical prop-
erties of NPs on the formation of protein coronas has been thoroughly
investigated and has been the subject of comprehensive reviews by our
research group and others in the field [103-109].

Numerous environmental factors, such as protein and ionic
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concentrations [110], the source of origin (human or murine) [111], the
type of protein source (fetal bovine serum, serum, or plasma) [112], the
selection of anticoagulant [111], and the flow conditions (dynamic
versus static) [113], have only recently been incorporated into research.
Additionally, certain factors, including personalized protein corona and
disease-specific protein corona [114], remain poorly understood.

The concept of personalized protein corona can be broadened to
encompass protein coronas that develop around nanoparticles when
incubated with the plasma of human patients suffering from particular
diseases. Additionally, this term can refer to protein coronas derived
from the plasma of healthy individuals, taking into account variations in
age, gender, lifestyle, habits, temporal factors, and geographical back-
grounds. The personalized protein corona, often neglected in previous
research, significantly influences the biological behavior of nano-
particles and may elucidate the unsatisfactory clinical outcomes
observed with certain nanoproducts in clinical trials [115].

It is increasingly recognized that interactions between biological
entities such as tissues and cells and NPs are significantly affected by the
protein composition of the “corona,” which refers to proteins attached to
the surface of NPs. The specific structure of this corona is largely
influenced by the source of the proteins, such as human plasma. The
nature of the protein source plays a pivotal role in shaping the NP
corona, leading to the intriguing possibility that individuals afflicted
with particular diseases may present with distinct NP coronas. Hajipour
et al. [114] conducted experiments by incubating two types of hydro-
phobic/hydrophilic NPs (polystyrene and silica) with plasma samples
from human subjects diagnosed with various diseases and medical
conditions, including breast cancer, diabetes, hypercholesterolemia,
rheumatism, fauvism, smoking, hemodialysis, thalassemia, hemophilia
A and B, pregnancy, the common cold, and hypofibrinogenemia. The
findings showed that the nature of the disease significantly affects the
protein composition of the NP corona.

Exosomes are naturally occurring nanoparticles distinguished by
their nanometer dimensions and negative charge in physiological set-
tings. Although it is generally acknowledged that proteins and biological
substances attach to various nanomaterials, creating an outer layer
termed the biomolecular corona, our comprehension of the elements
influencing the formation of this corona and its biological implications
remains somewhat superficial. Research has indicated that the forma-
tion of the biomolecular corona can influence the physicochemical
characteristics of both synthetic and natural nanoparticles when they
come into contact with biological fluids. In a study conducted by our
team [116] in 2025, we synthesized and characterized peptide-based
Fmoc-Lysine (Fmoc-Lys) nanomaterials and performed interaction
studies with exosomes derived from cancer cells. Measurements of size,
zeta potential, and colloidal stability revealed the establishment of an
exosomal corona. Additionally, experiments assessing cell viability
showed that the interaction between exosomes and nanomaterials di-
minishes the nanotoxicity profile of these materials, which holds sig-
nificant practical relevance for their biological applications. In
conclusion, we have provided the inaugural evidence supporting the
notion of exosomal corona formation around nanomaterials, which
should be integral to the assessment of interactions at
nano-bio-interfaces.

Ren et al. [102] employed Gd@Cgy(OH)22 nanoparticles, a form of
nanomedicine with efficacy against various cancer types, as a model to
explore the natural protein fingerprint of the personalized protein
corona in ten patients with lung squamous cell carcinoma. Their
investigation identified a distinct biomarker, complement component
Clgq, present in the personalized protein coronas associated with lung
cancer, which exhibited a significant affinity for Gd@Cgy(OH)22 nano-
particles. This interaction resulted in modifications to the secondary
structure of the Clq protein and triggered an innate immune response,
presenting potential avenues for cancer immunotherapy. Based on these
findings, we propose a novel strategy for the advancement of precision
nanomedicine, leveraging the opsonization of a unique protein

Materials Today Advances 28 (2025) 100623

fingerprint specific to individual patients. This methodology addresses
the prevalent challenge of protein corona formation while utilizing the
associated proteins to develop a precision nanomedicine and diagnostic
instrument.

Proteomic alterations are frequently observed in cancer patients,
leading to changes in the biological identity of nanoparticles (NPs)
found in the bloodstream of cancer patients compared to those found in
healthy individuals after administration. Colapicchioni and colleagues
[117] investigated the relationship between changes in plasma proteins
associated with breast, gastric, and pancreatic cancers and the biological
identity of clinically approved AmBisome-like liposomes. This assess-
ment was conducted using a combination of dynamic light scattering,
zeta potential analysis, one-dimensional sodium dodeacyl sulfate poly-
acrylamide gel electrophoresis (1D-SDS-PAGE), and semiquantitative
densitometry. Although the size of liposome-protein complexes did not
differ significantly across cancer types, the hard corona obtained from
pancreatic cancer patients exhibited a significantly reduced negative
charge. Furthermore, this hard corona was found to be more enriched in
pancreatic cancer patients compared to those with other cancer types;
This is probably due to the presence of immunoglobulin A (IgA) and
immunoglobulin G (IgG), which may be related to autoantibody pro-
duction in cancer. Considering the established link between tumor
antigen-specific autoantibodies and early diagnosis of cancer, these
findings may pave the way for the development of innovative screening
tests for cancer based on nanoparticle-corona interactions.

The characterization of the personalized protein corona (PC) that
develops around nanomaterials when exposed to human plasma is
increasingly recognized as a promising technology for the early detec-
tion of cancer. Nevertheless, challenges such as low material stability
and variability between batches have hindered its clinical imple-
mentation to date [118].

Digiacomo et al. [118] introduced a nanoparticle-enabled blood
(NEB) assay that employs 120 nm gold nanoparticles (NPs) for the
accumulation of blood plasma proteins. The characterization of the
personalized protein corona surrounding the gold NPs is conducted
using sodium dodecyl sulfate polyacrylamide gel electrophoresis. As a
significant case study, pancreatic ductal adenocarcinoma (PDAC) was
selected, given the absence of effective detection methods that
contribute to a dismal survival rate post-diagnosis (less than one year)
and an exceedingly low five-year survival rate (15-20 %). Through
densitometric analysis of 75 protein profiles (comprising 28 from
healthy individuals and 47 from PDAC patients), the study successfully
differentiated between non-oncological and PDAC patients, achieving a
sensitivity of 78.6 % and specificity of 85.3 %. The gold NEB assay aligns
with the World Health Organization’s criteria for cancer screening and
detection, which emphasize affordability, sensitivity, specificity,
user-friendliness, rapidity, robustness, and equipment-free delivery to
end users. Consequently, this test holds significant potential for clinical
application in initial investigations to determine the necessity for more
invasive procedures.

The burgeoning realm of exosomes has emerged as a focal point of
fascination within various therapeutic approaches and cancer treat-
ments, alongside biomarker research. These exquisite entities are
increasingly recognized as an essential conduit for intercellular
communication, underscoring their pivotal role in advancing medical
science. Tumor cells release substantial quantities of exosomes that are
abundant in proteins, mRNAs, and microRNAs, all of which play vital
roles in various phases of cancer development and metastasis. The
integrins found on tumor exosomes may influence organ-specific
metastasis, suggesting that the evaluation of cell surface receptors,
such as integrins, could serve as a predictive tool for identifying po-
tential metastasis sites in cancer patients. Extensive research has
underscored the role of exosomes in fostering resistance to chemo-
therapy, demonstrating their ability to encapsulate chemotherapeutic
agents in cases such as melanoma and ovarian cancer. The analysis of
exosomes and their associated biomarkers is made easier by their
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minimally invasive extraction from bodily fluids, which can aid in the
stratification of patients and the prediction of therapeutic responses for
personalized treatment approaches. Some research is increasingly
focused on exploiting the unique properties of exosomes, particularly
their extraordinary capacity to protect their contents from the destruc-
tive effects of proteolytic enzymes and ribonucleases. This innovative
approach aims to create sophisticated targeted drug delivery systems for
cancer therapy by effectively overcoming the challenges posed by
traditional drug delivery techniques [119].

6. Examples for exosome-mediated biomedical applications

Ideal DDSs are characterized by their ability to deliver minimal
concentrations of therapeutic agents directly to the affected area while
preserving the integrity of adjacent healthy tissues. [120]. Over the past
years, a wide variety of synthetic nanocarriers have been developed to
increase therapeutic efficacy [121-125].

Exosomes are small vesicles that are released by nearly all types of
cells and serve a crucial function in facilitating communication between
cells. Beyond their involvement in normal physiological processes, these
extracellular vesicles appear to be significantly implicated in inflam-
matory responses. This perspective provides a valuable avenue for
investigating exosomes as potential biomarkers and therapeutic agents
for chronic respiratory diseases [126]. Exosomes are integral to the
dynamics of infectious diseases, influencing them through two primary
mechanisms: facilitating intercellular communication and modulating
the immune responses of the host. Both pathogen and host cells are
capable of producing exosomes. The exosomes derived from pathogens
contribute to the infectious process by delivering pathogen-associated
materials, aiding in immune evasion, and promoting apoptosis in im-
mune cells. In contrast, exosomes secreted by host cells support an
anti-infective environment by directly inhibiting the proliferation of
pathogens and enhancing immune functions. Consequently, exosomes
have received significant attention for infectious disease management,
serving as potential diagnostic markers, vaccine candidates, targets for
novel drug development, and vehicles for drug delivery [98]. Exosomes
have become a rapidly expanding area of investigation, holding signif-
icant promise for advancements in cancer detection [127,128]. Initially
regarded as mere cellular debris, these nanoscale particles have gained
recognition for their essential function in intercellular communication
and their ability to carry molecular cargo, such as nucleic acids and
proteins [129,130].

For cancer research, exosomes play an important role by carrying
tumor-specific molecules that can serve as biomarkers in early diagnosis
[131]. The presence of these substances in body fluids such as blood and
urine makes them an attractive option for non-invasive and easily
accessible diagnostic evaluations [132,133]. In addition, the wide va-
riety of information transmitted through exosomes presents numerous
potential biomarkers, facilitating not only the detection of cancer but
also the differentiation of specific cancer types along with their unique
molecular features [134]. This methodology presents considerable po-
tential for the formulation of tailored therapeutic strategies for indi-
vidual patients, which in turn enhances treatment efficacy and alleviates
the strain of superfluous interventions [135-137]. The remarkable
promise it embodies could revolutionize the landscape of early cancer
diagnosis, ongoing monitoring, and treatment strategies [136].

Wang et al. [137] developed a “dual-targeted” platform for cancer
drug delivery by integrating superparamagnetic iron oxide nano-
particles (SPIONs) with exosomes derived from lung cancer cells. This
innovative approach successfully combined the targeted delivery capa-
bilities of exosomes with the magnetic targeting potential of SPIONS,
facilitating the cellular delivery of the chemotherapeutic agent doxo-
rubicin (DOX). Additionally, non-small cell lung cancer (NSCLC) tumor
models using the NCI-H1299 cell line have been established. The study
demonstrated that exosome-SPION conjugates (Exo-SPIONs) loaded
with DOX exhibited optimal tumor tissue delivery and tumor
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suppression in the presence of an external magnetic field, while simul-
taneously reducing the toxicity of DOX to normal tissues. The developed
“dual-targeted” cancer drug delivery platform showed promising
approach for targeted chemotherapy in NSCLC.

In the research conducted by Hua et al., [138] a novel drug delivery
system utilizing exosomes was developed, integrating synergistic
miRNA-mediated autophagy inhibition with 7-coumarin-based chemo-
therapy for the treatment of ovarian cancer. The inherent biocompati-
bility and ability to evade the immune system made exosomes ideal
carriers for targeted drug delivery. To enhance the separation efficiency
of the exosomes, magnetic nanoparticles (MNPs) were incorporated. The
drugs, miRNA-FAM and 7-coumarin, were introduced into the
EXOs-MNPs through electroporation, resulting in the formation of the
miRNA-FAM/7-coumarin@EXOs-MNPs drug delivery system. This
engineered exosome-based system demonstrated improved drug uptake
and targeted delivery to cancer cells. The concurrent application of both
drugs significantly increased the therapeutic efficacy against cancer
cells, suggesting a synergistic interaction between the two agents.
Consequently, this study presents an innovative drug delivery approach
and a synergistic therapeutic strategy, highlighting its considerable
potential for future clinical applications.

The presence of the blood-brain barrier (BBB) significantly restricts
the effectiveness of chemical drugs in treating glioblastoma. Recently,
exosomes have emerged as a promising method for delivering drugs to
the brain. Nonetheless, variations in the brain-targeting efficiency of
exosomes from different cellular origins, along with the issue of pre-
mature drug release during circulation, continue to hinder therapeutic
outcomes. In response to these challenges, Wang et al. [139] developed
a functional exosome modified with an oligopeptide and loaded with
doxorubicin (Pep2-Exos-DOX) specifically for glioblastoma therapy. The
BV2 mouse microglial cell line was chosen as the source of exosomes due
to its advantageous BBB penetration capabilities. To prevent drug
leakage during circulation, a redox-responsive oligopeptide was inte-
grated into the exosomal membranes, effectively securing the drug. The
accumulation of the drug within glioblastoma cells was validated.
Pharmacodynamic assessments indicated that Pep2-Exos-DOX exhibited
notable anti-cancer properties against glioblastoma while maintaining a
relative level of biosafety. This innovative exosome-based drug delivery
system, enhanced with redox-responsive oligopeptides, presents a novel
approach for the treatment of brain disorders.

Neuroprotection represents a fundamental approach in the man-
agement of brain injuries, particularly in cases of traumatic brain injury
(TBI). The neuroprotective peptide NR2B9c shows considerable prom-
ise; however, its clinical application is hindered by inadequate pene-
tration into the brain. Exos, extraordinary naturally occurring
nanovesicles, have remarkable therapeutic potential for traumatic brain
injuries, serving as sophisticated vehicles for delivering drugs directly to
the brain. Haroon et al. [140] designed engineered exosomes by incor-
porating the neuron-targeting peptide rabies virus glycoprotein
(RVG29) through a bio-orthogonal click chemistry method and loaded
them with NR2B9c, resulting in the creation of RVG-Exo™""25%¢, The Exos
modified with RVG29 demonstrated enhanced targeting efficiency to-
wards neurons compared to unmodified exosomes, both in vivo and in
vitro. Furthermore, RVG-Exo"'28¢ exhibited significant cytoprotective
effects against Neuro2a cells subjected to oxygen-glucose deprivation.
Administration of RVG-Exo™“*?5% via intravenous injection markedly
improved behavioral outcomes and decreased lesion volume following
TBI in a mouse model of controlled cortical impact. Given their multi-
functional properties and notable efficacy, they propose that RVG-Ex-
oNR?B% holds substantial potential for translation as both a therapeutic
agent and a delivery system for brain-targeted treatment of TBI.

Breast cancer currently ranks as the most common cancer globally.
Research indicates that the hyperactivation and dysregulation of critical
signaling pathways, particularly the PI3K/AKT/mTOR (PAM) pathway,
play significant roles in tumorigenesis and the development of resistance
to existing treatments. Silva et al. [141] aimed to investigate the effects
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of downregulating PAM in various breast cancer cell lines exhibiting
distinct phenotypes, utilizing PIK3CA silencing as a strategy. This
oncogene was specifically targeted using a pre-designed small inter-
fering RNA (siRNA), which was transfected into both PIK3CA wild-type
MDA-MB-231 cells and PIK3CA mutated MDA-MB-453 cells. The find-
ings indicate that the siRNA effectively targeted PIK3CA, resulting in
successful gene silencing and a reduction in both cellular viability and
migratory ability. Additionally, exosome-like nanovesicles were suc-
cessfully isolated, characterized, and introduced into the cells, demon-
strating their potential as efficient siRNA nanocarriers that enhance the
delivery and onset of therapeutic effects. The findings collectively
indicate that the incorporation of the validated siRNA with these
nanocarriers could signify a highly promising strategy for achieving
targeted drug delivery in innovative breast cancer treatments.

The effective delivery of mRNA holds significant promise for clinical
applications. Prior research has demonstrated that mRNAs can be suc-
cessfully transported to cells both in vitro and in vivo using RNA-loaded
lipid nanoparticles (LNPs). Jui Tsai et al. [142] presented an alternative
method utilizing exosomes, which are the only naturally occurring
nanovesicles. Unlike LNPs, which have been associated with notable
cellular toxicity, exosomes exhibited no harmful effects in either in vitro
or in vivo settings at any tested dosage. Additionally, mRNA-loaded
exosomes displayed remarkable characteristics, including approxi-
mately 90 % mRNA encapsulation efficiency, substantial mRNA content,
uniform size, and a polydispersity index below 0.2. When employing an
mRNA that encodes the red light-emitting luciferase Antares2, we found
that mRNA-loaded exosomes outperformed mRNA-loaded LNPs in
delivering functional mRNA into human cells in vitro. Furthermore, the
injection of Antares2 mRNA-loaded exosomes resulted in significant
light emission when administered into the vitreous fluid of the eye or
into skeletal muscle tissue in mice. Notably, this investigation revealed
that repeated injections of Antares2 mRNA-loaded exosomes led to
sustained luciferase expression over six injections spanning at least 10
weeks, with no signs of signal attenuation or adverse reactions at the
injection sites. In alignment with these observations, exosomes con-
taining mRNAs that encode immunogenic variants of the SARS-CoV-2
Spike and Nucleocapsid proteins were found to elicit long-lasting
cellular and humoral immune responses. Collectively, these findings
underscore the potential of exosomes as a viable means for delivering
functional mRNA to cells in vivo.

Coronary heart disease (CHD) has consistently ranked as the leading
cause of mortality in the United States for many years, resulting in
millions of fatalities annually. While clinical interventions for heart
ischemic injury can alleviate symptoms during the acute phase of CHD,
individuals with damaged myocardial tissue may experience heart fail-
ure (HF) due to ongoing maladaptive remodeling processes. Regenera-
tive therapies have emerged as promising treatment avenues for
myocardial infarction (MI) and HF. Specifically, cardiac patches have
been developed and evaluated to enhance therapeutic retention and
integration within the heart. Nonetheless, the administration of these
patches typically necessitates invasive surgical procedures, such as
open-chest surgeries, which can lead to chronic adhesions between the
anterior wall of the heart and the thoracic wall. In one study study
[143], an injectable ExoGel was formulated by incorporating exosomes
derived from mesenchymal stem cells (MSCs) into a hyaluronic acid
(HA) hydrogel. The ExoGel was subsequently injected into the pericar-
dial cavity of rats subjected to transverse aortic constriction (TAC) to
induce heart failure. The application of ExoGel therapy resulted in a
reduction of left ventricular (LV) chamber size and preservation of wall
thickness. Additionally, the feasibility and safety of ExoGel injection
were validated in a porcine model.

Intracellular methicillin-resistant Staphylococcus aureus (MRSA)
poses significant challenges for treatment with conventional antibiotics,
often resulting in recurrent infections and increased resistance. Yang
et al. [144] introduced an innovative exosome-based platform for anti-
biotic delivery aimed at eliminating intracellular MRSA. This approach
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utilizes mannosylated exosomes (MExos) as carriers that are preferen-
tially internalized by macrophages, facilitating the delivery of lysosta-
phin (MExoL) and vancomycin (MExoV) to the intracellular pathogens.
The combination of MExoL and MExoV effectively eradicated dormant
intracellular MRSA. Furthermore, following intravenous (IV) adminis-
tration, MExos demonstrated rapid accumulation in the liver and spleen
of mice, which are key target organs for intracellular MRSA. Conse-
quently, the MExos antibiotic delivery system represents a promising
avenue for addressing intracellular infections.

Some current exosome-based treatment methods are given below in
Table 2.

Transplantation of mesenchymal stem cells derived from synovial
fluid (SF-MSCs) represents a promising therapeutic approach for
addressing cartilage degeneration associated with osteoarthritis (OA).
However, the regulation of chondrogenic differentiation of these
transplanted SF-MSCs within the joint environment poses significant
challenges. Kartogenin (KGN), a small molecule identified for its ability
to promote the differentiation of SF-MSCs into chondrocytes both in
vitro and in vivo, faces limitations in clinical use due to its poor solu-
bility in water. This low solubility leads to the formation of precipitates

Table 2
Some exosome-based biomedical applications.
Exosome Source Application/Effect Reference
Exosomes in plasma Cancer diagnosis [145]
Urinary exosomes Biomarkers of acute myocardial [146]
infarction patients
Stem cell-derived exosome Alleviation of cognitive impairment [147]
against subarachnoid hemorrhage
Microglia-derived exosomes Reducing spinal cord injury [148]
Exosomes derived from Suppressing B cell-mediated antitumor ~ [149]
colorectal cancer cells immunity
Uterine-derived exosomes Inducing the M2 polarization of [150]
macrophages
Exosomes-derived M1 Inducing macrophage polarization [151]
macrophages
Mesenchymal stem cell Cardiac tissue regeneration [152]
extracted exosomes
Exosomes derived from Accelerating diabetic wound healing [153]
human placental
mesenchymal stem cells
Exosomes derived from bone Hemostatic efficacy, antioxidant [154]
marrow mesenchymal activity, modulating the inflammatory
stem cells microenvironment
Mesenchymal stem cell- Hepatic ischemia-reperfusion injury [155]
derived exosomes
Endothelial-derived For use in LPS-induced myocardial [156]
exosomes damage
Exosomes derived from Enhancing the wound healing [157]
blood serum
Exosomes isolated from non- Decreasing the effects of NSCLC-Exos [158]
small cell lung cancer on NSCLC malignant progression
serum (NSCLC)
Cortical neuron-derived Enhancing tissue repair following [159]
exosomes traumatic spinal cord injury
Skeletal muscle-derived Preventing osteoporosis by promoting ~ [160]
exosomes osteogenesis
Exosomes derived from non-  Drug delivery system for lung cancer [161]
small cell lung cancer therapy
Exosomes derived from bone  For use in holistic repair of hemophilic ~ [162]
marrow stem cells articular cartilage defects
Exosome derived from BV2 Enhancing stability and delivery [163]
mouse microglial cell line efficiency for glioblastoma therapy
Trophoblast stem cells Promoting cardiac repair after [164]
derived-exosomes myocardial infarction
Exosomes derived from Effective cellular internalization, drug [165]
stromal cells of normal loading efficiency, pancreatic tumor
tissues adjacent to tumors targeting, and delivery of payloads for
target pancreatic tumors
Adipose mesenchymal stem The treatment of peritoneal adhesions  [166]
cells-derived exosomes
Vascular endothelial cells- Preventing osteoporosis development [167]

derived exosomes
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within cells, resulting in suboptimal effective concentrations and
consequently hindering its chondrogenesis-enhancing properties.
Research by Xu et al. [168] has demonstrated that the targeted delivery
of KGN to SF-MSCs via engineered exosomes facilitates a more uniform
distribution of KGN within the cytosol, thereby increasing its effective
concentration and significantly enhancing the chondrogenesis of
SF-MSCs in both in vitro and in vivo settings. By fusing an MSC-binding
peptide, E7, with the exosomal membrane protein Lamp 2b, exosomes
displaying the E7 peptide on their surface (E7-Exo) are created, which
possess the ability to specifically target SF-MSCs. The delivery of KGN
through E7-Exo allows for efficient internalization by SF-MSCs, resulting
in a greater extent of cartilage differentiation compared to KGN alone or
KGN delivered via exosomes lacking the E7 peptide. Furthermore, the
co-administration of SF-MSCs with E7-Exo/KGN through intra-articular
injection in a rat model of OA demonstrates significantly enhanced
therapeutic outcomes compared to KGN alone or KGN delivered by
exosomes without E7. Collectively, the transplantation of SF-MSCs
combined with in situ chondrogenesis facilitated by KGN delivered
through E7-Exo presents a promising advancement in stem cell therapy
for osteoarthritis.

Exosomes are increasingly being acknowledged as a promising me-
dium for the delivery of pharmaceuticals; however, their potential ap-
plications are limited by the low yields obtained from cell culture media.
Investigating methods to enhance these yields is therefore of consider-
able significance. Zhao et al. [169] conducted a study to determine
whether low-intensity ultrasound (LIUS) irradiation could increase
exosome production without adversely affecting their properties. The
application of LIUS at a power density of 0.5 w/cm? for 60 min resulted
in a marked increase in exosome secretion from A2780 cells, a model for
ovarian cancer used in exosome production. Furthermore, the charac-
teristics of the exosomes, including morphology, size, and in vivo dis-
tribution, remained largely unchanged. Mechanistic investigations
suggest that LIUS may enhance exosome secretion by upregulating the
expression of genes associated with exosome biosynthesis and secretion.
Collectively, these findings indicate that LIUS has the potential to
enhance exosome production, presenting a promising approach to in-
crease exosome yields for drug delivery applications.

Demyelination represents a significant syndrome in numerous cen-
tral nervous system (CNS) disorders, posing a major barrier to recovery
and currently lacking effective therapeutic options. To address the
challenges associated with the blood-brain barrier’s impact on drug
permeability, Wang et al. [170] modified exosomes derived from neural
stem cells (NSCs) that had been transfected with a lentivirus carrying
platelet-derived growth factor A (PDGFA)-ligand. In both in vivo and in
vitro experiments, the modified exosomes demonstrated enhanced
migratory capabilities toward lesion sites and oligodendrocyte precursor
cells (OPCs). Additionally, the targeted exosomes, which were loaded
with 3,5,30-L-triiodothyronine (T3), exhibited significant myelination
potential during CNS development when administered to a cuprizone
animal model. The findings indicated that this innovative drug delivery
system, which incorporated T3, markedly facilitated remyelination
compared to T3 alone. Concurrently, it improved the CNS microenvi-
ronment by mitigating astrogliosis, suppressing pro-inflammatory
microglia, and reducing axonal damage. This research offers a clear
strategy for generating targeted exosomes and suggests a promising
therapeutic approach for demyelinating diseases.

Lipid-coated microbubbles are extensively utilized as ultrasound
contrast agents and as carriers for drug delivery. Nonetheless, two sig-
nificant challenges persist in the application of microbubbles for ultra-
sound diagnostics and therapeutic delivery: their brief half-life within
the circulatory system and the complexities associated with modifying
their surfaces for targeted delivery. Exosomes, a form of extracellular
vesicle, exhibit a natural affinity for their originating cells, which pre-
sents an opportunity for enhanced targeting. Jang et al. [171] engi-
neered exosome-fused microbubbles (Exo-MBs) by incorporating
exosomal membrane proteins into the microbubble structure. This
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modification significantly enhances the stability of Exo-MBs compared
to traditional microbubbles. Following the established principle that
ultrasound exposure induces cavitation in microbubbles, leading to the
formation of nano-sized particles, Exo-MBs were observed to
self-assemble into nanoparticles embedded with exosomal membrane
proteins (Exo-NPs). These Exo-NPs demonstrated improved targeting
capabilities towards their source cells. Additionally, a photosensitizer,
chlorin e6, was encapsulated within Exo-MBs to assess its therapeutic
potential as a drug carrier. The results indicated a markedly enhanced
therapeutic efficacy in photodynamic therapy, which was further com-
plemented by cancer immunotherapy through the induction of immu-
nogenic cell death. Consequently, they established an innovative
ultrasound image-guided drug delivery system that addresses the limi-
tations of conventional ultrasound contrast agents while facilitating
concurrent photodynamic therapy and cancer immunotherapy.

Each example described above addresses current and important
biomedical applications of exosomes. Based on this, it is an undeniable
fact that exosomes will play a larger role and emerge as key players,
especially in the biomedical field, in the coming years.

7. Limitations

Exosome samples present significant benefits owing to their
straightforward nature, affordability, non-invasive collection methods,
and ease of access. Nevertheless, there is a distinct requirement for
improvements in the techniques employed for their isolation and puri-
fication [172]. A deeper comprehension of exosome biology unveils the
intricate challenge of effectively transporting these entities to desig-
nated sites while preserving their therapeutic potency. The regularity of
exosome administration, coupled with their ability to accurately identify
target locations, remains paramount. Given their naturally brief
half-life, the task of ensuring successful delivery to sites of injury and
sustaining their presence at these critical locations becomes increasingly
complex [173].

Exosomes exhibit a low zeta potential, signifying their propensity for
aggregation and inherent instability [174]. This characteristic poses
significant challenges in the effective delivery of exosomes, achieving
targeted locations, and determining appropriate dosing. While aggre-
gation may be evident, the underlying causes of this phenomenon have
yet to be explored in depth. It has been noted that aggregation is linked
to high-speed centrifugation during standard isolation procedures, and
existing literature suggests that various factors—including temperature,
buffer composition, detergent presence, and pH—can influence this
occurrence. The aggregation of exosome structures may present certain
drawbacks if their assembly takes place prior to delivery, potentially
leading to a diminished quantity of exosomes that effectively arrive at
their intended destinations. In the realm of drug and biological products,
the quest for establishing an effective dosage is fraught with numerous
critical considerations. However, when it comes to exosomes, one must
acknowledge the myriad of unknown variables that complicate the
determination of an optimal dose, rendering this task particularly
challenging.

The preservation of exosome stability is crucial for tackling the
challenges associated with their storage and transportation, serving not
only the needs of consistent research but also the demands of clinical
applications. Exosomes possess a naturally brief half-life [175-177] and
a propensity to aggregate, rendering them inherently unstable due to
their poor zeta potential [174]. This combination of biological charac-
teristics contributes to their overall fragility. While there is a consensus
in the scientific community regarding the advantages of long-term
storage at —80 °C, a definitive standard for the preservation and stor-
age of exosomes remains elusive. An additional crucial aspect to
consider is the balance between cost and efficiency. The promise of
exosome therapies, particularly within the realm of personalized med-
icine, necessitates a thorough evaluation of the current financial and
operational efficiencies tied to these treatments. At present, the
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application of autologous exosomes in clinical settings remains prohib-
itively expensive, primarily due to the complexities involved in estab-
lishing extensive banks of autologous exosomes for individual patients.
While many clinical trials are exploring the use of allogeneic exosomes,
there is an urgent demand for innovative nanotechnologies that can
facilitate the large-scale production of clinical-grade exosomes in a
manner that is both cost-effective and timely [173].

Despite the potential, the advancement of exosomal delivery systems
remains in its early stages, facing three significant challenges that
necessitate further exploration:

1) the isolation and purification of exosomes,
2) the incorporation of drugs and antigens into exosomes, and
3) the transportation of cargo to target cells.

The absence of an effective and standardized method for isolation
and purification poses a substantial barrier to the clinical application of
exosomal technology [178].

With the advancement of medical technology, exosomes are
attracting significant attention due to their promising therapeutic po-
tential. However, the regulatory environment surrounding them is
complex and varies from country to country due to their unique intra-
cellular mechanisms of action. Various production methods complicate
the standardization process, leading to a fragmented regulatory frame-
work. The current global regulatory framework for exosomes can be
broadly divided into two approaches: one focuses on elucidating the
constituent components of exosomes, while the other examines the
physiological effects of their secretion. When used as therapeutic agents,
exosomes should be regulated similarly to biological medicinal prod-
ucts. Like biological drugs, exosomes have undergone investigations to
assess their particle size and protein composition. A therapeutic agent
derived from exosomes should receive clinical approval only after a
thorough understanding of their molecular composition and structure,
and evidence of their pharmacokinetics and therapeutic efficacy is
provided. However, proving the pharmacokinetics and therapeutic ef-
ficacy of exosomes poses significant challenges for regulatory agencies
[179].

8. Future perspectives

Personalized cancer medicine, in particular, represents an ambitious
endeavor rooted in the groundbreaking human genome project. Exo-
somes are of utmost importance, particularly for personalized cancer
medicine [45]. However, sometimes the advancement of exosome-based
personalized and precision medicine encounters a formidable obstacle
known as exosome heterogeneity, which is affected by variations in the
size, origin, and complex molecular diversity of exosomes. This complex
scientific challenge has been addressed by an interdisciplinary approach
combined with advanced nanotechnology and multiomics for exome
profiling. The discovery of exosomes also requires extensive toxicolog-
ical studies to create effective and innovative solutions for cancer
treatment [180,181]. There is a possibility that exosomes may play a
significant role in overcoming the global health crisis caused by cancer
through the development of a revolutionary cancer vaccine [182]. The
ongoing research on exosomes paves the way for a transformative
breakthrough in the field of cancer treatment [183].

Recent breakthroughs in the identification and separation of EVs
have paved the way for groundbreaking therapeutic approaches. The
diverse adsorption properties of various molecules on exosome surfaces,
coupled with the inherent differences in serum proteins across in-
dividuals, suggest significant variability in corona thickness. Such dis-
crepancies are poised to greatly affect the kinetics, biodistribution,
docking, and cellular uptake of exosomes. Given that the primary
components of the protein corona (PC) are standard serum proteins, one
might reasonably hypothesize that incorporating PC into allogeneic
immunogens could offer a protective barrier for the administered
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exosomes against immune detection. Nevertheless, it is essential to ac-
count for the influence of additional pro-inflammatory cytokines. Unlike
synthetic nanoparticles, the intricate nature of the exosomal membrane,
along with its array of ligands, results in a pronounced heterogeneity of
the PC and other associated factors on the exosome surface. In conclu-
sion, the formation of a PC around exosomes holds the promise of
transforming their physicochemical properties and potentially
enhancing their targeting efficacy. The composition and functionality of
the PC may vary considerably due to genetic differences among in-
dividuals, variations in exosomes from distinct donors, and the protein
profile present in the recipient’s serum [17,100].

Exosomes can serve as indicators of exposure and response, as toxi-
cants can alter the composition of their bioactive cargo and influence
exosome production. Research has identified exosome biomarkers
indicative of organ toxicity in both human and animal studies; however,
in vitro and in vivo models are best suited to investigate the fundamental
principles of exosome functionality. Assessing toxicity is an important
first step in preclinical drug development to validate the protective
benefits of exosome therapies. Furthermore, exosomes hold great po-
tential as effective medical carriers for transporting their cargo between
cells [184].

As we delve into the theme of “Future Perspectives,” it is undeniable
that we are poised to witness remarkable advancements, particularly in
the realm of innovative therapeutic and diagnostic applications of
Exosomes. Let us remain vigilant for the exciting developments that lie
ahead!

9. Conclusion

The world of exosomes is rapidly advancing, with the variety of
functions attributed to them increasing daily. Numerous factors
contribute to this growing interest. The idea that these tiny messengers
can transport cargo from one cell to another for functional application is
undeniably fascinating. Findings from numerous studies have further
fueled this fascination, highlighting their role in biological processes and
the mechanisms behind them. The detection of exosomes in every bio-
logical fluid examined so far, their capacity to carry therapeutic cargo
for various disorders, their promise of diagnosis and treatment, their
ability to retain cargo during circulation, and their role as natural car-
riers of a variety of complex biological materials make them exceptional.

It would be appropriate to predict that the increasing research in-
terest in exosomes, which has become evident in recent years, will
continue in the coming years. Our understanding of exosomes’ capa-
bilities will continue to evolve, leading to translational advantages. This
review stands out as one of the pioneering studies investigating the in-
teractions between exosomes and nanoparticles, particularly in the
context of potential exosome corona research. The aim of this study is to
provide researchers with a comprehensive overview of the latest char-
acterization and isolation methodologies used in exosome research,
particularly for exosome-based biomedical applications. We examine
the potential applications of exosomes in personalized therapies, their
interactions with other nanostructures, with an emphasis on the
biomolecule corona, and future challenges and opportunities.

Future research trajectories in exosome-centered regenerative med-
icine are diverse and interconnected, requiring a comprehensive
approach that integrates basic science, translational research, and clin-
ical development. Overcoming these complex challenges could further
unlock the potential of exosomes, particularly in regenerative medicine,
and herald a new era of innovative therapies.
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