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ARTICLE INFO ABSTRACT

Keywords: Advancements in exosome isolation technologies are pivotal for transforming personalized medicine and
Exosome isolation enhancing clinical diagnostics. Exosomes, small extracellular vesicles with diameters ranging between 30 and
Ultracentrifugation

150 nm, are secreted into bodily fluids by a variety of cells and play essential roles in intercellular communi-
cation. These vesicles facilitate the transfer of nucleic acids, lipids, and proteins, affecting a wide range of
biological and pathological processes. Given their importance in disease diagnostics, therapy, and as biomarkers,
there has been a surge in developing methods to isolate them from fluids such as urine, saliva, blood, and ce-
rebrospinal fluid. While traditional isolation techniques like ultracentrifugation and polymer-based precipitation
have been foundational, recent technological advances have introduced more precise methods like microfluidics
and immunoaffinity capture. These newer methods enable high-throughput and specific exosome isolation by
targeting surface markers, thus enhancing purity. However, challenges such as balancing purity with yield and
the lack of standardized protocols across different laboratories persist, impacting the consistency of findings. By
integrating advanced isolation techniques and discussing their implications in diagnostics and therapy, this re-
view aims to catalyze further research and adoption of exosome-based technologies in medicine, marking a
significant stride towards tailored healthcare solutions.

Microfluidics
Immunoaffinity capture
Exosome therapeutics
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1. Introduction

Exosomes are minuscule extracellular vesicles that originate from the
inward budding of endosomal compartments within cells, playing a
pivotal role in intercellular communication. These vesicles, which range
in size from 30 to 150 nm, encapsulate an array of biological molecules,
including proteins, lipids, messenger RNA (mRNA), and microRNA
(miRNA), reflective of their cell of origin [1,2]. The ability of exosomes
to transport these molecules between cells positions them as crucial
players in numerous physiological and pathological processes. In the
realm of cancer theragnostic—a field combining therapy and diag-
nostics—exosomes have emerged as key elements due to their potential
to serve as biomarkers and therapeutic delivery vehicles [3,4].

Fig. 1 provides a bibliometric overview of publications retrieved
from the PubMed database concerning the keywords “exosome,” “can-
cer,” and “therapy” spanning from 1999 to 2024. The data illustrates an
upward trajectory in research interest, peaking in 2021, then slightly
tapering off. The bar chart depicts annual publication volumes, reflect-
ing an intensified focus on this research domain over the past decade.
Additionally, the pie chart breaks down the publication types, showing
that research articles dominate the field with 70 % of the total, followed
by review articles at 20 %, book chapters at 7.5 %, and short commu-
nications at 2.5 %. This composition highlights a robust engagement
with primary research, underlining the significance and ongoing de-
velopments in the application of exosomes in cancer therapy.

The isolation of exosomes from various body fluids such as blood,
urine, saliva, cerebrospinal fluid, and breast milk is essential for
leveraging their diagnostic and therapeutic potential. Each type of body
fluid offers a unique perspective on the physiological and pathological
state of the body, with exosomes acting as direct messengers carrying
information about the health of their originating cells [5,6]. Various
isolation techniques have been developed to extract these vesicles
effectively, each tailored to address the specific challenges posed by
different fluids. Techniques such as ultracentrifugation, size-based
filtration, immunoaffinity capture, polymer precipitation, and
advanced microfluidic technologies are employed to ensure the purity
and integrity of isolated exosomes, making them suitable for clinical
analysis [7,8].

In cancer theragnostic, exosomes are invaluable for both detecting
malignancies and facilitating treatment. They carry genetic material and
proteins from their cell of origin, including tumor-specific antigens and
signaling molecules that can reveal the presence of cancer and provide
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insights into its progression and response to therapy [9]. Exosomes
isolated from the blood of cancer patients can contain DNA, RNA, and
proteins that mirror the genetic alterations and protein expressions of
the tumor, offering a non-invasive means to monitor tumor dynamics
and treatment efficacy over time [10,11]. Exosomes, small extracellular
vesicles, play a vital role in cancer metastasis by facilitating intercellular
communication, promoting tumor cell invasiveness, and preparing
premetastatic niches. Their potential as diagnostic biomarkers and
therapeutic targets offers promising avenues for cancer research and
treatment [8,10].

Furthermore, the intrinsic ability of exosomes to naturally target
specific tissues is being harnessed to develop targeted drug delivery
systems. By engineering exosomes to carry therapeutic agents, such as
chemotherapeutic drugs, RNA interference strategies, or CRISPR-Cas9
gene editing tools [12,13], researchers aim to reduce systemic toxicity
and improve treatment outcomes. This approach holds promise for
delivering therapies directly to tumor sites with high precision, mini-
mizing adverse effects and enhancing the effectiveness of anticancer
treatments [14] (Fig. 2).

The non-invasive nature of exosome collection from bodily fluids
also presents an advantage in cancer treatment, where continuous
monitoring of the disease state without repeated biopsies is desirable.
This aspect is particularly beneficial for assessing tumor evolution,
resistance to therapy, and for tailoring personalized treatment plans
based on real-time data derived from exosomal contents [17,18]. The
study of exosome isolation techniques and their applications in cancer
theragnostic is rapidly advancing, offering exciting opportunities for
enhancing diagnostic precision and therapeutic efficacy. These de-
velopments are poised to revolutionize the management of cancer,
providing deeper insights into tumor biology and enabling more effec-
tive and personalized treatment strategies. The continuous evolution of
exosome research underscores its potential to significantly impact the
field of oncology, promising a future where cancer management is more
dynamic, precise, and patient-friendly [19-21]. Previous reviews, for
example, by Moshrefiravasjani et al. and Omrani et al. [7], have broadly
described the critical functions of exosomes in cancer evolution,
angiogenesis, immune suppression, and cellular signalling pathways,
while our review focuses on advanced exosome isolation systems and
their evolving diagnostic and therapeutic potentials. We highlight the
functions of engineered exosomes in next generation therapeutic ap-
plications, innovative isolation approaches such as magnetic
nanoparticle-based methods and particle-based flow cytometry, as well
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as the diagnostic potential of exosomes derived from liquid biopsies, for
example cerebrospinal fluid, saliva, and breast milk. Such features,
which are not discussed in earlier reviews, emphasize the key role of
exosomes in both early disease diagnostics and targeted therapeutics.
This review introduces novel perspectives on exosome isolation
techniques, focusing on advanced methods such as microfluidics and
nanotechnology, which enhance isolation specificity and efficiency. It
critically evaluates these technologies, identifies existing challenges,
and suggests practical solutions, setting it apart from previous reviews.
Additionally, this review discusses the implications of these advance-
ments for clinical applications, emphasizing their potential in person-
alized medicine and targeted therapies. This innovative approach not
only summarizes the current state but also guides future research and
clinical practices in the rapidly evolving field of exosome research.

2. Exosome biogenesis

Exosome biogenesis is an intricate and highly regulated cellular
process integral to the production of exosomes, which are small extra-
cellular vesicles involved in various biological functions including
intercellular communication. This process initiates within the endo-
somal system of a cell, starting with the formation of early endosomes
through the inward budding of the plasma membrane. These early
endosomes capture extracellular material along with membrane pro-
teins, setting the stage for their subsequent transformation [22-24].

As these early endosomes mature into late endosomes, they undergo
further morphological changes. Key among these changes is the inward
budding of the late endosomal membrane, a process that results in the
formation of multivesicular bodies (MVBs) [25]. The small vesicles that
bud inward within the MVBs are known as intraluminal vesicles (ILVs),
and these are the structures that eventually become exosomes. The
content of ILVs is selectively enriched with a variety of biomolecules,
such as signaling proteins, enzyme complexes, and nucleic acids. This
selective packaging ensures that exosomes can effectively mediate spe-
cific signaling pathways once released from the cell [26].

The sorting of cargo into ILVs is a critical step in exosome biogenesis
and involves multiple mechanisms. One prominent pathway is mediated
by the Endosomal Sorting Complex Required for Transport (ESCRT)
machinery. This machinery consists of several protein complexes
(ESCRT-0, -I, -II, and -IIT) that successively to seize ubiquitinated pro-
teins into the forming ILVs. Another significant pathway involves the
lipid ceramide, which facilitates ILV formation through its role in
inducing membrane curvature [27]. Additionally, tetraspanins, a family
of proteins, contribute to cargo selection and membrane organization
during exosome formation. Once the MVBs are laden with ILVs, they

face a binary fate: they can either fuse with lysosomes, where their
contents are degraded, or they can migrate to the plasma membrane
[28]. At the plasma membrane, MVBs fuse and release their ILVs into the
extracellular space as exosomes. This release mechanism is tightly
controlled by cellular signaling pathways that dictate the timing and
extent of exosome secretion based on the cell’s physiological or patho-
logical state [29].

Phospholipids are not evenly spread across the plasma membrane’s
two layers. Three main proteins help maintain this uneven distribution:
flippase, floppase, and lipid scramblase. Flippase moves certain phos-
pholipids inward, while scramblase allows lipids to move in both di-
rections, which helps mix them up. When a cell is activated, these lipids
can shift around, leading to the release of tiny particles known as
microvesicles [30]. Exosomes, another type of extracellular vesicle, are
formed differently. They start as part of the plasma membrane that buds
inward to form an early endosome, which then develops into a structure
called an MVB (multivesicular body). Inside the MVB, more budding
occurs, creating exosomes. These exosomes and microvesicles help cells
communicate by carrying messages from one cell to another [31]
(Fig. 3). Upon release, exosomes can influence a multitude of biological
processes, from modulating immune responses and facilitating tumor
progression to participating in the transfer of pathogenic agents
[32-34]. This broad impact underscores the importance of under-
standing exosome biogenesis for both fundamental biology and medical
applications. By exploring ways to manipulate exosome production or
alter their molecular cargo, researchers hope to develop novel thera-
peutic strategies that exploit these natural vesicles to target diseases
more effectively, offering a promising frontier in medical science
[35-38] (see Fig. 4).

3. Composition and biological significance of exosome

Exosomes are composed of a lipid bilayer that includes cholesterol,
sphingolipids, ceramide, and phospholipids, encapsulating a variety of
proteins such as tetraspanins, heat shock proteins, and signaling mole-
cules, along with nucleic acids like mRNA fragments and microRNAs
(Fig. 5). This complex molecular assembly allows exosomes to facilitate
critical biological functions, including intercellular communication by
transferring their cargo to recipient cells, thereby influencing gene
expression and cellular behavior [40-44]. They play crucial roles in
immune regulation, potentially activating or suppressing immune re-
sponses, aiding in tissue repair and regeneration by delivering growth
factors, and even contributing to disease progression and metastasis in
cancer by transporting oncogenic materials. Additionally, pathogens can
exploit exosomes to spread infectious components across cells,
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underscoring their dual role in health and disease dynamics [45-50].
Exosomes have a profound biological significance due to their role in
mediating complex intercellular communications, which are essential
for maintaining cellular and systemic homeostasis. These extracellular
vesicles facilitate the transfer of molecular cargoes, such as proteins,
lipids, and nucleic acids, directly influencing the physiological state and
behavior of recipient cells [52-54]. This process is crucial in a variety of
bodily functions, including immune responses where exosomes can
modulate immune cell activation and suppress or promote inflamma-
tion, depending on their context and origin [55]. Moreover, exosomes
contribute significantly to the progression and pathology of diseases. In
cancer, for instance, tumor-derived exosomes can promote tumor
growth and metastasis by manipulating the tumor microenvironment,
enhancing tumor invasiveness, and helping cancer cells evade the im-
mune system. In the context of neurodegenerative diseases, exosomes
can spread pathogenic proteins like amyloid-beta or tau from diseased to
healthy cells, potentially contributing to the progression of diseases such
as cancer, Alzheimer’s and Parkinson’s [56-58]. Their role in such
critical biological processes makes exosomes key targets for therapeutic
interventions. Scientists are exploring how engineered exosomes can be
used to deliver therapeutic agents selectively to specific cell types, of-
fering a promising avenue for treatments with potentially fewer side
effects compared to conventional therapies [59-62]. Additionally, due
to their stability in body fluids and the specificity of their molecular
contents, exosomes are ideal candidates for biomarkers in liquid biopsy
approaches, providing a non-invasive means to diagnose and monitor
diseases, thus opening new frontiers in personalized medicine [62-65].

4. Isolation of exosomes from body fluids

Exosomes in various body fluids are derived from diverse cellular
origins and play essential roles in many physiological and pathological
processes. The expansion of the sources of exosomes highlights their
biological and clinical significance across different systems. Exosomes in
blood originate from a wide range of cells, including blood cells, endo-
thelial cells, and cells from solid organs. These exosomes carry a
plethora of molecules, including immune modulators, signaling mole-
cules, and genetic material. They are critical in regulating systemic
functions such as inflammation, blood clotting, and immune surveil-
lance [66-68]. In the realm of disease, blood-derived exosomes are
pivotal for understanding and diagnosing cardiovascular diseases,

cancers, and infectious diseases [69,70]. They can act as liquid biopsy
agents, providing a snapshot of the tumor or disease environment
without the need for invasive procedures [71].

Urinary exosomes primarily come from the renal epithelial cells.
They provide insights into the cellular health and activities within the
urinary tract and kidneys [72]. Because these exosomes can reflect
changes in the renal cells due to disease, they are invaluable for the early
detection of renal pathologies, including acute kidney injury and
chronic kidney disease. Their non-invasive accessibility makes them
ideal for ongoing monitoring of disease progression or response to
therapy [73].

Exosomes in saliva are produced by salivary glands and other cells in
the oral cavity. They offer a window into both oral and systemic health,
encompassing potential markers for diseases such as Sjogren’s syn-
drome, oral cancers, and even systemic conditions like diabetes [74].
Salivary exosomes can be easily collected, making them a convenient
source for regular health screenings and disease monitoring.

CSF exosomes are derived from neural cells, including neurons and
glia. They are particularly valuable in neurology, providing critical in-
formation about neurodegenerative diseases such as Alzheimer’s dis-
ease, multiple sclerosis, and traumatic brain injuries [75]. CSF exosomes
can carry biomarkers related to disease pathology and neural cell health,
offering a means to diagnose or track neurological conditions through
spinal taps [76].

Exosomes in breast milk, originating from mammary epithelial cells,
play roles in maternal-infant communication. They carry immune-
related molecules that help shape the infant’s immune system and gut
microbiome. Studying these exosomes helps understand maternal fac-
tors that influence infant immunity and development, offering potential
interventions to boost neonatal health [77].

Exosomes from the lacrimal glands and ocular surface contain spe-
cific markers relevant to eye health. They are being explored for their
role in diagnosing and understanding diseases like dry eye syndrome,
ocular allergies, and even more severe conditions such as diabetic reti-
nopathy or ocular cancers [78].

Exosomes in sweat, which originate from sweat glands, provide in-
formation about metabolic processes and stress responses. They hold
promise for use in sports and exercise science to optimize performance
and recovery, as well as in dermatological studies to explore conditions
affecting sweat gland function or skin health [79].

Isolating exosomes from serum involves several key steps to ensure
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purity and functionality of these small extracellular vesicles. The process
typically starts with the collection of serum from blood samples, fol-
lowed by differential centrifugation to remove cells and large debris.
This is often followed by ultracentrifugation, which helps to pellet the
exosomes. To further purify the exosomes, techniques such as density
gradient centrifugation or size exclusion chromatography can be
employed. These steps help to separate exosomes from other proteins
and particles based on their size and density. Finally, the isolated

exosomes can be analyzed for their protein, lipid, and RNA content,
confirming their identity and assessing their potential for research or
therapeutic applications [80,81]. Isolating exosomes from serum offers
several advantages, such as providing valuable insights into disease di-
agnostics and biomarker discovery due to the rich content of proteins,
RNA, and lipids that reflect the physiological state of their cells of origin.
Serum-derived exosomes are particularly useful for non-invasive liquid
biopsies, allowing for continuous monitoring of disease progression or

Materials Today Bio 31 (2025) 101613
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response to therapy. However, challenges persist, including the het-
erogeneity of exosome populations, which complicates their isolation
and analysis [82]. Additionally, the presence of serum proteins similar
in size and density to exosomes can lead to contamination, requiring
meticulous technique and advanced purification strategies to ensure
sample purity and the reliability of subsequent analyses. Exosomes in
body fluids reflect the physiological state and health of various tissues
and organs. They are indispensable for modern diagnostics and
personalized medicine, offering non-invasive ways to assess health, di-
agnose diseases, and monitor treatment responses across a broad

spectrum of medical disciplines [83]. Table 1 & Fig. 6 outlines the
sources, significance, and applications of exosomes from various body
fluids, providing a clear and concise overview of their role in health and
disease diagnostics and research ( Table 1 and 2).

5. Methods of exosome isolation
Exosomes are small vesicles present in various bodily fluids, and

their isolation is challenging due to their minute size. While ultracen-
trifugation has traditionally been favored for processing large sample
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Table 1
The sources, significance, and applications of exosomes from various body
fluids.

Body Fluid Origin of Biological Applications
Exosomes Significance
Blood Blood cells, Systemic Liquid biopsy for
platelets, communication, cancers, monitoring of
endothelial immune inflammatory and
cells, cancer modulation, disease autoimmune diseases
cells biomarkers
Urine Renal cells, Indicates kidney Non-invasive diagnosis
urinary tract and urinary system and monitoring of
cells health kidney diseases
Saliva Salivary Reflects oral and Diagnostics for oral
glands, oral systemic health diseases and systemic
mucosa conditions like diabetes
and Sjogren’s
syndrome
Cerebrospinal Neural cells Reflects Diagnosis and research
Fluid (CSF) (neurons, neurological health of neurodegenerative
glial cells) and disease diseases, monitoring
neurological damage
Breast Milk Mammary Immune system Studies on infant health
gland development in and development,
epithelial infants understanding
cells maternal impact on
infant immunity
Tears Lacrimal Indicator of ocular Early detection and
glands, ocular  health monitoring of ocular
surface cells diseases, research into
systemic diseases
affecting the eyes
Sweat Sweat glands Reflects metabolic Used in sports medicine

and physiological
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volumes [85], it can introduce contaminants like proteins and lipopro-
teins into exosome samples, impacting their analysis and functional
exploration. Recognizing that no single technique is universally effective
for all sample types, researchers have investigated various methods that
capitalize on the distinct physical and biochemical characteristics of
exosomes. Currently, six primary methods have been established:
high-speed centrifugation, ultrafiltration, immunoaffinity capture,
polymer precipitation through charge neutralization, size-exclusion
chromatography, and microfluidics. Each technique offers specific ad-
vantages and limitations [86-88]. This broad perspective helps improve
exosome isolation for different uses and sparks ideas for creating new
tools and methods for more effective isolation [89-92].

5.1. Pioneering exosomes studies based on differential ultracentrifugation

Differential ultracentrifugation, also known to be as the pelleting
method or simple ultracentrifugation, is a widely used approach for
separating exosomes, accounting for 45.7 % [93-96] of reported stra-
tegies. The concept behind this method is straightforward: it separates
different components of a fluid sample by their density, size, and shape
under varying centrifugal forces [97,98]. This technique was first
employed by Johnston in 1987 to extract exosomes from reticulocyte
tissue cultures. Later, in 2006, Thery and colleagues refined the method
by applying a range of centrifugal forces. The process often begins with a
low-speed centrifugation step to remove larger particles, followed by
several higher-speed cycles to clear out cellular debris, any protein ag-
gregates and apoptotic bodies, thereby isolating more clean exosome
samples [99,100]. The above method is scalable for large-volume
preparations, despite the common use of ultracentrifugation tubes
with relatively small capacities. Due to its simplicity, minimal technical
requirements, and compatibility with large volumes without needing
complex sample preparation, differential ultracentrifugation has
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become a staple method for isolating exosomes from various biological
fluids like cell culture media, serum, and cerebrospinal fluid over the last
three decades. However, the diverse nature of extracellular fluids means
that under specific centrifugal forces, all components—including un-
desirable ones like protein aggregates—can precipitate, leading to
low-purity exosome samples that may hinder further functional analyses
[101-103]. For instance, Paolini and colleagues found that exosomes
isolated from the blood of multiple myeloma patients using this method
showed poor biological functions in comparison to more purified sam-
ples, which had a significant impact on cellular processes in their studies
[102-105]. To enhance the purity and efficiency of exosome isolation,
researchers have developed various centrifugation techniques over the
years, exploring different physical properties. One such improvement is
density-gradient centrifugation, which separates particles based on their
density, offering a more refined approach to isolation of exosomes.
Multiple cycles of centrifugation are performed in differential ultra-
centrifugation with centrifugal forces of about 300xg up to 100,000xg.
Pellets including cells, cell debris are removed after each centrifugation,
the supernatant is collected for next step of ultracentrifugation. Ultimate
stages of centrifugation at 100,000xg is followed by collection of exo-
somes containing pellets and contaminant proteins and subsequent su-
pernatant removal. All stages of centrifugation were performed at 4 °C.
(Fig. 7).

5.2. High quality exosome isolation by isopycnic & moving-zone density-
gradient ultracentrifugation

Linderstorm-Lang in 1937, made a key discovery in density-gradient
centrifugation field: similar density objects stay suspended in a medium
that matches their density after centrifugation [108,109]. This principle
has been especially useful in hematological research for separating
different blood cell types, which vary in density. The same principle
applies to isolating extracellular components such as exosomes. A
typical density-gradient ultracentrifugation [110,111] process starts by
layering a biocompatible medium with varying densities, like iodixanol
or sucrose, in a tube with the densest layer at the bottom and decreasing
upwards. The sample is then placed on top of this gradient and centri-
fuged at high speeds (e.g., 100,000xg for 16 h). During centrifugation,
components like exosomes, apoptotic bodies, and protein aggregates
settle at their respective densities, creating clear separation. For
example, protein aggregates gather at the bottom, while exosomes are
found in layers with densities between 1.10 and 1.18 g/mL. This method
yields highly pure exosome samples, making it more effective than
simpler techniques like differential ultracentrifugation or one-step pre-
cipitation kits. As a result, density-gradient ultracentrifugation has
become increasingly popular, now representing about 11.6 % of exo-
some separation methods used today. However, standard
density-gradient centrifugation cannot separate extracellular vesicles
like microvesicles from exosomes if they share similar densities. To
overcome this, moving-zone or rate zonal centrifugation has been
employed. This method uses a gradient medium that is lighter than all
components in the sample. After centrifugation, particles separate based
on both their size and density, allowing for the isolation of different
types of vesicles.

Despite these advancements, ultracentrifugation has limitations. For
instance, the gradient method can only handle small volumes due to its
narrow loading zone. The equipment is costly and requires skilled op-
erators, particularly for gradient techniques. Moreover, the intense
centrifugal forces can alter the exosomes’ structure and function, which
is detrimental for applications like drug development. In response,
alternative methods like ultrafiltration and size-exclusion chromatog-
raphy have been developed. These newer approaches, along with com-
mercial exosome separation kits, offer simplified and efficient solutions,
which we will explore further in the following sections.

In Fig. 8, (A) Addition of medium in isopycnic density-gradient ul-
tracentrifugation is in layers of decreasing density from bottom to top.
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Table 2
Comparison on isolation methods of exosomes.
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Isolation Method

Principle

Efficiency and
Purity

Advantages

Disadvantages

Suitability for
Different Types of
Fluids

Ultracentrifugation

Size-based Isolation

Immunoaffinity
Capture

Polymeric
Precipitation

Microfluidic
Techniques

Objects in the tube remain in the
location of the medium with a
same density after centrifugation
in a dense media.

It uses a filter membrane with a
molecular weight cut-off or size-
exclusion limit that is specified.
After adding to porous materials,
substances are eluted out in
accordance with their particle
size.

It is based on the unique way that
immobilized antibodies (ligands)
and exosome markers bind.

Precipitation of polymers with big
particles eluting earlier. Water-
excluding polymers with high
hydrophilicity can change how
soluble exosomes are.

Based on several criteria, such as
size and density, immunoaffinity.

High purity but
may have variable
efficiency
depending on
conditions.

Moderate to high
purity; efficiency
varies with
technique.

Very high purity,
efficient capture
of specific
exosome
populations.

Moderate purity,
and high
efficiency in terms
of yield.

High purity and
efficiency; highly
specific.

The gold standard, is high purity,
with no need for specific reagents.
Less likely to contaminate with
additional isolation reagents.
Works well for large-scale
preparations.

Relatively fast, scalable, gentle on
exosomes, and does not require
highly specialized equipment.
Isolation gives products fast to
prepare and keep exosomes in
their native states.

High specificity, can isolate
specific subpopulations of
exosomes. Ideal for isolating
exosomes from certain sources;
highly pure exosomes, simple to
use, and free of chemical
contamination.

Simple, quick, and able to handle
large volumes effectively. High
efficiency and can handle both
small and big sample volumes.

High specificity, minimal sample
requirements, integration of
multiple steps into a single
design. This approach is
incredibly productive,
economical, portable, and simple
to automate and integrate with
the diagnosis.

Time-consuming, requires
expensive equipment, potential
damage to exosomes, low yield,
not portable, risk of mechanical
damage to the sample. Protein
aggregates, making it unsuitable
for diagnosis of small volumes.
May require further purification
steps. Samples of moderate purity
can be tested. Expensive
equipment required for further
enrichment technique.

Costly, dependent on the
availability of high-quality
antibodies, and time-consuming.

Co-precipitates other proteins and
particles, can interfere with
subsequent assays. Polymeric
pollutants, extracellular vesicles,
and protein aggregate
contamination. Long processing
times and difficult cleanup
procedures that affect
quantification and downstream
analysis.

Requires specialized equipment
and expertise, and can be costly to
design and operate.

Ideal for research
settings with
available
equipment.

Broad applicability
across various fluids
including blood,
urine, and saliva.

Best for fluids where
specific exosomal
markers need to be
targeted, like blood.

Effective for a
variety of fluids,
especially when
large volumes need
processing.

Ideal for precise
diagnostic work,
suitable for small
sample volumes like
CSF.

Apoptotic body, exosomes and aggregates of proteins like extracellular
components Obtain a stationary position in a medium with a density
comparable to every component in this kind of extended centrifugation.
Ultracentrifugation with an isopycnic gradient is unable to separate
substances, with similar buoyant density to exosomes because it depends
only on the density difference between solutes in samples. (B) Dual
gradient medium sections are usually seen in moving-zone gradient ul-
tracentrifugation normally. The medium in the top layer has lower
density than all other solutes in the sample and the bottom layer has
high-density. The gradient medium density is lower than all the solutes,
so all the solutes after centrifugation are separated based on mass/size,
not only on density, allowing for the separation of vesicles of varying
size but of comparable density.

5.3. Size-based isolation techniques

In 1955, Grant H.L and Colin R.R introduced size-exclusion chro-
matography (SEC), a technique for separating solutes based on molec-
ular weight [103]. This method involves passing a liquid sample through
a column filled with porous particles. Smaller molecules that can enter
these pores are slowed down, while larger molecules that cannot enter
are eluted more quickly. Initially using starch and water, the materials
used in SEC have evolved over the decades to Agarose (Sepharose),
Dextran polymer (Sephadex), and polyacrylamide (Sephacryl or BioGel)
which are sophisticated porous materials.

SEC has been effectively adapted for exosome isolation due to the
physical similarities between exosomes and liposomes. This method has

been harnessed by companies like iZON with their qEV kits and Hansa
Biomed with PURE-EVs to specifically isolate exosomes. The gentle
nature of SEC, which uses gravity flow rather than force, helps preserve
the biological activity and structural integrity of exosomes, with elution
buffers mimicking physiological conditions to maintain functional
states. SEC offers practical benefits including minimal sample volume
requirements, compatibility with various fluid types without pre-
treatment, and efficiency that saves time and labor. It also allows for
the isolation of specific exosome subpopulations through selective
porous materials, ensuring minimal sample loss and high yield, making
it popular for both research and clinical applications. Despite these ad-
vantages, SEC faces challenges such as potential contamination with
similar-sized particles like protein aggregates. To address this, strategies
combining SEC with ultrafiltration have been proposed to enhance pu-
rity and maintain functionality, showing promise for improving the
quality of isolated exosomes. Illustrative details include Fig. 8; (A) A
tandem-configured microfilter setup traps apoptotic bodies, cell debris,
and most microvesicles with a 200-nm membrane as extracellular fluids
pass through filters with defined size-exclusion limits. Fig. 8; (B)
Sequential ultrafiltration processes involve removing larger particles
through a 1000-nm filter, smaller particles such as free proteins up to
500-kD through a second filter, and finally isolating exosomes under
200 nm with a third 200-nm filter. In SEC, molecular separation by size
occurs as a solution passes through a stationary phase of porous resin
particles where larger particles bypass directly and smaller ones navi-
gate through the resin, leading to effective size-based separation.
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Step-by-step procedure to separate
using differential ultracentrifugation
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Fig. 7. Procedure for isolating extracellular vesicles via ultracentrifugation (Shared under the Creative Commons CC BY 4.0 license, source [106], Copyright
2021 by the Authors); Methodology for exosome isolation using differential ultracentrifugation (Shared under the Creative Commons CC BY 4.0 license, source

[107], Copyright 2020 by the Authors).
5.4. Polymeric precipitation technique

The polymeric precipitation technique is a commonly used method
for isolating exosomes that involves adding a water-soluble polymer,
such as polyethylene glycol (PEG), to the exosome-containing sample.
This polymer induces the precipitation of exosomes by decreasing the
solubility of vesicles in the solution. Once the polymer is added, the
mixture is incubated and then centrifuged to collect the precipitated

exosomes as a pellet. This method is favored for its simplicity and rapid
processing, allowing for the isolation of exosomes from large volumes of
fluid efficiently. It is also less equipment-intensive compared to ultra-
centrifugation. However, one of the main drawbacks of this technique is
the potential co-precipitation of other proteins and particles, which can
lead to less pure exosome preparations. Additionally, the presence of
polymers can sometimes interfere with subsequent analytical and
diagnostic assays, requiring careful consideration and potentially
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Fig. 8. (a) Approaches for separating exosomes based on density and size (Summarized from Refs. [112-115]); (b) Various methods for isolating and
fractionating EVs according to size: a) Exosome extraction from tumor cell culture media using a Mini-SEC column (Adapted with authorization from
Ref. [116], copyright 2019 by Elsevier); b) Isolation of urinary EVs utilizing Exodisc (Adapted with authorization from Ref. [117], copyright 2017 by the
American Chemical Society); ¢) Double filtration microfluidic device for urinary EV isolation (Shared under the Creative Commons Attribution CC BY license,
source [118], copyright 2017 Springer Nature); d) Combining immunoaffinity chromatography with asymmetrical flow field-flow fractionation to isolate EV
subpopulations from human plasma (Adapted with authorization from Ref. [119], copyright 2020 by the American Chemical Society under the Creative Commons
Attribution CC BY license); e) Lateral displacement arrays for exosome separation (Adapted with authorization from Springer Nature, copyright 2016); f)
Capture of size-based EVs from cell culture using three-dimensional carbon nanotube arrays (Adapted with authorization from Refs. [120,121], copyright
2020 by the American Chemical Society); (¢) Diagram illustrating exosome isolation by gradient-density ultracentrifugation (Shared under the Creative
Commons Attribution CC BY 4.0 license, source [122], Copyright © 2020 by the Authors); (d) Exosome separation via ultracentrifugation (Shared under the
Creative Commons Attribution CC BY 4.0 license, source [122], Copyright © 2020 by the Authors).
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additional purification steps post-isolation (Fig. 9).

5.5. Immunoaffinity capture

Immunoaffinity capture is a targeted approach for isolating exo-
somes that exploits specific interactions between antibodies and exo-
somal surface proteins [124,125]. This technique involves using
antibodies that are specific to exosomal markers, such as CD63, CD9,
and CD81, which are conjugated to solid support like beads or a plate.
The sample containing exosomes is passed over or mixed with these
antibody-coated supports, allowing the exosomes to bind selectively
based on their surface proteins [126]. After binding, the exosomes can
be eluted from the support, resulting in a highly specific and pure
population of exosomes [127]. Immunoaffinity capture is particularly
valued for its high specificity and ability to isolate exosome sub-
populations from complex biological fluids, making it ideal for appli-
cations requiring high purity and for studies focusing on specific
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exosomal populations [128,129]. However, it is typically more costly
and time-consuming than other isolation methods, and the availability
of high-quality antibodies can be a limiting factor [130,131]. Antibodies
are immobilized onto solid matrices which recognize exosome-specific
markers at first, after which extracellular fluids containing exosomes
are incubated with antibody-conjugated solid matrices, by which exo-
somes get enriched onto such solid matrices [132,133]. An additional
elution step in required for collection of free exosomes. (Fig. 10).

5.6. Next generation immunoaffinity approach based on chemical
antibody

While products generated from antibodies offer various advantages
for applications such as exosome isolation, their high development and
production costs, along with their perishability, limit their practical use,
especially on a large scale. To address these challenges, one alternative
is to utilize more cost-effective and stable substitutes like aptamers.

Polymeric precipitation technique
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Fig. 9. Exosomal morphology determination by pooled TEM negative staining. Two precipitation-based (TEI and ExoQ) and one column-based method (ExoS)

for exosome isolation from distinct biofluids (Adapted from Ref. [123]).
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Aptamers are short, single-stranded DNA or RNA molecules that bind to
their specific targets with high affinity and specificity, akin to anti-
bodies. However, they boast several benefits over traditional antibodies:
they can be synthesized chemically in the lab, resulting in minimal
batch-to-batch variations; they are easier to scale for various needs; they
have longer shelf lives; they exhibit little or no immunogenicity; they are
cheaper to produce; and they can be chemically modified to enhance
their binding properties [150].

In recent years, various aptamer-based platforms for isolating exo-
somes have been developed. These platforms offer a practical approach
to isolate exosomes based on immunoaffinity and simplify the process of
obtaining natural exosomes [151]. The function of aptamers is heavily
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influenced by their tertiary structure, which itself depends on factors
such as temperature, ionic strength, and the buffer system used. By
fine-tuning these conditions—like adjusting the types of salts and key
ions such as Mg?" and K2 researchers can modify the three-dimensional
structure of aptamers. This adjustment allows for the mild remodulation
of their binding capacity, enabling the release of captured exosomes
while preserving their native structure and biological functionality
[152,153]. Conformational complementarity is how aptamers bind their
target. Aptamers undergo change in shape and release their target
molecules by adjustment of key factors of the buffering system like type
of salt attached, change in ionic strength (Fig. 11).
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Fig. 10. Aptamer-based immunoaffinity capture for EV analysis includes: (a) Aptamer-based evaluation of EVs. (b) Therapeutic applications using
aptamer-functionalized EVs. (Adapted from Reference [134]); Various aptamer-based methods for EV isolation: (c) Exosome isolation via immunomagnetic
beads (Adapted from Reference [135], Copyright 2019 by the American Chemical Society); (d) EV isolation using RCA-induced multivalent aptamers (Adapted
from Reference [136], Copyright 2021 by The Royal Society of Chemistry); (e) Enhancing affinity interactions for EV detection using a fluid nanoporous
microinterface, termed FluidporeFace (Adapted from Reference [137], Copyright 2022 by Elsevier); (f) Isolation of the PD-L1 EV subpopulation using DNA
computation mediated microfluidic tandem separation (Adapted from Reference [138], Copyright 2022 by the American Chemical Society). Fluorescence
detection of EVs via Aptamers includes: (g) Enhanced exosome detection by RCA (Adapted from a 2020 publication by the American Chemical Society); (h)
Quantification of Exosomal PD-L1 using a PD-L1 aptamer combined with thermophoresis (Adapted from Reference [139], Copyright 2020 by Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim); (i) Detection of tumor-derived EVs via dual-aptamer induced FRET (Adapted from Reference [140], Copyright 2022
by Wiley-VCH Verlag GmbH); (j) EV protein profiling employing multiple aptamers and thermophoresis (Adapted from Reference [141], Copyright 2019 by
Springer Nature). Detection of EVs using an electrochemical Aptamer-based approach includes: (k) Quantification of exosomes using NTH-assisted elec-
trochemical aptasensors (Adapted from Reference [142], Copyright 2017 by the American Chemical Society); (1) Analysis of protein subpopulations within
exosomes (Adapted from Reference [143], Copyright 2020 by the American Chemical Society); (m) ExoPCD-chip: A two-stage microfluidic platform (Adapted
from Reference [144], Copyright 2018 by the American Chemical Society); (n) Recalibrating aptasensor (Adapted from Reference [145], Copyright 2020 by the
American Chemical Society). Colorimetric detection of EVs via Aptamer-based methods includes: (o) Detection of exosomes using GO-mediated colorimetric
methods (Adapted from Reference [146], Copyright 2017 by the American Chemical Society); (p) S-SWCNTs-based colorimetric detection of exosomes (Adapted
from Reference [147], Copyright 2017 by Elsevier B.V.); (q) Exosome protein profiling through salt-induced aggregation of aptamers (Adapted from Reference
[148], Copyright 2017 by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim); (r) Multicolor-based colorimetric detection technique (Adapted from Reference
[} 49], Copyright 2019 by the American Chemical Society).

5.7. Microfluidic technique are designed to allow smaller particles to flow through while capturing
larger ones; for biochemical isolation, the inner surfaces of the channels

The microfluidic technique for exosome isolation utilizes the are often coated with antibodies that specifically bind to proteins on the
advanced capabilities of microfluidics technology. Initially, a biological exosome surface, such as CD63, CD9, or CD81. Once the exosomes are
sample, such as blood or urine, is introduced into the microfluidic de- captured, a series of washing steps follow to remove unbound material
vice. This device contains a network of microscale channels that can and impurities. The final step involves the elution of captured exosomes
precisely manipulate the fluid flow. As the sample flows through these from the channels, which are then collected for further analysis. This
channels, exosomes are separated based on specific properties—size, system not only allows for the selective isolation of specific exosome
density, or biochemical markers. For size-based isolation, the channels subpopulations but also significantly enhances the efficiency and
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Fig. 11. (i) Integrated microfluidic technology for the isolation of circulating exosomes (Reproduced with Creative Commons CC BY 4.0 license from
Ref. [154], Copyright © 2014 by the Authors); (ii) Diagram illustrating immunoaffinity-based exosome isolation (Reproduced with Creative Commons CC BY 4.0
license from Ref. [122], Copyright © 2020 by the Authors); (iii) Techniques for immunoaffinity enrichment of exosomes (Reproduced with Creative Commons
CC BY 4.0 license from Ref. [155], Copyright © 2016 by the Authors); (iv) Analysis and isolation of exosomes using an integrated microfluidic approach
(Reproduced with Creative Commons CC BY 4.0 license from Ref. [122], Copyright © 2020 by the Authors).
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specificity of the process. The reduced volume requirements and the
ability to process samples quickly are substantial benefits, particularly
for clinical applications where sample volume and time are critical.
Moreover, microfluidic devices can maintain the structural integrity of
the isolated exosomes, ensuring high purity and functionality for
downstream analyses. However, despite these advantages, the
complexity of designing and operating these devices and the need for
specialized knowledge can make microfluidics less accessible for routine
use outside specialized settings (Figs. 11 and 12 & Table 3) [122,154,
155,156-163] (see Fig. 13).

6. Exosomal protein analysis

6.1. Protein analysis of extracellular vesicles by conventional methods
like ELISA, western blot

Immunoblotting, or western blotting, is a popular protein analysis
method used in many fields of molecular biology. In when evaluating EV
protein [170], Western blotting is perhaps the most often employed
method to show the existence of target proteins that are purportedly
connected to EVs. During this procedure, purified vesicle preparations
produced using the most recent gradient ultra gold standard buffered
lysis solutions may be used to treat centrifugation which are composed
of protease inhibitors and denaturants [171,172]. The peptide Next,
sodium dodecyl sulfate is used to separate the lysates. Prior to using
SDS-PAGE (polyacrylamide gel electrophoresis), being moved to a
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membrane in order to be immunoblotted using particular targets for
proteins [173,174]. Although the strategy has a lengthy processing and
preparation period (>10 h), Western Blotting might offer helpful details
on the size. Enzyme-linked immunosorbent assay (ELISA), which may be
performed in a variety of test formats, is another well-established
method for quantifying proteins, similar to Western blotting. Purified
vesicle preparations or lysates might be placed directly to a solid sub-
strate that has been prepared with an immobilized capturing antibody in
the particular “sandwich” configuration. Captured vesicular targets are
subsequently exposed to another detecting antibody. Although the ne-
cessity for two noninteracting antibodies increases the specificity of
detection, it complicates the process of creating novel assays and car-
rying out multiplexed, simultaneous measurements. The limits of
detection for ELISA and Western blotting are comparable. However,
ELISA may be scaled up for higher-throughput tests and can be much
faster than Western blotting [175].

6.2. Small particle flow cytometry

Based on light scattering and fluorescence activation, flow cytometry
is a potent technique for characterizing single large particles (such as
cells or larger micrometer-size entities); however, conventional flow
cytometry has limited sensitivity and resolution to detect small particles
that have a diameter <500 nm [176,177]. Moreover, it has a strong
optical background because sheath fluids include tiny particles (200 nm
or less). Many small EVs may be overlooked or undercounted when
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Fig. 12. Microfluidic Devices for Exosome Isolation: Droplet-based microfluidics: (a) Schematic diagrams of a microfluidic printing droplet digital polymerase
chain reaction setup (MIP-ddPCR setup). (Reproduced with permission from Ref. [156], Copyright 2019, Elsevier); (b) Workflow for an automated four-plex digital
droplet PCR (ddPCR) in a LabDisk. (Reproduced under terms of the CC-BY license from Ref. [157], Copyright 2021); (¢) Methods for performing ddLAMP using an
assay featuring MB as a sequence-specific probe for single nucleotide polymorphisms (SNP) detection. (Reproduced with permission from Ref. [158], Copyright 2022,
American Chemical Society.); Size-based isolation of EVs using the ExoTIC device (Reproduced with Creative Commons CC BY 4.0 license from Ref. [159],
Copyright © 2017 by the Authors); Integrated Acoustofluidic device for isolating exosomes (Reproduced with Creative Commons CC BY 4.0 license from
Ref. [160], Copyright © 2017 by the Authors); Magnetic Bead-Based Microfluidics for Enhanced Exosome isolation (Reproduced with Creative Commons CC BY

4.0 license from Ref. [161], Copyright © 2017 by the Authors).
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Fig. 13. Conventional methods for analyzing EV proteins include: (a) Western blotting: This technique involves the separation of EV protein lysates using
SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis), followed by the transfer of specific EV protein targets (such as Flotillin-1, HSP-70,
and CD61) onto a membrane for immunoblotting (Adapted from Reference [164], Copyright 2015 by Taylor & Francis Ltd.); (b) ELISA (Enzyme-linked
Immunosorbent Assay): In this method, vesicles or lysates are attached to a solid support that has been pretreated with an immobilized capturing
antibody. A target antibody then detects the EV protein targets in a ‘“sandwich” assay format (Adapted from Reference [165], Copyright 2015 by Nature
Publishing Group); Small particle flow cytometry (Shared under the Creative Commons CC BY 4.0 license from Reference [166], Copyright © 2016 by the Authors);
Micronuclear magnetic resonance (Shared under the Creative Commons CC BY 4.0 license from Reference [167], Copyright © 2012 by the Authors); Surface
plasmon resonance (Shared under the Creative Commons CC BY 4.0 license from Reference [168], Copyright © 2014 by the Authors).

using traditional flow cytometry for EV quantification because many
small vesicles must be lit concurrently to trigger a count; as a result, they
are tallied as a single event. The term “Swarm Theory” refers to this
latter phenomenon [178-180]. Multiple vesicles have been bound by
micrometer-sized latex beads in order to modify standard flow
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cytometry for EV profiling. After then, fluorescent antibodies are used to
dye the bound EVs, and their protein markers are examined. Never-
theless, this method cannot distinguish between various vesicular sub-
sets and is not capable of profiling a single vesicle, which might lead to
the loss of distinguishing characteristics [181,182].
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Overview of microfluidic devices for exosome isolation: Mechanisms, advantages, and key features.

Device Type Mechanism

Advantages

Key Features

Droplet-Based
Microfluidics

Encapsulates exosomes within fluid droplets for
individual analysis.

High throughput, minimal cross-
contamination, and precise single-exosome

analysis.

Size-Based Microfluidic
Channels

Uses microfabricated channels that separate
particles based on size.

Simple setup, effective at removing larger
vesicles and debris, no chemical reagents

needed.

Immunocapture
Microfluidic Devices
Acoustic Microfluidics

Incorporates specific antibodies to capture
exosomes with corresponding antigens.
Utilizes ultrasonic waves to manipulate and
separate exosomes based on density and
compressibility.

High specificity, can isolate exosomes from
specific cell types or conditions.

Gentle on samples, preserving exosome
integrity, scalable for larger volumes.

Integrates several laboratory functions,
automates processes, reduces manual

handling.

Centrifugal Employs centrifugal force to effect separation by
Microfluidics size and density on a spinning disc.

Electrokinetic Applies electric fields to move and separate
Microfluidics exosomes based on their charge and size.

Nano-Interferometric Integrates nano-interferometric sensors within a
Detectors microfluidic device to detect exosomes by

refractive index.

Integrated Microfiluidic Combines multiple separation techniques such as

Systems immunocapture and size exclusion within a single

device.
Uses magnetic beads coated with antibodies
specific to exosomal markers in a magnetic field.

Magnetic Bead-Based
Microfluidics

Highly precise, allows for the separation of
exosomes from other similarly sized particles.
Provides label-free detection and
quantification, no need for fluorescent or
enzymatic labels.

Enhances purity and yield through sequential
processing, offers flexibility in isolation
protocols.

Efficient capture and concentration, easy
scale-up, and sample processing.

Ideal for studies requiring high isolation purity
and analytical precision.

Useful in applications where size distinction is
crucial for sample purity.

Best for targeted exosome recovery, especially in
clinical diagnostics involving specific markers.
Suitable for applications needing non-invasive
and label-free separation methods.

Known as “lab-on-a-disc,” it’s effective for
processing multiple samples simultaneously.

Appropriate for detailed studies of exosome
properties influenced by electric fields.
Excellent for real-time monitoring and
quantifying exosome concentration in research
and clinical settings.

Ideal for comprehensive studies where multiple
isolation phases are needed for optimal purity.

Highly effective for isolating specific exosome
populations, especially useful in scalable clinical
diagnostics.

6.3. Micronuclear magnetic resonance

Particular magnetic nanoparticles (MNPs)-based magnetic sensing
has drawn a lot of interest lately. Since most biological things inherently
lack ferromagnetic background, native biological samples do not
significantly interfere with such detection. When targeted with appro-
priate MNPs [183,184], even optically murky samples will appear clear
to magnetic fields, achieving a strong contrast against the original bio-
logical backdrop. When MNPs are positioned in NMR magnetic fields,
they produce local magnetic fields that alter the transverse relaxation
rate of the nearby water molecules, enhancing the analytical signal in
the case of magnetic detection based on nuclear magnetic resonance
(NMR) [185,186]. NMR uses blood samples to directly identify bacteria
and circulating tumour cells while reducing sample processing and
increasing detection sensitivity.

However, due to the fact that these vesicles are one or two orders of
magnitude smaller than tumour cells, it has proven extremely difficult to
adapt NMR for EV detection. Shao et al. created a novel analytical
technique especially for EV detection and protein profiling in order to
close this size disparity [187]. This method involved labelling EVs with
MNPs using a two-step bio-orthogonal click chemistry. By not signifi-
cantly increasing the size of either the MNP or the antibody, this small
molecule (<200 Da) labelling approach improved the efficacy of keep-
ing the targeted vesicles free of unattached MNPs and antibodies. The
abundance of EV biomarkers was then directly evaluated on-chip for
targeted EVs using a microfluidic micronuclear magnetic resonance
(LNMR). The new pNMR technology showed a much greater detection
sensitivity, about 103-fold more sensitive than Western blotting and
ELISA, when compared to existing protein technologies [187]. Shao
et al. further evaluated EVs from glioblastoma multiforme (GBM) cell
lines produced in culture using this integrated approach. In order to
differentiate cancer-derived EVs from host cell-derived EVs, a four-GBM
marker combination (EGFR, EGFRVIII, PDPN, and IDH1 R132H) was
found. Comparative protein studies verified that EVs do, in fact, repre-
sent the protein profiles of their parental cells for the investigated
markers.

6.4. Surface plasmon resonance

Surface plasmon resonance (SPR) is a unique sensing approach that
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enables quick, label-free characterization of EVs, given their tiny size.
SPR is the collective oscillation of conduction electrons when incident
light illuminates the metal-dielectric contact [188]. SPR sensing, in
contrast to existing optical detection techniques that rely on
time-sensitive fluorescent and chemiluminescent probes, may be
deployed label-free and in real-time to detect changes in the local
refractive index linked to biomolecular binding close to a
metal-dielectric interface. Recently, Im et al. created the nanoplasmonic
exosome (nPLEX) sensor, a novel SPR platform for EV protein identifi-
cation [189]. Transmission SPR via periodic nanohole arrays is the basis
for the sensing. For EVs, this transmission-type SPR has a number of
benefits over the traditional reflection design. For EV profiling, this
transmission-type SPR has two key advantages over the traditional
reflection configuration: (1) the collinear transmission optical setup
makes device miniaturisation easier, and (2) the probing depth (200 nm)
can be easily adjusted to match EV size to improve detection sensitivity
[190]. Through three-dimensional modelling studies, the nanohole
design was further optimised to match the sensing range with the exo-
some mean diameter (about 100 nm). For independent and concurrent
analysis, the scientists further combined multichannel microfluidics
with the nanohole sensor arrays. Several capture antibodies were used to
functionalise the sensing surface in order to confer molecular selectivity
[191]. The optical transmission spectrum peaks would redly shift as a
result of a change in the local refractive index upon specific binding of
EVs. Quantitative analysis of EV proteins was made possible by the
correlation between the amplitude of the spectral shift and the molec-
ular mass density covering the sensor surface [189]. Using a sequence of
titration experiments, our label-free nPLEX test showed an improved
detection limit of around 3000. Quantitative analysis of EV proteins was
made possible by the correlation between the amplitude of the spectral
shift and the molecular mass density covering the sensor surface. This
label-free nPLEX test showed a better limit of detection of around 3000
vesicles (670 aM) by the use of a series of titration experiments. This is
10% and 10* more sensitive than Western blotting and chem-
iluminescence ELISA, respectively. Importantly, the nPLEX demon-
strated outstanding accuracy across a variety of protein indicators when
compared to gold standard ELISA readings. With little processed mate-
rials, the full assay might be completed in less than 30 min, which makes
the system appealing for quick clinical applications [189].

Currently, this technology is being developed for commercial use.
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Sensitive label-free biomolecular binding event detection at a metal-
dielectric interface may be achieved by surface plasmon resonance
(SPR). Particularly, when a surface plasmon is contained in nano-
particles that are the same size as the incident light wavelength or
smaller, localised surface plasmon resonance (LSPR) takes place
[191-193]. As opposed to oscillating over the metal-dielectric contact,
the induced plasmons in LSPR fluctuate locally to the nanostructure.
Consequently, with LSPR, the electromagnetic field decays far more
quickly. This reduced field decay duration (100 nm) increases sensitivity
to minute biomolecular interaction at the surface while mitigating
sensor interference from bulk refractive index variations. Joshi et al.
recently created a sensitive miRNA sensor by attaching chemically
produced gold nanoprisms to a solid substrate, capitalizing on the
benefit of LSPR for the detection of tiny biomolecules [194]. Two pro-
cedures were used to build the sensor: (1) chemical synthesis of ~40 nm
edge-length gold nanoprisms and their covalent attachment to a glass
substrate; and (2) functionalisation of the immobilized nanoprisms with
capturing DNA probes and polyethylene glycol spacers [194]. The LSPR
resonant peak changed when the miRNA target (miR-10b) hybridised
with the capturing DNA probes. The sensor achieved great detection
sensitivity, with a limit of detection of 91 aM, because to its sharp
nanoprism tips that strongly enhanced the electromagnetic field, and its
atomically flat surface that allowed for homogenous packing.

7. Pre-analytical considerations

Sample collection for exosome isolation must be meticulously plan-
ned and executed to ensure the integrity and reliability of the results.
The type of fluid being collected, such as blood, urine, or saliva [195],
dictates the specific protocols and types of collection containers used,
often incorporating additives like EDTA for blood to prevent clotting.
It’s crucial to collect sufficient volumes to ensure adequate exosome
yield while considering practical and ethical limits, especially in clinical
settings. During collection, steps must be taken to avoid contamination,
ensuring sterile techniques are employed to prevent microbial intrusion
and minimize cellular debris, which could compromise the sample.
Additionally, it is generally recommended to process samples swiftly
after collection to prevent the degradation of exosomes; if immediate
processing isn’t possible, the samples should be promptly stabilized and
stored under appropriate conditions to preserve their viability for later
analysis [196]. Proper storage is crucial for preserving the quality of
exosome-containing samples and involves several key considerations.
Typically, samples should be frozen at —80 °C to maintain the structural
and functional integrity of the exosomes, and it’s essential to avoid
repeated freeze-thaw cycles, which can damage the exosomes and lead
to the degradation of their contents [197,198]. The duration of storage
also needs careful attention; although exosomes can be stable for several
months under optimal conditions, the specific storage time should be
validated to ensure that there is no significant deterioration in exosome
quality [198-200]. Handling practices are equally important—samples
should always be kept on ice during preparation and handling, and
exposure to room temperature should be minimized. In some cases, the
addition of stabilizers or the use of specialized storage containers can
further enhance the stability and quality of exosomes during long-term
storage, ensuring that they remain suitable for future analyses
[201-204].

8. Challenges in exosome isolation

Isolating exosomes from various biological fluids presents a series of
challenges that significantly impact the purity, yield, and overall quality
of the samples obtained, crucial factors for both research and clinical
applications. One of the foremost difficulties in exosome isolation is the
dual challenge of achieving high purity while maintaining a satisfactory
yield. Many of the conventional isolation techniques, such as ultracen-
trifugation and polymeric precipitation, often force a trade-off between
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these two factors. Ultracentrifugation, for example, is favored for its
ability to yield highly pure exosomes, but it often does so at the cost of
lower overall yield [205,206]. Conversely, methods like polymeric
precipitation can provide a higher yield but typically include a higher
contamination rate from other extracellular vesicles and proteins.

Compounding the issue, exosomes inherently share similar size
ranges and biophysical properties with other types of extracellular
vesicles, such as microvesicles and apoptotic bodies. This similarity
makes the selective isolation of exosomes particularly challenging
without the use of specific markers that can accurately distinguish be-
tween these vesicle types. Additionally, the variability in exosome
concentration and volume available from different sources (e.g., blood,
urine, cerebrospinal fluid) necessitates adaptable isolation approaches,
complicating the standardization of isolation protocols across different
labs and studies. The equipment required for some of the more precise
isolation methods, such as advanced ultracentrifugation setups and
microfluidic devices, represents a significant investment and is not
universally available in all research settings. This discrepancy in
equipment availability can lead to variability in the quality and repro-
ducibility of exosome isolations performed under different conditions or
in different laboratories.

Moreover, the field suffers from a notable lack of standardized pro-
tocols, which exacerbates difficulties in comparing and replicating re-
sults across different studies. This lack of standardization stems from the
diversity in the types of body fluids used, the variable nature of exo-
somes themselves, and the assortment of isolation techniques employed.
Pre-analytical factors such as the choice of anticoagulants, the time
elapsed between sample collection and processing, and the conditions
under which samples are stored can all influence the integrity and yield
of the isolated exosomes. Establishing standardized conditions for these
factors is critical for the development of reliable, reproducible isolation
protocols [207,208].

Finally, establishing effective quality control measures for isolated
exosomes is another significant challenge, given their heterogeneity in
size, composition, and cellular origin [209,210]. This variability makes
it difficult to define uniform quality benchmarks that can be universally
applied to assess the quality of exosome preparations [211,212].
Developing robust, standardized assays to evaluate the purity, size dis-
tribution, and functional integrity of exosomes is essential for advancing
their use in clinical diagnostics and therapeutic applications, ensuring
that exosome-based studies and treatments are both reliable and effec-
tive [213-216].

9. Exosome heterogeneity, intercellular communications &
therapeutic potential in cancer

Exosomes display a remarkable degree of heterogeneity, reflecting
the diverse conditions and cellular contexts from which they originate.
This variability is evident in their size, molecular composition, and
functional capacities. The molecular makeup of exosomes is not arbi-
trary but is intricately linked to the physiological and pathological state
of the parent cell [217,218]. For instance, exosomes derived from tumor
cells differ significantly from those released by normal cells in terms of
their cargo and membrane composition. This heterogeneity is primarily
driven by the cells’ differential use of the multiple pathways involved in
exosome formation, such as ESCRT-dependent and independent mech-
anisms, as well as the specific cargo sorting based on post-translational
modifications and lipid content [219-221] (Fig. 14).

The diversity in exosome composition is crucial for their functional
specialization, enabling them to selectively interact with specific
recipient cells and modulate a variety of biological processes [222,223].
This selective interaction is mediated by specific surface proteins and
lipids that dictate the targeting and fusion of exosomes with recipient
cell membranes, influencing cell behaviour in a highly controlled
manner [224,225]. The heterogeneity of exosomes thus plays a critical
role in the specificity and efficacy of intercellular communication,
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allowing for tailored responses to various microenvironmental cues and
cellular needs.

Exosomes are central players in intercellular communication,
capable of transferring a wide array of bioactive molecules between cells
over both short and long distances [226,227]. This communication is
facilitated by the encapsulation of proteins, lipids, mRNAs, and micro-
RNAs within exosomes, which can then be delivered to recipient cells
[228,229]. Upon fusion or interaction with these cells, exosome cargoes
can modulate recipient cell gene expression, signaling pathways, and
overall behaviour [230].

The impact of exosomal communication is vast, influencing pro-
cesses such as immune regulation, where exosomes can promote or
suppress immune responses depending on their origin and cargo [231,
232]. In the tumor microenvironment, cancer-derived exosomes
contribute to tumorigenesis by promoting angiogenesis, suppressing the
immune response, and enhancing metastatic behaviour through the
transfer of oncogenic factors and signalling molecules [233,234].
Furthermore, exosomes can cross biological barriers, such as the
blood-brain barrier, making them effective conveyors of information
and functional molecules across otherwise impermeable cellular
boundaries, thereby orchestrating complex multi-organ processes and
responses.

The therapeutic potential of exosomes in cancer is vast and multi-
faceted, primarily revolving around their capabilities for targeted drug
delivery and as vehicles for immunotherapy. Engineered exosomes can
be loaded with chemotherapeutic agents, small interfering RNAs (siR-
NAs), or CRISPR-Cas9 gene editing systems, and directed to specific
cancer cells, thus minimizing off-target effects and enhancing thera-
peutic efficacy [235,236]. This targeted delivery is particularly advan-
tageous due to the natural homing abilities of exosomes, which can be
exploited to deliver therapeutic payloads directly to tumor sites or
metastatic niches.

Additionally, exosomes are being explored in the realm of cancer
immunotherapy. Exosomes derived from dendritic cells, for instance,
can be loaded with tumor antigens and used to stimulate an immune
response against cancer cells. The presence of major histocompatibility
complex (MHC) molecules on exosomes allows them to effectively pre-
sent antigens to T cells, triggering an immune response that can lead to
the destruction of tumor cells.

Moreover, the use of exosomes as biomarkers in cancer diagnostics
offers significant clinical value. Due to their stability in bodily fluids and
the specific molecular signatures they carry from their cells of origin,
exosomes can be used for non-invasive monitoring of tumor progression,
response to treatment, and detection of recurrence, thereby significantly
improving the management and prognosis of cancer patients. The
exploration of exosome heterogeneity, their role in intercellular
communication, and their therapeutic potential in cancer opens up new
avenues for understanding and treating this complex disease. Harness-
ing the unique properties of exosomes could revolutionize cancer ther-
apy, turning exosome research into a cornerstone of future oncological
interventions.

10. Future perspectives

Advances in exosome isolation techniques have significantly
improved the efficiency, specificity, and practicality of exosome
research and clinical diagnostics. These innovations address some of the
limitations of traditional methods, enhancing both the quality and the
utility of isolated exosomes. Microfluidic devices have been refined to
allow precise manipulation of fluids at microscopic scales, facilitating
the isolation of exosomes with high purity and efficiency. These devices
integrate multiple functions, such as capture, washing, and elution, into
a single platform. They can be designed to target exosomes based on
size, density, or specific surface markers, and are particularly useful for
isolating specific exosome subpopulations from small sample volumes.
Recent developments in immunoaffinity-based techniques have
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included the use of magnetic nanoparticles coated with antibodies spe-
cific to exosomal proteins. This approach enhances the selectivity and
purity of isolated exosomes by targeting distinct biomarkers and allows
for the easy separation of exosomes using a magnetic field, reducing
sample handling and processing time.

Innovations in ultracentrifugation include the use of density gradient
media, which improves the purity of exosomes by minimizing the co-
isolation of other vesicles and particles. Modified ultracentrifugation
protocols have also been developed to reduce processing times and
improve yield. New formulations of precipitation agents have been
designed to increase the specificity and efficiency of polymeric precip-
itation. These advancements aim to reduce the co-precipitation of non-
exosomal proteins and improve the overall purity of the isolated exo-
somes. Also, two advanced technologies are utilized nowadays; Auto-
mated and High-throughput Systems and nanotechnology-based
Approaches. Automated and high-throughput systems for exosome
isolation streamline the process by integrating multiple steps into a
single, cohesive workflow, enhancing efficiency, consistency, and scal-
ability. The procedure begins with system setup, including calibration
and protocol loading, followed by automated sample loading where
biological fluids are prepared and processed to remove cells and debris.
The system then handles the addition of reagents, such as binding
buffers or precipitation solutions, and manages incubation and separa-
tion steps, such as magnetic bead-based isolation, with precise control
over timing and conditions. After capturing the exosomes, automated
washing steps remove unbound materials, and the exosomes are eluted
using specific buffers or changes in physical conditions. The isolated
exosomes are collected in designated containers, with all data recorded
for traceability and quality control. The system concludes with an
automated cleaning cycle to prevent cross-contamination and mainte-
nance checks to ensure optimal operation. This automation not only
improves reproducibility and reduces human error but also supports
high-throughput processing, essential for large-scale research and clin-
ical diagnostics.

In research, automated high-throughput systems allow scientists to
conduct large-scale studies of exosomes with a level of precision and
reproducibility that manual methods cannot match. This capability is
crucial for biomarker discovery, where the identification and validation
of new markers require the analysis of large datasets to establish sta-
tistical significance.

In clinical settings, the consistency and reliability of automated
systems support the use of exosomes as diagnostic and prognostic tools.
In cancer diagnostics, exosomes can be isolated from patient blood
samples and analyzed for specific biomarkers that indicate the presence
or progression of a tumor. Automated systems ensure that this process is
fast, reliable, and compatible with the workflow of clinical laboratories.

Nanotechnology-based approaches for exosome isolation leverage
the precision of nanoscale materials to enhance capture efficiency and
specificity. Initially, nanoparticles such as gold or magnetic nano-
particles are synthesized and then functionalized with molecules that
target specific exosomal surface proteins, like antibodies against CD63,
CD9, or CD81. Biological samples, such as blood or urine, are pre-
processed to remove cells and debris, and then incubated with these
functionalized nanoparticles to allow exosomes to bind specifically to
them. After binding, the nanoparticle-exosome complexes are isolated
from the sample using methods appropriate to the nanoparticle type,
such as magnetic fields for magnetic nanoparticles. These complexes are
then washed to remove non-specifically bound materials, and exosomes
are eluted using changes in buffer conditions or competitive binding.
The isolated exosomes can then be analyzed using techniques like
nanoparticle tracking analysis or electron microscopy to assess their
purity, quantity, and integrity. While this method offers high specificity
and can be integrated into complex diagnostic tools, it requires careful
handling and optimization to maintain nanoparticle stability and func-
tionality, posing challenges in scalability and cost for broader clinical
applications.
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Fig. 14. (a) The heterogenicity of extracellular vesicles and exosomes; (b) Exosome’s role in modulating the immune response; (c) The intracellular pathways of
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11. Exploring the frontier of exosome research in cancer clinical approach to cancer treatment, enabling more personalized and effective
trials strategies [237] ( Fig. 15).
Fig. 16 offers an insightful aggregation of various clinical trials that
Clinical trials centered on exosomes are spearheading advancements probe the role of exosomes in oncology, highlighting the diverse types of
in oncology, exploring their roles as both markers for early detection and cancer addressed and specific operational areas these studies target.
avenues for targeted therapy. These microscopic extracellular vesicles Organized into categories such as Cancer Biomarkers, Circulating Exo-
are packed with diverse biomolecules like proteins, DNA, RNA, and somes, Cancer Tissue, and focused research on Therapeutics and
lipids, which play significant roles in the dynamics of cancer progression Signaling, each study is listed with its NCT number, a unique code
and the spread of metastatic cells. Within clinical environments, re- registered on ClinicalTrials.gov that provides detailed information about
searchers are capitalizing on the diagnostic and prognostic properties of each trial. These studies encompass a wide range of cancers, including
exosomes by studying their molecular profiles and interactions within lung, pancreatic, colorectal, and breast cancers, focusing on utilizing
patients. Some trials strategically focus on extracting exosomes from exosomes for diagnostics, prognostics, therapeutic interventions, and
fluids such as blood and urine to identify early signs of cancer or to track exploring cancer signaling pathways. This structured overview un-
the effectiveness of treatments. Furthermore, investigations into tumor- derscores the vital role of exosomes in enhancing cancer diagnostics and
derived exosomes examine their ability to either enhance or suppress therapy, showcasing their potential to facilitate a shift towards
tumor growth, which may lead to innovative treatments that interrupt personalized medical approaches through intricate analysis of exosomal
these critical signaling pathways. There is also growing interest in uti- content and activity in varied biological contexts.

lizing exosomes for direct drug delivery to tumor sites, which promises
to increase treatment efficacy while reducing systemic side effects. The
breakthroughs from these trials are expected to revolutionize the
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Fig. 15. Nanomaterials assisted exosomes isolation. (Reproduced with permission under Creative Commons CC BY 4.0 license from Ref. [238] Copyright @ 2022
The Authors).
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12. Summary and future perspectives

The evolving field of exosome research and diagnostics, effective
isolation techniques are crucial for advancing our understanding and
application of these extracellular vesicles [239,240]. Exosomes, due to
their role in intercellular communication and disease processes, have
significant potential as biomarkers and therapeutic agents [241,242].
Traditional isolation methods like ultracentrifugation, while estab-
lished, face challenges in terms of time consumption, equipment re-
quirements, and balancing purity with yield. Newer techniques, such as
size-based isolation and immunoaffinity capture, offer improvements
but come with their own set of limitations, such as potential sample
contamination and high costs.

Nanotechnology-based approaches bring innovative solutions by
using nanoscale materials to enhance the specificity and efficiency of
exosome capture, while automated and high-throughput systems
streamline the isolation process, ensuring consistency and scalability
[243,244, ]. These advanced systems reduce human error, improve
reproducibility, and allow for the processing of large sample volumes,
making them particularly valuable in clinical diagnostics and large-scale
research. Despite these advances, challenges remain in standardizing
protocols across different methods and ensuring the biocompatibility
and stability of materials used in isolation processes (Fig. 17).

The field stands at a pivotal juncture, with evolving isolation tech-
niques significantly enhancing our ability to harness the diagnostic and
therapeutic potential of exosomes. Advances in isolation techniques
have not only increased the specificity and efficiency of exosome
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isolation but also paved the way for innovations that could transform
medical diagnostics and treatment modalities. To overcome the limita-
tions, the field must push for the development of global standards in
exosome isolation and characterization. This could include defining key
performance indicators for isolation techniques and establishing
benchmark protocols that ensure consistency across studies. Further-
more, fostering collaborative research initiatives and sharing best
practices can accelerate the standardization process. There is also a
pressing need to innovate cost-effective and user-friendly technologies
that democratize access to advanced methodologies, enabling wider
adoption in clinical settings. Automating isolation processes and inte-
grating artificial intelligence could streamline workflows, enhance
reproducibility, and reduce operational costs. By addressing these
challenges head-on and leveraging collaborative and technological in-
novations, the research community can unlock the full potential of
exosomes in revolutionizing disease diagnosis, monitoring, and treat-
ment, ushering in a new era of targeted and personalized healthcare
solutions.

The continued refinement of exosome isolation techniques, including
the adoption of nanotechnology and automation, is essential for real-
izing the full potential of exosomes in diagnostics and therapeutics. As
these technologies advance, they promise to provide more reliable,
efficient, and scalable solutions, paving the way for innovative appli-
cations in personalized medicine and beyond.
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Fig. 16. Exosomes-based clinical trials of exosomes. (Reproduced with permission under Creative Commons CC BY 4.0 license from Ref. [237] Copyright @ 2022

The Authors).

21



N. Mukerjee et al.

Materials Today Bio 31 (2025) 101613

-
3
b
3
&

Sample injection

Microfluidic
based isolation

Size exclusion chromatography

Different isolation methods

= ' O|

Affinity chromatograph
Magnet based isolation

~
Sample injection

Ultracentrifugation

Elution

Density gradient

B
o %elss
.‘o-a.'

Antibody based isolation

Fig. 17. Representation of EVs isolation and purification by various methods. (Reproduced with permission under Creative Commons CC By 4.0 license from

Ref. [243] Copyright @ 2022 The Authors).

CRediT authorship contribution statement

Nobendu Mukerjee: Writing — review & editing, Writing — original
draft, Visualization, Validation, Software, Resources, Project adminis-
tration, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. Arghya Bhattacharya: Writing — review & editing,
Writing — original draft, Visualization, Validation, Software, Resources,
Methodology, Investigation, Formal analysis, Data curation, Conceptu-
alization. Swastika Maitra: Writing — review & editing, Writing —
original draft, Visualization, Validation, Software, Resources, Method-
ology, Investigation, Formal analysis, Data curation, Conceptualization.
Mandeep Kaur: Writing — review & editing, Writing — original draft,
Visualization, Validation, Software, Project administration, Methodol-
ogy, Investigation, Formal analysis, Data curation, Conceptualization.
Subbulakshmi Ganesan: Writing — review & editing, Writing — original
draft, Visualization, Validation, Software, Methodology, Investigation,
Formal analysis, Data curation, Conceptualization. Shivang Mishra:
Writing — review & editing, Writing — original draft, Visualization,
Validation, Software, Methodology, Investigation, Formal analysis, Data
curation, Conceptualization. Ayash Ashraf: Writing — review & editing,
Writing — original draft, Visualization, Validation, Software, Methodol-
ogy, Investigation, Formal analysis, Data curation, Conceptualization.
Muhammad Rizwan: Writing — review & editing, Validation, Investi-
gation, Formal analysis. Kavindra Kumar Kesari: Writing — review &
editing, Writing — original draft, Visualization, Validation, Supervision,
Software, Resources, Project administration, Methodology, Investiga-
tion, Funding acquisition, Formal analysis, Data curation, Conceptuali-
zation. Tanveer A. Tabish: Writing — review & editing, Visualization,
Validation, Supervision, Resources, Project administration, Methodol-
ogy, Investigation. Nanasaheb D. Thorat: Writing — review & editing,
Writing — original draft, Visualization, Validation, Supervision, Soft-
ware, Resources, Project administration, Methodology, Investigation,
Funding acquisition, Formal analysis, Data curation, Conceptualization.

22

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgement

All authors would like to acknowledge their respective departments
for the conduct of the study. N.D.T. acknowledges funding under Science
Foundation Ireland and Irish Research Council (SFI-IRC) pathway pro-
gram (21/PATH-S/9634).

Abbreviations:

EV Extracellular Vesicles

MVB Multivesicular Bodies

ILVs Intraluminal Vesicles

ESCRT Endosomal Sorting Complex Required for Transport
miRNA  microRNA

mRNA  messenger RNA

PEG Polyethylene Glycol

SEC Size-Exclusion Chromatography
CSF Cerebrospinal Fluid

MHC Major Histocompatibility Complex
siRNAs  Small Interfering RNAs

CRISPR-Cas9 Clustered Regularly Interspaced Short Palindromic
Repeats and CRISPR-associated protein 9

CD63, CD9, CD81 Cluster of Differentiation 63, 9, 81 (exosome

markers)

Ribonucleic Acid

Deoxyribonucleic Acid

RNA
DNA



N. Mukerjee et al.
Data availability
No data was used for the research described in the article.

References

[1] S. Sen, J. Xavier, N. Kumar, et al., Exosomes as natural nanocarrier-based drug
delivery system: recent insights and future perspectives, 3 Biotech 13 (2023) 101.

[2] Y.J.Lee, K.J. Shin, Y.C. Chae, Regulation of cargo selection in exosome biogenesis
and its biomedical applications in cancer, Exp. Mol. Med. 56 (2024) 877-889.

[3] S. Mukherjee, S. Nag, N. Mukerjee, S. Maitra, R. Muthusamy, N.K. Fuloria,

S. Fuloria, M.D. Adhikari, K. Anand, N. Thorat, V. Subramaniyan, Unlocking

exosome-based theragnostic signatures: deciphering secrets of ovarian cancer

metastasis, ACS Omega 8 (40) (2023 Oct 1) 36614-36627.

Y. Zhang, Y. Liu, H. Liu, et al., Exosomes: biogenesis, biologic function and

clinical potential, Cell Biosci. 9 (2019) 19.

[5] L. Zhu, H.T. Sun, S. Wang, S.L. Huang, Y. Zheng, C.Q. Wang, B.Y. Hu, W. Qin, T.
T. Zou, Y. Fu, X.T. Shen, W.W. Zhu, Y. Geng, L. Lu, H.L. Jia, L.X. Qin, Q.Z. Dong,
Isolation and characterization of exosomes for cancer research, J. Hematol.
Oncol. 13 (1) (2020 Nov 10) 152.

[6] S.H. Khatami, N. Karami, M. Taheri-Anganeh, et al., Exosomes: promising
delivery tools for overcoming blood-brain barrier and glioblastoma therapy, Mol.
Neurobiol. 60 (2023) 4659-4678.

[7] M. Omrani, H. Beyrampour-Basmenj, R. Jahanban-Esfahlan, M. Talebi, M. Raeisi,

Z.A. Serej, N. Akbar-Gharalari, S. Khodakarimi, J. Wu, A. Ebrahimi-Kalan, Global

trend in exosome isolation and application: an update concept in management of

diseases, Mol. Cell. Biochem. 479 (3) (2024 Mar) 679-691.

R. Moshrefiravasjani, A. Kamrani, N. Nazari, F. Jafari, H. Nasiri, R. Jahanban-

Esfahlan, M. Akbari, Exosome-mediated tumor metastasis: biology, molecular

targets and immuno-therapeutic options, Pathol. Res. Pract. 254 (2024 Feb)

155083, https://doi.org/10.1016/j.prp.2023.155083.

Ram Mohan Ram Kumar, Rajan Logesh, Suresh Joghee, Breast cancer derived

exosomes: theragnostic perspectives and implications, Clin. Chim. Acta 557

(2024) 117875, https://doi.org/10.1016/j.cca.2024.117875. ISSN 0009-8981.

[10] Y. Wu, Y. Cao, L. Chen, et al., Role of exosomes in cancer and aptamer-modified
exosomes as a promising platform for cancer targeted therapy, Biol. Proced.
Online 26 (2024) 15.

[11] V. Rondelli, S. Helmy, G. Passignani, P. Parisse, D. Di Silvestre, Integrated
strategies for a Holistic view of extracellular vesicles, ACS Omega 7 (2022)
19058-19069.

[12] M. Zhang, S. Hu, L. Liu, P. Dang, Y. Liu, Z. Sun, B. Qiao, C. Wang, Engineered
exosomes from different sources for cancer-targeted therapy, Signal Transduct.
Targeted Ther. 8 (1) (2023 Mar 15) 124.

[13] Sharma Vriti, Das Mukhopadhyay Chitrangada, Exosome as Drug Delivery
System: Current Advancements; Extracellular Vesicle, vol. 3, June 2024.

[14] M. Chinnappan, A. Srivastava, N. Amreddy, M. Razaq, V. Pareek, R. Ahmed,

M. Mehta, J.E. Peterson, A. Munshi, R. Ramesh, Exosomes as drug delivery
vehicle and contributor of resistance to anticancer drugs, Cancer Lett. 486 (2020
Aug 28) 18-28.

[15] R. Kalluri, V.S. LeBleu, The biology, function, and biomedical applications of
exosomes, Science 367 (6478) (2020 Feb 7) eaau6977.

[16] B.M. Hussen, G.S.H. Faraj, M.F. Rasul, et al., Strategies to overcome the main
challenges of the use of exosomes as drug carrier for cancer therapy, Cancer Cell
Int. 22 (2022) 323.

[17] Q. Magsood, A. Sumrin, Y. Saleem, A. Wajid, M. Mahnoor, Exosomes in cancer:
diagnostic and therapeutic applications, Clin. Med. Insights Oncol. 18 (2024 Jan
19) 11795549231215966.

[18] Z. Wang, Q. Wang, F. Qin, J. Chen, Exosomes: a promising avenue for cancer
diagnosis beyond treatment, Front. Cell Dev. Biol. 12 (2024 Feb 13) 1344705.

[19] W.A. Afridi, S. Strachan, S. Kasetsirikul, A.S. Pannu, N. Soda, D. Gough, N.

T. Nguyen, M.J. Shiddiky, Potential avenues for exosomal isolation and detection
methods to enhance small-cell lung cancer analysis, ACS Measur. Sci. Au 3 (3)
(2023 Feb 14) 143-161.

[20] M. Wandrey, J. Jablonska, R.H. Stauber, D. Giil, Exosomes in cancer progression
and therapy resistance: molecular insights and therapeutic opportunities, Life 13
(10) (2023) 2033.

[21] M. Chehelgerdi, M. Chehelgerdi, O.Q.B. Allela, et al., Progressing nanotechnology
to improve targeted cancer treatment: overcoming hurdles in its clinical
implementation, Mol. Cancer 22 (2023) 169, https://doi.org/10.1186/s12943-
023-01865-0.

[22] Minxue Xu, Jie Ji, Dandan Jin, Yue Wu, Tong Wu, Renjie Lin, Shengze Zhu,
Feng Jiang, Yifei Ji, Baijun Bao, Li Mei, Weisong Xu, Mingbing Xiao, The
biogenesis and secretion of exosomes and multivesicular bodies (MVBs):
intercellular shuttles and implications in human diseases, Genes Dis. 10 (Issue 5)
(September 2023) 1894-1907.

[23] N.P. Hessvik, A. Llorente, Current knowledge on exosome biogenesis and release,
Cell. Mol. Life Sci. 75 (2018) 193-208, https://doi.org/10.1007/s00018-017-
2595-9.

[24] S.V. Krylova, D. Feng, The machinery of exosomes: biogenesis, release, and
uptake, Int. J. Mol. Sci. 24 (2) (2023) 1337, https://doi.org/10.3390/
1jms24021337.

[25] Y. Kwon, M. Kim, H.S. Jung, Y. Kim, D. Jeoung, Targeting autophagy for
overcoming resistance to anti-EGFR treatments, Cancers 11 (9) (2019 Sep 16)
1374.

[4

=

[8

[}

[9

—

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]
[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Materials Today Bio 31 (2025) 101613

Y.J. Lee, K.J. Shin, Y.C. Chae, Regulation of cargo selection in exosome biogenesis
and its biomedical applications in cancer, Exp. Mol. Med. 56 (4) (2024 Apr)
877-889.

S. Xie, Q. Zhang, L. Jiang, Current knowledge on exosome biogenesis, cargo-
sorting mechanism and therapeutic implications, Membranes 12 (5) (2022 May
6) 498.

E. Eitan, C. Suire, S. Zhang, M.P. Mattson, Impact of lysosome status on
extracellular vesicle content and release, Ageing Res. Rev. 32 (2016 Dec) 65-74.
B. Tancini, S. Buratta, K. Sagini, E. Costanzi, F. Delo, L. Urbanelli, C. Emiliani,
Insight into the role of extracellular vesicles in lysosomal storage disorders, Genes
10 (7) (2019 Jul 6) 510.

B. Hugel, M.C. Martinez, C. Kunzelmann, J.M. Freyssinet, Membrane
microparticles: two sides of the coin, Physiology 20 (2005) 22-27.

Secreted Membrane Vesicles.indd (abcam.com) (chrome-extension://
efaidnbmnnnibpcajpcglclefindmkaj/https://docs.abcam.com/pdf/general /secre
ted_extracellular_vesicles_web.pdf).

M.D.A. Paskeh, M. Entezari, S. Mirzaei, A. Zabolian, H. Saleki, M.J. Naghdi,

S. Sabet, M.A. Khoshbakht, M. Hashemi, K. Hushmandi, G. Sethi, A. Zarrabi, A.
P. Kumar, S.C. Tan, M. Papadakis, A. Alexiou, M.A. Islam, E. Mostafavi,

M. Ashrafizadeh, Emerging role of exosomes in cancer progression and tumor
microenvironment remodeling, J. Hematol. Oncol. 15 (1) (2022 Jun 28) 83.
Y.L. Tai, K.C. Chen, J.T. Hsieh, T.L. Shen, Exosomes in cancer development and
clinical applications, Cancer Sci. 109 (8) (2018 Aug) 2364-2374.

Annette Becker, Basant Kumar Thakur, Joshua Mitchell Weiss, Sang Kim Han,
Peinado Héctor, David Lyden, Extracellular vesicles in cancer: cell-to-cell
mediators of metastasis, Cancer Cell 30 (6) (2016) 836-848.

R. Wan, S. Liu, X. Feng, W. Luo, H. Zhang, Y. Wu, S. Chen, X. Shang, The
Revolution of exosomes: from biological functions to therapeutic applications in
skeletal muscle diseases, J Orthop Translat 45 (2024 Mar 21) 132-139.
Renwen Wan, Shan Liu, Xinting Feng, Wei Luo, Hanli Zhang, Yang Wu,

Shiyi Chen, Xiliang Shang, The Revolution of exosomes: from biological functions
to therapeutic applications in skeletal muscle diseases, J. Orthopaed. Trans. 45
(March 2024) 132-139.

M.A. Kumar, S.K. Baba, H.Q. Sadida, et al., Extracellular vesicles as tools and
targets in therapy for diseases, Signal Transduct. Targeted Ther. 9 (2024) 27,
https://doi.org/10.1038/541392-024-01735-1.

Joanna Kowal, Mercedes Tkach, Clotilde Théry, Biogenesis and secretion of
exosomes, Curr. Opin. Cell Biol. 29C (2014) 116-125.

C. Kahlert, R. Kalluri, Exosomes in tumor microenvironment influence cancer
progression and metastasis, J. Mol. Med. 91 (2013) 431-437.

Teresa Janas, Maja M. Janas, Karolina Sapon, Tadeusz Janas, Mechanisms of RNA
loading into exosomes, FEBS (Fed. Eur. Biochem. Soc.) Lett. 589 (13) (4 June
2015) 1391-1398.

Rumiana Tenchov, Janet M. Sasso, Xinmei Wang, Wen-Shing Liaw, Chun-An
Chen, Qiongqiong Angela Zhou; Exosomes—Nature’s lipid nanoparticles, a rising
star in drug delivery and diagnostics; ACS Nano, Vol 16/Issue 11.

D. Lopes, J. Lopes, M. Pereira-Silva, et al., Bioengineered exosomal-membrane-
camouflaged abiotic nanocarriers: neurodegenerative diseases, tissue engineering
and regenerative medicine, Military Med Res 10 (2023) 19, https://doi.org/
10.1186/540779-023-00453-z.

W. Wang, N. Zhu, T. Yan, et al., The crosstalk: exosomes and lipid metabolism,
Cell Commun. Signal. 18 (2020) 119, https://doi.org/10.1186/512964-020-
00581-2.

Teresa Janas, Maja M. Janas, Karolina Sapon, Tadeusz Janas, Mechanisms of RNA
loading into exosomes, FEBS (Fed. Eur. Biochem. Soc.) Lett. 589 (2015)
1391-1398.

Raghu Kalluri, S. Valerie, LeBleu; the biology, function, and biomedical
applications of exosomes, Science (2020) eaau6977.

Zhu Wang, Qiangian Wang, Feng Qin, Jie Chen, Exosomes: a promising avenue
for cancer diagnosis beyond treatment; Front. Cell Dev. Biol., 13 February 2024;
Sec, Stem Cell Res. 12 (2024), https://doi.org/10.3389/fcell.2024.1344705.
Deepika Yadav, Rishabha Malviya, Exploring potential of exosomes drug delivery
system in the treatment of cancer: advances and prospective, Med. Drug Discover.
20 (December 2023) 100163, https://doi.org/10.1016/j.medidd.2023.100163.
Kewen Qian, Wenyan Fu, Tian Li, Jian Zhao, Changhai Lei, Shi Hu, The roles of
small extracellular vesicles in cancer and immune regulation and translational
potential in cancer therapy, J. Exp. Clin. Cancer Res. 41 (2022) 286, https://doi.
org/10.1186/513046-022-02492-1.

Bikramjit Bhattacharya, Sagnik Nag, Sayantanee Mukherjee, Mrunal Kulkarni,
Priti Chandane, Debashmita Mandal, Nobendu Mukerjee, Divya Mirgh,
Krishnan Anand, Manab Deb Adhikari, Sukhamoy Gorai, Nanasaheb Thorat, Role
of exosomes in epithelial-Mesenchymal transition, ACS Appl. Bio Mater. 7 (1)
(2024) 44-58, https://doi.org/10.1021/acsabm.3c00941.

1. Li, B.Y. Nabet, Exosomes in the tumor microenvironment as mediators of cancer
therapy resistance, Mol. Cancer 18 (2019) 32, https://doi.org/10.1186/512943-
019-0975-5.

R. Kar, R. Dhar, S. Mukherjee, S. Nag, S. Gorai, N. Mukerjee, D. Mukherjee,

R. Vatsa, M. Chandrakanth Jadhav, A. Ghosh, A. Devi, A. Krishnan, N.D. Thorat,
Exosome-based smart drug delivery tool for cancer theranostics, ACS Biomater.
Sci. Eng. 9 (2) (2023 Feb 13) 577-594.

G. van Niel, G. D’Angelo, G. Raposo, Shedding light on the cell biology of
extracellular vesicles, Nat. Rev. Mol. Cell Biol. 19 (2018) 213-228.

G. Berumen Sanchez, K.E. Bunn, H.H. Pua, et al., Extracellular vesicles: mediators
of intercellular communication in tissue injury and disease, Cell Commun. Signal.
19 (2021) 104.


http://refhub.elsevier.com/S2590-0064(25)00171-1/sref1
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref1
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref2
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref2
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref3
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref3
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref3
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref3
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref4
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref4
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref5
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref5
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref5
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref5
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref6
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref6
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref6
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref7
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref7
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref7
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref7
https://doi.org/10.1016/j.prp.2023.155083
https://doi.org/10.1016/j.cca.2024.117875
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref10
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref10
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref10
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref11
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref11
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref11
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref12
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref12
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref12
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref13
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref13
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref14
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref14
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref14
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref14
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref15
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref15
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref246
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref246
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref246
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref16
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref16
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref16
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref17
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref17
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref18
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref18
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref18
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref18
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref19
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref19
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref19
https://doi.org/10.1186/s12943-023-01865-0
https://doi.org/10.1186/s12943-023-01865-0
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref21
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref21
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref21
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref21
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref21
https://doi.org/10.1007/s00018-017-2595-9
https://doi.org/10.1007/s00018-017-2595-9
https://doi.org/10.3390/ijms24021337
https://doi.org/10.3390/ijms24021337
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref24
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref24
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref24
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref25
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref25
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref25
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref26
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref26
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref26
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref27
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref27
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref28
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref28
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref28
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref29
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref29
https://docs.abcam.com/pdf/general/secreted_extracellular_vesicles_web.pdf
https://docs.abcam.com/pdf/general/secreted_extracellular_vesicles_web.pdf
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref31
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref31
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref31
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref31
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref31
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref32
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref32
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref33
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref33
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref33
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref34
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref34
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref34
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref35
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref35
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref35
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref35
https://doi.org/10.1038/s41392-024-01735-1
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref37
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref37
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref38
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref38
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref39
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref39
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref39
https://doi.org/10.1186/s40779-023-00453-z
https://doi.org/10.1186/s40779-023-00453-z
https://doi.org/10.1186/s12964-020-00581-2
https://doi.org/10.1186/s12964-020-00581-2
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref43
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref43
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref43
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref44
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref44
https://doi.org/10.3389/fcell.2024.1344705
https://doi.org/10.1016/j.medidd.2023.100163
https://doi.org/10.1186/s13046-022-02492-1
https://doi.org/10.1186/s13046-022-02492-1
https://doi.org/10.1021/acsabm.3c00941
https://doi.org/10.1186/s12943-019-0975-5
https://doi.org/10.1186/s12943-019-0975-5
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref64
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref64
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref64
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref64
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref50
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref50
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref51
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref51
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref51

N. Mukerjee et al.

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]
[74]
[75]
[76]

[77]

[78]

[79]

[80]

[81]

[82]

Xiaohuan Xia, Yi Wang, Ying Qin, Shu Zhao, Jialin C. Zheng, Exosome: a novel
neurotransmission modulator or non-canonical neurotransmitter? Ageing Res.
Rev. 74 (February 2022) 101558 https://doi.org/10.1016/j.arr.2021.101558.
Philip D. Stahl, Graca Raposo, Extracellular vesicles: exosomes and microvesicles,
integrators of homeostasis, American physiological society 34 (3) (2019)
169-177, https://doi.org/10.1152/physiol.00045.2018. May 2019.

Huizhi Chen, Liyan Wang, Xinling Zeng, Herbert Schwarz, Himansu Sekhar
Nanda, Xinsheng Peng, Yubin Zhou, Front. Cell dev. Biol. (2021) 9, https://doi.
org/10.3389/fcell.2021.751079, 08 October.

T. Gong, Y.T. Liu, J. Fan, Exosomal mediators in sepsis and inflammatory organ
injury: unraveling the role of exosomes in intercellular crosstalk and organ
dysfunction, Military Med Res 11 (2024) 24.

Chi-An Cheng, Before translating extracellular vesicles into personalized
diagnostics and therapeutics: what We could do, Mol. Pharm. 21 (6) (2024)
2625-2636.

Y. Song, Y. Kim, S. Ha, S. Sheller-Miller, J. Yoo, C. Choi, C.H. Park, The emerging
role of exosomes as novel therapeutics: biology, technologies, clinical
applications, and the next, Am. J. Reprod. Immunol. 85 (2) (2021 Feb) e13329.
Nidhi Singh, Lahanya Guha, Hemant Kumar, From hope to healing: exploring the
therapeutic potential of exosomes in spinal cord injury, Extracellular Vesicle 3
(June 2024) 100044.

M. Zhang, S. Hu, L. Liu, et al., Engineered exosomes from different sources for
cancer-targeted therapy, Signal Transduct. Targeted Ther. 8 (2023) 124, https://
doi.org/10.1038/541392-023-01382-y.

F. Tan, X. Li, Z. Wang, et al., Clinical applications of stem cell-derived exosomes,
Signal Transduct. Targeted Ther. 9 (2024) 17, https://doi.org/10.1038/s41392-
023-01704-0.

Front. Bioeng. Biotechnol., 18 april 2024, sec, Biomaterials 12 (2024), https://
doi.org/10.3389/fbioe.2024.1377142.

Yaohang Yue, Wei Dai, Yihao Wei Siyang Cao, Shuai Liao, Aikang Li, Peng Liu,
Jianjing Lin, Hui Zeng, Unlocking the potential of exosomes: a breakthrough in
the theranosis of degenerative orthopaedic diseases, Front. Bioeng. Biotechnol.,
12 (2024), https://doi.org/10.3389/fbioe.2024.1377142.

Lianghui Huang, Enguang Wu, Jiawei Liao, Zongyi Wei, Jin Wang,

Zhenhua Chen, Research Advances of Engineered Exosomes as Drug Delivery
Carrier, ACS Omega 8 (46) (2023) 43374-43387.

P. Chaudhari, V. Ghate, M. Nampoothiri, S. Lewis, Multifunctional role of
exosomes in viral diseases: from transmission to diagnosis and therapy, Cell.
Signal. 94 (2022 Jun) 110325.

Julia Patricia Bischoff, Alexander Schulz, Helen Morrison, The Role of Exosomes
in Intercellular and Inter-organ Communication of the Peripheral Nervous
System; Volume596, Issue5; Special Issue: Molecular Mechanisms of Interorgan
Crosstalk in Health and Disease, March 2022, pp. 655-664.

S. Gurung, D. Perocheau, L. Touramanidou, et al., The exosome journey: from
biogenesis to uptake and intracellular signalling, Cell Commun. Signal. 19 (2021)
47.

I. Salido-Guadarrama, S. Romero-Cordoba, O. Peralta-Zaragoza, A. Hidalgo-
Miranda, M. Rodriguez-Dorantes, MicroRNAs transported by exosomes in body
fluids as mediators of intercellular communication in cancer, OncoTargets Ther. 7
(2014) 1327-1338, https://doi.org/10.2147/0TT.S61562.

M. Dimik, P. Abeysinghe, J. Logan, et al., The exosome: a review of current
therapeutic roles and capabilities in human reproduction, Drug Deliv. and Transl.
Res. 13 (2023) 473-502, https://doi.org/10.1007/s13346-022-01225-3.

M. Yanez-Md, P.R.M. Siljander, Z. Andreu, A. Bedina Zavec, F.E. Borras, E.

I. Buzas, O. De Wever, Biological properties of extracellular vesicles and their
physiological functions, J. Extracell. Vesicles 4 (1) (2015), https://doi.org/
10.3402/jev.v4.27066.

Z. Zhou, D. Zhang, Y. Wang, C. Liu, L. Wang, Y. Yuan, X. Xu, Y. Jiang, Urinary
exosomes: a promising biomarker of drug-induced nephrotoxicity, Front. Med. 10
(2023 Sep 22) 1251839.

L. Mahl, J. Ollig, V. Schweihofer, et al., Importance and implications of exosomes
in nephrology and urology, Pflugers Arch - Eur J Physiol 475 (2023) 153-166.
J. Wang, J. Jing, C. Zhou, Y. Fan, Emerging roles of exosomes in oral diseases
progression, Int. J. Oral Sci. 16 (1) (2024 Jan 15) 4.

L. Xiao, S. Hareendran, Y.P. Loh, Function of exosomes in neurological disorders
and brain tumors, Extracell Vesicles Circ Nucl Acids. 2 (2021) 55-79.

Q. Si, L. Wu, D. Pang, P. Jiang, Exosomes in brain diseases: pathogenesis and
therapeutic targets, MedComm 4 (3) (2020) e287.

E. Papakonstantinou, K. Dragoumani, A. Mataragka, F. Bacopoulou, C. Yapijakis,
N.A. Balatsos, K. Pissaridi, D. Ladikos, A. Eftymiadou, G. Katsaros, E. Gikas,

P. Hatzis, M. Samiotaki, M. Aivaliotis, V. Megalooikonomou, A. Giannakakis,

C. Iliopoulos, E. Bongcam-Rudloff, S. Kossida, E. Eliopoulos, G.P. Chrousos,

D. Vlachakis, Fingerprinting Breast Milk; Insights into Milk Exosomics, vol. 29,
EMBnet J, 2024, p. e1048.

J. Liu, F. Jiang, Y. Jiang, Y. Wang, Z. Li, X. Shi, Y. Zhu, H. Wang, Z. Zhang, Roles
of exosomes in ocular diseases, Int. J. Nanomed. 15 (2020 Dec 29) 10519-10538.
S. Ma, X. Liu, J. Yin, L. Hao, Y. Diao, J. Zhong, Exosomes and autophagy in ocular
surface and retinal diseases: new insights into pathophysiology and treatment,
Stem Cell Res. Ther. 13 (1) (2022 May 3) 174.

Y. Jia, L. Yu, T. Ma, W. Xu, H. Qian, Y. Sun, H. Shi, Small extracellular vesicles
isolation and separation: current techniques, pending questions and clinical
applications, Theranostics 12 (15) (2022 Sep 6) 6548-6575.

J. Gao, A. Li, J. Hu, L. Feng, L. Liu, Z. Shen, Recent developments in isolating
methods for exosomes, Front. Bioeng. Biotechnol. 10 (2023 Jan 13) 1100892.
M.N. Huda, M. Nafiujjaman, I.G. Deaguero, J. Okonkwo, M.L. Hill, T. Kim,

M. Nurunnabi, Potential use of exosomes as diagnostic biomarkers and in targeted

24

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[971

[98]

[99]

[100]

[101]

[102]

[103]

Materials Today Bio 31 (2025) 101613

drug delivery: progress in clinical and preclinical applications, ACS Biomater. Sci.
Eng. 7 (6) (2021 Jun 14) 2106-2149.

L. Zhu, H.T. Sun, S. Wang, S.L. Huang, Y. Zheng, C.Q. Wang, B.Y. Hu, W. Qin, T.
T. Zou, Y. Fu, X.T. Shen, W.W. Zhu, Y. Geng, L. Lu, H.L. Jia, L.X. Qin, Q.Z. Dong,
Isolation and characterization of exosomes for cancer research, J. Hematol.
Oncol. 13 (1) (2020 Nov 10) 152.

K.C. Pavani, Isolation and characterization of functionally active extracellular
vesicles from culture medium conditioned by bovine embryos in vitro, Int. J. Mol.
Sci. (2018). https://www.mdpi.com/1422-0067/20/1/38.

T.K. Kurian, S. Banik, D. Gopal, et al., Elucidating methods for isolation and
quantification of exosomes: a review, Mol. Biotechnol. 63 (2021) 249-266.

K.P. De Sousa, I. Rossi, M. Abdullahi, M.I. Ramirez, D. Stratton, J.M. Inal,
Isolation and characterization of extracellular vesicles and future directions in
diagnosis and therapy, Wiley Interdiscip Rev Nanomed Nanobiotechnol 15 (1)
(2023 Jan) e1835.

Hongyan Yin, Sihan You, Xiaomeng Li, Shuang Li, Chunyan Guo, Progress,
challenges, and prospects of small extracellular vesicles isolation and
characterization, J. Holistic Integrat. Pharm. 5 (2) (June 2024) 121-130, https://
doi.org/10.1016/j.jhip.2024.06.001.

K. Brennan, K. Martin, S.P. FitzGerald, et al., A comparison of methods for the
isolation and separation of extracellular vesicles from protein and lipid particles
in human serum, Sci. Rep. 10 (2020) 1039, https://doi.org/10.1038/541598-020-
57497-7.

S. Sonbhadra, Pandey LM. Mehak, Biogenesis, isolation, and detection of
exosomes and their potential in therapeutics and diagnostics, Biosensors 13 (8)
(2023) 802.

Maria Yu Konoshenko, Evgeniy A. Lekchnov, Alexander V. Vlassov, Pavel

P. Laktionov, Isolation of extracellular vesicles: general methodologies and latest
trends, BioMed Res. Int. (30 January 2018), https://doi.org/10.1155/2018/
8545347.

K. Sidhom, P.O. Obi, A. Saleem, A review of exosomal isolation methods: is size
exclusion chromatography the best option? Int. J. Mol. Sci. 21 (18) (2020) 6466,
https://doi.org/10.3390/ijms21186466.

Mengxi Wu, Yingshi Ouyang, Zeyu Wang, Rui Zhang, Po-Hsun Huang, Chuyi
Chen, Hui Li, Peng Li, David Quinn, Ming Dao, Subra Suresh, Yoel Sadovsky,
Tony Jun Huang; Isolation of exosomes from whole blood by integrating acoustics
and microfluidics; Proc. Natl. Acad. Sci. USA ,114 (40) 10584-10589; https://doi.
org/10.1073/pnas.1709210114.

A. Yokoi, K. Yoshida, H. Koga, et al., Spatial exosome analysis using cellulose
nanofiber sheets reveals the location heterogeneity of extracellular vesicles, Nat.
Commun. 14 (2023) 6915.

Ahmed Afridi Wagar, Strachan Simon, Surasak Kasetsirikul, Amandeep Singh
Pannu, Narshone Soda, Daniel Gough, Nam-Trung Nguyen, Muhammad J.

A. Shiddiky, Potential avenues for exosomal isolation and detection methods to
enhance small-cell lung cancer analysis, ACS Meas. Sci. Au 3 (3) (2023) 143-161.
https://pubs.acs.org/doi/10.1021 /acsmeasuresciau.2c00068.

Sean M. Davidson, Chantal M. Boulanger, Elena Aikawa, Lina Badimon,

Lucio Barile, Christoph J. Binder, Alain Brisson, Edit Buzas, Costanza Emanueli,
Felix Jansen, Miroslava Katsur, Romaric Lacroix, Sai Kiang Lim, Nigel Mackman,
Manuel Mayr, Philippe Menasché, Rienk Nieuwland, Susmita Sahoo,

Kaloyan Takov, Thomas Thum, Pieter Vader, Marca H.M. Wauben,

Kenneth Witwer, Joost P.G. Sluijter, Methods for the identification and
characterization of extracellular vesicles in cardiovascular studies: from exosomes
to microvesicles, Cardiovasc. Res. 119 (1) (January 2023) 45-63, https://doi.org/
10.1093/cvr/cvac031.

Kong Fang, Megha Upadya, Andrew See Weng Wong, Rinkoo Dalan, Ming Dao,
Isolating small extracellular vesicles from small volumes of blood plasma using
size exclusion chromatography and density gradient ultracentrifugation: a
comparative study, bioRxiv 10 (30.564707) (2023), https://doi.org/10.1101/
2023.10.30.564707.

Olga Janouskova, Regina Herma, Alena Semeradtova, David Poustka,

Michaela Liegertova, Hana Auer Malinska, Jan Maly, Conventional and
nonconventional sources of exosomes-isolation methods and influence on their
downstream biomedical application, Front. Mol. Biosci. 9 (2022), https://doi.
org/10.3389/fmolb.2022.846650, 02 May 2022, Sec. Nanobiotechnology.

D. Panwar, D. Shrivastava, A. Kumar, et al., Efficient strategy to isolate exosomes
using anti-CD63 antibodies conjugated to gold nanoparticles, AMB Express 13
(2023) 90.

A. Gorgzadeh, A. Nazari, A. Ali Ehsan Ismaeel, et al., A state-of-the-art review of
the recent advances in exosome isolation and detection methods in viral infection,
Virol. J. 21 (2024) 34.

C.S. Hong, S. Funk, L. Muller, M. Boyiadzis, T.L. Whiteside, Isolation of
biologically active and morphologically intact exosomes from plasma of patients
with cancer, J. Extracell. Vesicles 5 (1) (2016), https://doi.org/10.3402/jev.
v5.29289.

C.S. Hong, S. Funk, L. Muller, M. Boyiadzis, T.L. Whiteside, Isolation of
biologically active and morphologically intact exosomes from plasma of patients
with cancer, J. Extracell. Vesicles 5 (1) (2016), https://doi.org/10.3402/jev.
v5.29289.

E. Vignesh Balaji, Divya Ramesh, Manisha Chungan Shaju, Akshara Kumar,
Samyak Pandey, Raksha Nayak, V. Alka, Srishti Munjal, Amir Salimi, K. Sreedhara
Ranganath Pai, Shankar M. Bakkannavar, Oncol. Res. 32 (1) (2024) 73-94,
https://doi.org/10.32604/0r.2023.030401.

G.H. Lathe, C.R. Ruthven, The separation of substances on the basis of their
molecular weights, using columns of starch and water, Biochem. J. 60 (4) (1955
Aug) xxxiv. PMID: 13249976.


https://doi.org/10.1016/j.arr.2021.101558
https://doi.org/10.1152/physiol.00045.2018
https://doi.org/10.3389/fcell.2021.751079
https://doi.org/10.3389/fcell.2021.751079
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref55
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref55
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref55
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref56
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref56
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref56
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref57
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref57
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref57
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref58
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref58
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref58
https://doi.org/10.1038/s41392-023-01382-y
https://doi.org/10.1038/s41392-023-01382-y
https://doi.org/10.1038/s41392-023-01704-0
https://doi.org/10.1038/s41392-023-01704-0
https://doi.org/10.3389/fbioe.2024.1377142
https://doi.org/10.3389/fbioe.2024.1377142
https://doi.org/10.3389/fbioe.2024.1377142
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref63
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref63
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref63
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref65
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref65
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref65
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref66
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref66
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref66
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref66
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref67
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref67
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref67
https://doi.org/10.2147/OTT.S61562
https://doi.org/10.1007/s13346-022-01225-3
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.3402/jev.v4.27066
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref71
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref71
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref71
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref72
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref72
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref73
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref73
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref74
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref74
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref75
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref75
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref76
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref76
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref76
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref76
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref76
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref76
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref77
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref77
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref78
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref78
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref78
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref79
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref79
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref79
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref80
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref80
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref81
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref81
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref81
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref81
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref82
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref82
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref82
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref82
https://www.mdpi.com/1422-0067/20/1/38
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref84
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref84
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref85
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref85
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref85
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref85
https://doi.org/10.1016/j.jhip.2024.06.001
https://doi.org/10.1016/j.jhip.2024.06.001
https://doi.org/10.1038/s41598-020-57497-7
https://doi.org/10.1038/s41598-020-57497-7
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref88
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref88
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref88
https://doi.org/10.1155/2018/8545347
https://doi.org/10.1155/2018/8545347
https://doi.org/10.3390/ijms21186466
https://doi.org/10.1073/pnas.1709210114
https://doi.org/10.1073/pnas.1709210114
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref92
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref92
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref92
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00068
https://doi.org/10.1093/cvr/cvac031
https://doi.org/10.1093/cvr/cvac031
https://doi.org/10.1101/2023.10.30.564707
https://doi.org/10.1101/2023.10.30.564707
https://doi.org/10.3389/fmolb.2022.846650
https://doi.org/10.3389/fmolb.2022.846650
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref97
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref97
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref97
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref98
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref98
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref98
https://doi.org/10.3402/jev.v5.29289
https://doi.org/10.3402/jev.v5.29289
https://doi.org/10.3402/jev.v5.29289
https://doi.org/10.3402/jev.v5.29289
https://doi.org/10.32604/or.2023.030401
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref102
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref102
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref102

N. Mukerjee et al.

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

M. Livshits, E. Khomyakova, E. Evtushenko, et al., Isolation of exosomes by
differential centrifugation: theoretical analysis of a commonly used protocol, Sci.
Rep. 5 (2015) 17319.

C. Coughlan, K.D. Bruce, O. Burgy, T.D. Boyd, C.R. Michel, J.E. Garcia-Perez,
V. Adame, P. Anton, B.M. Bettcher, H.J. Chial, M. Konigshoff, E.W.Y. Hsieh,

M. Graner, H. Potter, Exosome isolation by ultracentrifugation and precipitation
and techniques for downstream analyses, Curr. Protoc. Cell Biol. 88 (1) (2020
Sep) el10.

P. Chhoy, C.W. Brown, J.J. Amante, A.M. Mercurio, Protocol for the separation of
extracellular vesicles by ultracentrifugation from in vitro cell culture models,
STAR Protoc 2 (1) (2021 Jan 29) 100303.

W.Z. Liu, et al., Current status and outlook of advances in exosome isolation,
Anal. Bioanal. Chem. 414 (24) (2022) 7123-7141.

E.I. Yakubovich, A.G. Polischouk, V.I. Evtushenko, Principles and problems of
exosome isolation from biological fluids, Biochem (Mosc) Suppl Ser A Membr Cell
Biol 16 (2) (2022) 115-126.

Wz Liu, Zj Ma, Xw Kang, Current status and outlook of advances in exosome
isolation, Anal. Bioanal. Chem. 414 (2022) 7123-7141, https://doi.org/10.1007/
s00216-022-04253-7.

Q. Zhang, D.K. Jeppesen, J.N. Higginbotham, et al., Comprehensive isolation of
extracellular vesicles and nanoparticles, Nat. Protoc. 18 (2023) 1462-1487,
https://doi.org/10.1038/541596-023-00811-0.

Marta Clos-Sansalvador, Marta Mongui6-Tortajada, Santiago Roura,

Marcella Franquesa, Francesc E. Borras, Eur. J. Cell Biol. 101 (3) (2022) 151-227,
https://doi.org/10.1016/j.ejcb.2022.151227, issn 0171-9335.

T. Liangsupree, E. Multia, M.L. Riekkola, Modern isolation and separation
techniques for extracellular vesicles, J. Chromatogr. A 1636 (2021 Jan 11)
461773, https://doi.org/10.1016/j.chroma.2020.461773.

Specificities of secretion and uptake of exosomes and other extracellular vesicles
for !cell-to-cell communication Nat, Cell Biol. 21 (2019) 9-17, https://doi.org/
10.1038/541556-018-0250-9.

J.B. German, J.T. Smilowitz, A.M. Zivkovic Lipoproteins, When size really
matters, Curr. Opin. Colloid Interface Sci. 11 (2006) 171-183, https://doi.org/
10.1016/j.cocis.2005.11.006.

F. Dati, E. Metzmann, Proteins: Laboratory Testing and Clinical Use - Francesco
Dati Erwin Metzmann -, 2005.

N. Ludwig, B.M. Razzo, S.S. Yerneni, T.L. Whiteside, Optimization of cell culture
conditions for exosome isolation using mini-size exclusion chromatography (mini-
SEC) Exp, Cell Res. 378 (2019) 149-157, https://doi.org/10.1016/j.
yexcr.2019.03.014.

H.K. Woo, V. Sunkara, J. Park, T.H. Kim, J.R. Han, C.J. Kim, H. Il Choi, Y.K. Kim,
Y.K. Cho Exodisc for Rapid, Size-selective, and efficient isolation and analysis of
nanoscale extracellular vesicles from biological samples, ACS Nano 11 (2017)
1360-1370, https://doi.org/10.1021/acsnano.6b06131.

L.G. Liang, M.Q. Kong, S. Zhou, Y.F. Sheng, P. Wang, T. Yu, F. Inci, W.P. Kuo, L.
J. Li, U. Demirci, S.Q. Wang, An integrated double-filtration microfluidic device
for isolation, enrichment and quantification of urinary extracellular vesicles for
detection of bladder cancer, Sci. Rep. (2017) 7, https://doi.org/10.1038/
srep46224.

E. Multia, T. Liangsupree, M. Jussila, J. Ruiz-Jimenez, M. Kemell, M.-L. Riekkola,
Automated on-line isolation and fractionation system for nanosized
biomacromolecules from human plasma Anal, Chem 9 (2020), https://doi.org/
10.1021/acs.analchem.0c01986.

B.H. Wunsch, J.T. Smith, S.M. Gifford, C. Wang, M. Brink, R.L. Bruce, R.H. Austin,
G. Stolovitzky, Y. Astier, Nanoscale lateral displacement arrays for the separation
of exosomes and colloids down to 20nm, Nat. Nanotechnol. 11 (2016) 936-940,
https://doi.org/10.1038/nnano.2016.134.

Y.T. Yeh, Y. Zhou, D. Zou, H. Liu, H. Yu, H. Lu, V. Swaminathan, Y. Mao,

M. Terrones, Rapid size-based isolation of extracellular vesicles by three-
dimensional carbon nanotube arrays, ACS Appl. Mater. Interfaces 12 (2020)
13134-13139, https://doi.org/10.1021 /acsami.9b20990.

D. Yang, W. Zhang, H. Zhang, F. Zhang, L. Chen, L. Ma, L.M. Larcher, S. Chen,
N. Liu, Q. Zhao, P.H.L. Tran, C. Chen, R.N. Veedu, T. Wang, Progress, opportunity,
and perspective on exosome isolation - efforts for efficient exosome-based
theranostics, Theranostics 10 (8) (2020) 3684-3707.

T. Soares Martins, J. Catita, I. Martins Rosa, B. A, O. da Cruz E Silva, A.

G. Henriques, Exosome isolation from distinct biofluids using precipitation and
column-based approaches, PLoS One 13 (6) (2018 Jun 11) e0198820.

S.M. Mousavi, S.M. Amin Mahdian, M.S. Ebrahimi, M. Taghizadieh, M. Vosough,
J. Sadri Nahand, S. Hosseindoost, N. Vousooghi, H.A. Javar, B. Larijani, M.

R. Hadjighassem, N. Rahimian, M.R. Hamblin, H. Mirzaei, Microfluidics for
detection of exosomes and microRNAs in cancer: state of the art, Mol. Ther.
Nucleic Acids 28 (2022 Apr 27) 758-791.

J.C. Contreras-Naranjo, H.J. Wu, V.M. Ugaz, Microfluidics for exosome isolation
and analysis: enabling liquid biopsy for personalized medicine, Lab Chip 17 (21)
(2017 Oct 25) 3558-3577.

Seyed Mojtaba Mousavi, Seyed Mohammad Amin Mahdian, Mohammad

Saeid Ebrahimi, Mohammad Taghizadieh, Massoud Vosough, Javid

Sadri Nahand, Saereh Hosseindoost, Nasim Vousooghi, Hamid Akbari Javar,
Bagher Larijani, Mahmoud Reza Hadjighassem, Neda Rahimian, Michael

R. Hamblin, Hamed Mirzaei, Microfluidics for detection of exosomes and
microRNAs in cancer: state of the art, Mol. Ther. Nucleic Acids 28 (2022)
758-791, https://doi.org/10.1016/j.omtn.2022.04.011. ISSN 2162-2531.

M. Shen, K. Di, H. He, et al., Progress in exosome associated tumor markers and
their detection methods, Mol Biomed 1 (2020) 3, https://doi.org/10.1186/
543556-020-00002-3.

25

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]
[136]

[137]
[138]
[139]
[140]
[141]
[142]
[143]
[144]
[145]
[146]
[147]
[148]
[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

Materials Today Bio 31 (2025) 101613

Fu Ying, Cheng Jiang, George K. Tofaris, Jason J. Davis, Facile impedimetric
analysis of neuronal exosome markers in Parkinson’s disease diagnostics, Anal.
Chem. 92 (20) (2020) 13647-13651, https://doi.org/10.1021/acs.
analchem.0c03092.

Monica Macias, Vera Rebmann, Beatriz Mateos, Nerea Varo, Perez-Gracia,

Jose Luis, Estibaliz Alegre, Alvaro Gonzélez, Comparison of six commercial serum
exosome isolation methods suitable for clinical laboratories. Effect in cytokine
analysis, Clin. Chem. Lab. Med. 57 (2019), https://doi.org/10.1515/cclm-2018-
1297.

J. Wang, P. Ma, D.H. Kim, B.F. Liu, U. Demirci, Towards microfluidic-based
exosome isolation and detection for tumor therapy, Nano Today 37 (2021 Apr)
101066.

M. Omrani, H. Beyrampour-Basmenj, R. Jahanban-Esfahlan, M. Talebi, M. Raeisi,
Z.A. Serej, N. Akbar-Gharalari, S. Khodakarimi, J. Wu, A. Ebrahimi-Kalan, Global
trend in exosome isolation and application: an update concept in management of
diseases, Mol. Cell. Biochem. 479 (3) (2024 Mar) 679-691.

Lidija Filipovi¢, Milica Spasojevi¢, Radivoje Prodanovié¢, Aleksandra Korac,
Suzana Matijasevic, Goran Brajuskovi¢, Ario de Marco, Milica Popovié, Affinity-
based isolation of extracellular vesicles by means of single-domain antibodies
bound to macroporous methacrylate-based copolymer, N. Biotech. 69 (2022)
36-48, https://doi.org/10.1016/j.nbt.2022.03.001. ISSN 1871-6784.

S. Gurunathan, M.-H. Kang, M. Jeyaraj, M. Qasim, J.-H. Kim, Review of the
isolation, characterization, biological function, and multifarious therapeutic
approaches of exosomes, Cells 8 (4) (2019) 307, https://doi.org/10.3390/
cells8040307.

Zhu Lin, Wenhai Tian, Lijie Yuan, Caixing Chi, Yulin Wang, Qiaoling Xiao,
Meiyu Zheng, Chaoyong Yang, Yanling Song, Aptamer-based extracellular vesicle
isolation, analysis and therapeutics, Interdisciplin. Med. 1 (2) (April 2023)
€20220019, https://doi.org/10.1002/INMD.20220019.

K. Zhang, Y. Yue, S. Wu, W. Liu, J. Shi, Z. Zhang, ACS Sens. 4 (2019) 1245.

F. Xue, Y. Chen, Y. Wen, K. Abhange, W. Zhang, G. Cheng, Z. Quinn, W. Mao,
Y. Wan, Analyst 146 (2021) 253.

Q. Niu, J. Gao, K. Zhao, X. Chen, X. Lin, C. Huang, Y. An, X. Xiao, Q. Wu, L. Cui,
P. Zhang, L. Wu, C. Yang, Proc. Natl. Acad. Sci. U. S. A 119 (2022) e2213236119.
Y.Z. Ly, B.Q. Lin, W.Z. Liu, J.L. Zhang, L. Zhu, C.Y. Yang, Y.L. Song, ChemRxiv
preprint (2022), https://doi.org/10.26434/chemrxiv-2022-w3hpw.

M. Huang, J. Yang, T. Wang, J. Song, J. Xia, L. Wu, W. Wang, Q. Wu, Z. Zhu,
Y. Song, C. Yang, Angew. Chem. Int. Ed. 59 (2020) 4800.

J. Deng, S. Zhao, J. Li, Y. Cheng, C. Liu, Z. Liu, L. Li, F. Tian, B. Dai, J. Sun,
Angew. Chem. Int. Ed. 61 (2022) e202207037.

C. Liu, J. Zhao, F. Tian, L. Cai, W. Zhang, Q. Feng, J. Chang, F. Wan, Y. Yang,
B. Dai, Y. Cong, B. Ding, J. Sun, W. Tan, Nat. Biomed. Eng. 3 (2019) 183.
Wang, L. Zhang, S. Wan, S. Cansiz, C. Cui, Y. Liu, R. Cai, C. Hong, L.T. Teng,
M. Shi, Y. Wu, Y. Dong, W. Tan, ACS Nano 11 (2017) 3943.

Y. An, R. Li, F. Zhang, P. He, Anal. Chem. 92 (2020) 5404.

H. Xu, C. Liao, P. Zuo, Z. Liu, B.C. Ye, Anal. Chem. 90 (2018) 13451.

Y. Sun, H. Jin, X. Jiang, R. Gui, Anal. Chem. 92 (2020) 2866.

Y.M. Wang, J.W. Liu, G.B. Adkins, W. Shen, M.P. Trinh, L.Y. Duan, J.H. Jiang,
W. Zhong, Anal. Chem. 89 (2017) 12327.

Y. Xia, M. Liu, L. Wang, A. Yan, W. He, M. Chen, J. Lan, J. Xu, L. Guan, J. Chen,
Biosens. Bioelectron. 92 (2017) 8.

Y. Jiang, M. Shi, Y. Liu, S. Wan, C. Cui, L. Zhang, W. Tan, Angew. Chem. Int. Ed.
56 (2017) 11916.

Y. Zhang, D. Wang, S. Yue, Y. Lu, C. Yang, J. Fang, Z. Xu, ACS Sens. 4 (2019)
3210.

Y. Zhang, J. Bi, J. Huang, Y. Tang, S. Du, P. Li, Exosome: a review of its
classification, isolation techniques, storage, diagnostic and targeted therapy
applications, Int. J. Nanomed. 15 (2020 Sep 22) 6917-6934.

A. Sharma, A. Yadav, A. Nandy, S. Ghatak, Insight into the functional dynamics
and challenges of exosomes in pharmaceutical innovation and precision medicine,
Pharmaceutics 16 (6) (2024) 709, https://doi.org/10.3390/
pharmaceutics16060709.

So-Hee Ahn, Seung-Wook Ryu, Hojun Choi, Sangmin You, Jun Park,

Chulhee Choi, Manufacturing therapeutic exosomes: from bench to industry, Mol.
Cells 45 (5) (2022) 284-290, https://doi.org/10.14348/molcells.2022.2033.
ISSN 1016-8478.

M. He, J. Crow, M. Roth, Y. Zeng, A.K. Godwin, Integrated immunoisolation and
protein analysis of circulating exosomes using microfluidic technology, Lab Chip
14 (19) (2014 Oct 7) 3773-3780, https://doi.org/10.1039/c41c00662¢c. PMID:
25099143; PMCID: PMC4161194.

Z. Zhao, Y. Yang, Y. Zeng, M. He, A microfluidic exosearch chip for multiplexed
exosome detection towards blood-based ovarian cancer diagnosis, Lab Chip 16
(2016) 489-496.

M. Mishra, S. Tiwari, A.V. Gomes, Protein purification and analysis: next
generation Western blotting techniques, Expert Rev. Proteomics 14 (11) (2017
Nov) 1037-1053, https://doi.org/10.1080/14789450.2017.1388167. Epub 2017
Oct 13. PMID: 28974114; PMCID: PMC6810642.

Y. Pan, T. Ma, Q. Meng, et al., Droplet digital PCR enabled by microfluidic impact
printing for absolute gene quantification, Talanta 211 (2020) 120680.

F. Schlenker, E. Kipf, N. Borst, et al., Centrifugal microfluidic integration of 4-plex
ddPCR demonstrated by the quantification of cancer-associated point mutations,
Processes 9 (2021) 97.

S.A. Hsieh, D. Shamsaei, D.R. Eitzmann, J.L. Anderson, Digital droplet loop-
mediated isothermal amplification featuring a molecular beacon assay, 3D
printed droplet generation, and smartphone imaging for sequence-specific DNA
detection, Anal. Chem. 94 (2022) 11949-11956.


http://refhub.elsevier.com/S2590-0064(25)00171-1/sref103
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref103
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref103
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref104
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref104
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref104
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref104
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref104
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref105
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref105
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref105
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref106
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref106
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref107
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref107
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref107
https://doi.org/10.1007/s00216-022-04253-7
https://doi.org/10.1007/s00216-022-04253-7
https://doi.org/10.1038/s41596-023-00811-0
https://doi.org/10.1016/j.ejcb.2022.151227
https://doi.org/10.1016/j.chroma.2020.461773
https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.1016/j.cocis.2005.11.006
https://doi.org/10.1016/j.cocis.2005.11.006
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref114
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref114
https://doi.org/10.1016/j.yexcr.2019.03.014
https://doi.org/10.1016/j.yexcr.2019.03.014
https://doi.org/10.1021/acsnano.6b06131
https://doi.org/10.1038/srep46224
https://doi.org/10.1038/srep46224
https://doi.org/10.1021/acs.analchem.0c01986
https://doi.org/10.1021/acs.analchem.0c01986
https://doi.org/10.1038/nnano.2016.134
https://doi.org/10.1021/acsami.9b20990
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref121
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref121
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref121
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref121
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref123
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref123
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref123
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref124
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref124
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref124
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref124
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref124
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref125
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref125
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref125
https://doi.org/10.1016/j.omtn.2022.04.011
https://doi.org/10.1186/s43556-020-00002-3
https://doi.org/10.1186/s43556-020-00002-3
https://doi.org/10.1021/acs.analchem.0c03092
https://doi.org/10.1021/acs.analchem.0c03092
https://doi.org/10.1515/cclm-2018-1297
https://doi.org/10.1515/cclm-2018-1297
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref130
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref130
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref130
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref131
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref131
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref131
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref131
https://doi.org/10.1016/j.nbt.2022.03.001
https://doi.org/10.3390/cells8040307
https://doi.org/10.3390/cells8040307
https://doi.org/10.1002/INMD.20220019
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref135
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref136
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref136
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref137
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref137
https://doi.org/10.26434/chemrxiv-2022-w3hpw
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref140
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref140
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref141
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref141
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref142
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref142
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref143
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref143
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref144
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref145
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref146
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref147
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref147
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref148
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref148
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref149
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref149
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref150
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref150
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref151
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref151
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref151
https://doi.org/10.3390/pharmaceutics16060709
https://doi.org/10.3390/pharmaceutics16060709
https://doi.org/10.14348/molcells.2022.2033
https://doi.org/10.1039/c4lc00662c
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref155
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref155
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref155
https://doi.org/10.1080/14789450.2017.1388167
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref238
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref238
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref239
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref239
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref239
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref240
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref240
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref240
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref240

N. Mukerjee et al.

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

F. Liu, O. Vermesh, V. Mani, T.J. Ge, S.J. Madsen, A. Sabour, E.C. Hsu,

G. Gowrishankar, M. Kanada, J.V. Jokerst, R.G. Sierra, E. Chang, K. Lau,

K. Sridhar, A. Bermudez, S.J. Pitteri, T. Stoyanova, R. Sinclair, V.S. Nair, S.

S. Gambhir, U. Demirci, The exosome total isolation chip, ACS Nano 11 (11)
(2017 Nov 28) 10712-10723.

M. Wu, Y. Ouyang, Z. Wang, R. Zhang, P.H. Huang, C. Chen, H. Li, P. Li, D. Quinn,
M. Dao, S. Suresh, Y. Sadovsky, T.J. Huang, Isolation of exosomes from whole
blood by integrating acoustics and microfluidics, Proc. Natl. Acad. Sci. U. S. A.
114 (40) (2017 Oct 3) 10584-10589.

F. Niu, X. Chen, X. Niu, Y. Cai, Q. Zhang, T. Chen, H. Yang, Integrated
immunomagnetic bead-based microfluidic chip for exosomes isolation,
Micromachines 11 (5) (2020 May 15) 503.

K. Kumar, E. Kim, M. Alhammadi, U. Reddicherla, S. Aliya, J.N. Tiwari, H.S. Park,
J.H. Choi, C.Y. Son, A.E. Vilian, Y.K. Han, Recent advances in microfluidic
approaches for the isolation and detection of exosomes, TrAC, Trends Anal. Chem.
159 (2023 Feb 1) 116912.

W. Su, H. Li, W. Chen, J. Qin, Microfluidic strategies for label-free exosomes
isolation and analysis, TrAC, Trends Anal. Chem. 118 (2019 Sep 1) 686-698.

K. Ueda, N. Ishikawa, A. Tatsuguchi, N. Saichi, R. Fujii, H. Nakagawa, Antibody-
coupled monolithic silica microtips for high throughput molecular profiling of
circulating exosomes, Sci. Rep. 4 (2015) 6232.

S.A. Stoner, E. Duggan, D. Condello, A. Guerrero, J.R. Turk, P.K. Narayanan, J.
P. Nolan, High sensitivity flow cytometry of membrane vesicles, Cytometry A 89
(2016) 196-206.

H. Shao, J. Chung, L. Balaj, A. Charest, D.D. Bigner, B.S. Carter, F.H. Hochberg, X.
O. Breakefield, R. Weissleder, H. Lee, Protein typing of circulating microvesicles
allows real-time monitoring of glioblastoma therapy, Nat. Med. 18 (2012)
1835-1840.

H. Im, H. Shao, Y.I. Park, V.M. Peterson, C.M. Castro, R. Weissleder, H. Lee, Label-
free detection and molecular profiling of exosomes with a nano-plasmonic sensor,
Nat. Biotechnol. 32 (2014) 490-495.

K.W. Witwer, E.I. Buzas, L.T. Bemis, A. Bora, C. Lasser, J. Lotvall, E.N. Nolte-'t
Hoen, M.G. Piper, S. Sivaraman, J. Skog, C. Théry, M.H. Wauben, F. Hochberg,
Standardization of sample collection, isolation and analysis methods in
extracellular vesicle research, J. Extracell. Vesicles 27 (2013 May) 2, https://doi.
org/10.3402/jev.v2i0.20360. PMID: 24009894; PMCID: PMC3760646.

W.P. Li, S.Y. Peng, P. Aich, J.M. Ciou, Y.K. Lin, The role of exosomes in tumor
metastasis, in: N. Rezaei (Ed.), Handbook of Cancer and Immunology, Springer,
Cham, 2023, https://doi.org/10.1007/978-3-030-80962-1_69-1.

A. Sormunen, E. Koivulehto, K. Alitalo, K. Saksela, N. Laham-Karam, S. Yla-
Herttuala, Comparison of automated and traditional western blotting methods,
Methods and Protocols 6 (2) (2023) 43, https://doi.org/10.3390/mps6020043.
E.J.K. Kowal, D. Ter-Ovanesyan, A. Regev, G.M. Church, Extracellular vesicle
isolation and analysis by western blotting, in: W. Kuo, S. Jia (Eds.), Extracellular
Vesicles. Methods in Molecular Biology, vol. 1660, Humana Press, New York, NY,
2017.

H. Begum, P. Murugesan, A.D. Tangutur, Western blotting: a powerful staple in
scientific and biomedical research, Biotechniques 73 (1) (2022) 58-69, https://
doi.org/10.2144/btn-2022-0003.

Juan A. Martinez-Greene, Karina Hernandez-Ortega, Ricardo Quiroz-Baez,
Osbaldo Resendis-Antonio, Israel Pichardo-Casas, David A. Sinclair,

Bogdan Budnik, Alfredo Hidalgo-Miranda, Eileen Uribe-Querol, Maria del

Pilar Ramos-Godinez, Eduardo Martinez-Martinez, Quantitative proteomic
analysis of extracellular vesicle subgroups isolated by an optimized method
combining polymer-based precipitation and size exclusion chromatography,

J. Extracell. Ves. (2021) 12087, https://doi.org/10.1002/jev2.12087.

Arada Vinaiphat, Siu Kwan Sze, Chapter Three - advances in extracellular vesicles
analysis, in: Gregory S. Makowski (Ed.), Advances in Clinical Chemistry, vol. 97,
Elsevier, 2020, pp. 73-116, https://doi.org/10.1016/bs.acc.2019.12.003. ISSN
0065-2423, ISBN 9780128211670.

H. Kobayashi, T. Shiba, T. Yoshida, et al., Precise analysis of single small
extracellular vesicles using flow cytometry, Sci. Rep. 14 (2024) 7465, https://doi.
org/10.1038/541598-024-57974-3.

Sean Cook, Vera A. Tang, Joanne Lannigan, Jennifer C. Jones, Joshua A. Welsh,
Quantitative flow cytometry enables end-to-end optimization of cross-platform
extracellular vesicle studies, Cell Reports Methods 3 (12) (2023) 100664, https://
doi.org/10.1016/j.crmeth.2023.100664. ISSN 2667-2375.

Arada Vinaiphat, Siu Kwan Sze, Chapter Three - advances in extracellular vesicles
analysis, Advan. Clin. Chem. 97 (2020) 73-116, https://doi.org/10.1016/bs.
acc.2019.12.003. ISSN 0065-2423,ISBN 9780128211670.

A.F. Orozco, D.E. Lewis, Flow cytometric analysis of circulating microparticles in
plasma, Cytometry A 77 (2010) 502-514.

E. van der Pol, M.J. van Gemert, A. Sturk, R. Nieuwland, T.G. van Leeuwen, Single
vs. Swarm detection of microparticles and exosomes by flow cytometry,

J. Thromb. Haemostasis 10 (2012) 919-930.

V. Pospichalova, J. Svoboda, Z. Dave, A. Kotrbova, K. Kaiser, D. Klemova,

L. Ilkovics, A. Hampl, I. Crha, E. Jandakova, et al., Simplified protocol for flow
cytometry analysis of fluorescently labeled exosomes and microvesicles using
dedicated flow cytometer, J. Extracell. Vesicles 4 (2015) 25530.

N. Arraud, C. Gounou, D. Turpin, A.R. Brisson, Fluorescence triggering: a general
strategy for enumerating and phenotyping extracellular vesicles by flow
cytometry, Cytometry A 89 (2016) 184-195.

H. Shao, T.J. Yoon, M. Liong, R. Weissleder, H. Lee, Magnetic nanoparticles for
biomedical nmr-based diagnostics, Beilstein J. Nanotechnol. 1 (2010) 142-154.

26

[183]

[184]

[185]

[186]

[187]
[188]

[189]
[190]
[191]
[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

Materials Today Bio 31 (2025) 101613

H. Shao, C. Min, D. Issadore, M. Liong, T.J. Yoon, R. Weissleder, H. Lee, Magnetic
nanoparticles and micronmr for diagnostic applications, Theranostics 2 (2012)
55-65.

H. Lee, E. Sun, D. Ham, R. Weissleder, Chip-nmr biosensor for detection and
molecular analysis of cells, Nat. Med. 14 (2008) 869-874.

H. Lee, T.J. Yoon, J.L. Figueiredo, F.K. Swirski, R. Weissleder, Rapid detection
and profiling of cancer cells in fine-needle aspirates, Proc. Natl. Acad. Sci. U. S. A
106 (2009) 12459-12464.

H. Shao, J. Chung, L. Balaj, A. Charest, D.D. Bigner, B.S. Carter, F.H. Hochberg, X.
O. Breakefield, R. Weissleder, H. Lee, Protein typing of circulating microvesicles
allows real-time monitoring of glioblastoma therapy, Nat. Med. 18 (2012)
1835-1840.

A.G. Brolo, Plasmonics for future biosensors, Nat. Photonics 6 (2012) 709-713.
H. Im, H. Shao, Y.I. Park, V.M. Peterson, C.M. Castro, R. Weissleder, H. Lee, Label-
free detection and molecular profiling of exosomes with a Nano-plasmonic sensor,
Nat. Biotechnol. 32 (2014) 490-495.

H. Im, H. Shao, R. Weissleder, C.M. Castro, H. Lee, Nano plasmonic exosome
diagnostics, Expert Rev. Mol. Diagn. 15 (2015) 725-733.

B. Sepulveda, P.C. Angelome, L.M. Lechuga, L.M. Liz-Marzan, Lspr-based
nanobiosensors, Nano Today 4 (2009) 244-251.

E. Petryayeva, U.J. Krull, Localized surface plasmon resonance: nanostructures,
bioassays and biosensing-a review, Anal. Chim. Acta 706 (2011) 8-24.

S. Szunerits, R. Boukherroub, Sensing using localised surface plasmon resonance
sensors, Chem. Commun. 48 (2012) 8999-9010.

G.K. Joshi, S. Deitz-McElyea, T. Liyanage, K. Lawrence, S. Mali, R. Sardar,

M. Korc, Label-free nanoplasmonic-based short noncoding RNA sensing at
attomolar concentrations allows for quantitative and highly specific assay of
microrna-10b in biological fluids and circulating exosomes, ACS Nano 9 (2015)
11075-11089.

R.J. Lobb, M. Becker, S.W. Wen, C.S. Wong, A.P. Wiegmans, A. Leimgruber,

A. Moller, Optimized exosome isolation protocol for cell culture supernatant and
human plasma, J. Extracell. Vesicles 4 (2015) 27031.

Anjana Jeyaram, Steven Jay, Preservation and storage stability of extracellular
vesicles for therapeutic applications, AAPS J. 20 (2018), https://doi.org/
10.1208/512248-017-0160-y.

Sang Park, Hyungtaek Jeon, Seung-Min Yoo, Myung-Shin Lee, The effect of
storage temperature on the biological activity of extracellular vesicles for the
complement system, in: In Vitro Cellular & Developmental Biology - Animal vol.
54, 2018, https://doi.org/10.1007/511626-018-0261-7.

Linda Bojmar, Han Sang Kim, Gabriel C. Tobias, Fanny A. Pelissier Vatter,
Serena Lucotti, Kofi Ennu Gyan, Candia M. Kenific, Zurong Wan, Kyung-A Kim,
DooA. Kim, Jonathan Hernandez, Virginia Pascual, Todd E. Heaton, Michael P. La
Quaglia, David Kelsen, Tanya M. Trippett, David R. Jones, William R. Jarnagin,
Irina R. Matei, Haiying Zhang, Ayuko Hoshino, David Lyden, Extracellular vesicle
and particle isolation from human and murine cell lines, tissues, and bodily fluids,
STAR Protocol. 2 (2021) 100225, https://doi.org/10.1016/j.xpro.2020.100225.
March 19.

Nagavendra Kommineni, Arun Butreddy, G.S. Sainaga Jyothi Vaskuri,

Pavimol Angsantikul, Freeze-drying for the preservation of immunoengineering
products, iScience 25 (October 21, 2022) 105127, https://doi.org/10.1016/j.
isci.2022.105127.

Mustafa Kotmakg, Giilsah Erel Akbaba, Jin Wang, Exosome Isolation: Is There an
Optimal Method with Regard to Diagnosis or Treatment?, 2017-07-12. Ch. 8.

P. Chhoy, C.W. Brown, J.J. Amante, A.M. Mercurio, Protocol for the separation of
extracellular vesicles by ultracentrifugation from in vitro cell culture models,
STAR Protoc 2 (1) (2021 Jan 29) 100303.

Hooi Ting Hu, Tamako Nishimura, Shiro Suetsugu, Ultracentrifugal separation,
characterization, and functional study of extracellular vesicles derived from
serum-free cell culture, STAR Protocol. 2 (3) (2021) 100625, https://doi.org/
10.1016/j.xpro.2021.100625. ISSN 2666-1667.

Fangyu Wang, Richard A. Cerione, Marc A. Antonyak, Isolation and
characterization of extracellular vesicles produced by cell lines, STAR Protocol. 2
(1) (2021) 100295, https://doi.org/10.1016/j.xpro.2021.100295. ISSN 2666-
1667.

M.Y. Konoshenko, E.A. Lekchnov, A.V. Vlassov, P.P. Laktionov, Isolation of
extracellular vesicles: general methodologies and latest trends, BioMed Res. Int.
2018 (2018 Jan 30) 8545347.

H. Kang, J. Kim, J. Park, Methods to isolate extracellular vesicles for diagnosis,
Micro Nano Syst Lett 5 (2017) 15, https://doi.org/10.1186/540486-017-0049-7.
J. Rufo, P. Zhang, Z. Wang, et al., High-yield and rapid isolation of extracellular
vesicles by flocculation via orbital acoustic trapping: FLOAT, Microsyst Nanoeng
10 (2024) 23, https://doi.org/10.1038/s41378-023-00648-3.

Jiaci Chen, Peilong Li, Taiyi Zhang, Zhipeng Xu, Xiaowen Huang, Ruiming Wang,
Lutao Du, Review on strategies and technologies for exosome isolation and
purification; Front. Bioeng. Biotechnol., 05 January 2022, Sec, Biosensor. Biomol.
Electron. 9 (2021), https://doi.org/10.3389/fbioe.2021.811971.

Siwoo Cho, Wonju Jo, Youhee Heo, Ji Kang, Rhokyun Kwak, Jaesung Park,
Isolation of extracellular vesicle from blood plasma using electrophoretic
migration through porous membrane, Sensor. Actuator. B Chem. 233 (2016)
289-297, https://doi.org/10.1016/j.snb.2016.04.091.

Soraya Williams, Aveen Jalal, Mark Lewis, Owen Davies, A survey to evaluate
parameters governing the selection and application of extracellular vesicle
isolation methods, J. Tissue Eng. 14 (2023) 204173142311551.

Christina Coughlan, Kimberley Bruce, Olivier Burgy, Timothy Boyd, Cole Michel,
Josselyn Garcia-Perez, Vanesa Adame, Paige Anton, Brianne Bettcher,

Heidi Chial, Melanie Konigshoff, Elena Hsieh, Michael Graner, Huntington Potter,


http://refhub.elsevier.com/S2590-0064(25)00171-1/sref241
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref241
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref241
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref241
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref241
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref242
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref242
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref242
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref242
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref243
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref243
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref243
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref244
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref244
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref244
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref244
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref245
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref245
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref182
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref182
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref182
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref183
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref183
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref183
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref184
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref184
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref184
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref184
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref185
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref185
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref185
https://doi.org/10.3402/jev.v2i0.20360
https://doi.org/10.3402/jev.v2i0.20360
https://doi.org/10.1007/978-3-030-80962-1_69-1
https://doi.org/10.3390/mps6020043
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref158
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref158
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref158
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref158
https://doi.org/10.2144/btn-2022-0003
https://doi.org/10.2144/btn-2022-0003
https://doi.org/10.1002/jev2.12087
https://doi.org/10.1016/bs.acc.2019.12.003
https://doi.org/10.1038/s41598-024-57974-3
https://doi.org/10.1038/s41598-024-57974-3
https://doi.org/10.1016/j.crmeth.2023.100664
https://doi.org/10.1016/j.crmeth.2023.100664
https://doi.org/10.1016/bs.acc.2019.12.003
https://doi.org/10.1016/bs.acc.2019.12.003
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref165
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref165
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref166
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref166
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref166
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref167
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref167
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref167
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref167
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref168
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref168
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref168
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref169
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref169
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref170
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref170
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref170
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref171
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref171
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref172
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref172
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref172
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref173
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref173
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref173
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref173
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref174
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref175
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref175
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref175
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref176
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref176
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref177
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref177
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref178
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref178
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref179
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref179
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref180
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref180
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref180
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref180
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref180
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref181
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref181
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref181
https://doi.org/10.1208/s12248-017-0160-y
https://doi.org/10.1208/s12248-017-0160-y
https://doi.org/10.1007/s11626-018-0261-7
https://doi.org/10.1016/j.xpro.2020.100225
https://doi.org/10.1016/j.isci.2022.105127
https://doi.org/10.1016/j.isci.2022.105127
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref191
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref191
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref192
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref192
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref192
https://doi.org/10.1016/j.xpro.2021.100625
https://doi.org/10.1016/j.xpro.2021.100625
https://doi.org/10.1016/j.xpro.2021.100295
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref195
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref195
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref195
https://doi.org/10.1186/s40486-017-0049-7
https://doi.org/10.1038/s41378-023-00648-3
https://doi.org/10.3389/fbioe.2021.811971
https://doi.org/10.1016/j.snb.2016.04.091
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref200
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref200
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref200
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref201
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref201
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref201

N. Mukerjee et al.

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

Exosome isolation by ultracentrifugation and precipitation and techniques for
downstream analyses, Curr. Protoc. Cell Biol. (2020).

A. Shami-shah, B.G. Travis, D.R. Walt, Advances in extracellular vesicle isolation
methods: a path towards cell-type specific EV isolation, Extracell. Ves. Circulat.
Nucleic Acids 4 (3) (2023) 447-460.

Jiahui Gao, Li Ang, Hu Jie, Feng Linxiang, Liu Liu, Shen Zuojun, Recent
developments in isolating methods for exosomes, Front. Bioeng. Biotechnol. 10
(2023).

J. Yang, X. Gao, X. Xing, H. Huang, Q. Tang, S. Ma, X. Xu, C. Liang, M. Li, L. Liao,
W. Tian, An isolation system to collect high quality and purity extracellular
vesicles from serum, Int. J. Nanomed. 16 (2021) 6681-6692.

Luca Musante, Dorota Ewa Tataruch, Harry Holthofer, Use and isolation of
urinary exosomes as biomarkers for diabetic nephropathy; Use and isolation of
exosomes as biomarkers for diabetic neuropathy, Front. Endocrinol. (26
September 2014).

M. Dimik, P. Abeysinghe, J. Logan, et al., The exosome: a review of current
therapeutic roles and capabilities in human reproduction, Drug Deliv. and Transl.
Res. 13 (2023) 473-502.

K.M. McAndrews, R. Kalluri, Mechanisms associated with biogenesis of exosomes
in cancer, Mol. Cancer 18 (2019) 52.

R. Wan, S. Liu, X. Feng, W. Luo, H. Zhang, Y. Wu, S. Chen, X. Shang, The
Revolution of exosomes: from biological functions to therapeutic applications in
skeletal muscle diseases, J Orthop Translat 45 (2024 Mar 21) 132-139.

A. Sharma, A. Yadav, A. Nandy, S. Ghatak, Insight into the functional dynamics
and challenges of exosomes in pharmaceutical innovation and precision medicine,
Pharmaceutics 16 (6) (2024) 709.

M. Xiong, Z. Chen, J. Tian, et al., Exosomes derived from programmed cell death:
mechanism and biological significance, Cell Commun. Signal. 22 (2024) 156.
H. Wei, Q. Chen, L. Lin, C. Sha, T. Li, Y. Liu, X. Yin, Y. Xu, L. Chen, W. Gao, Y. Li,
X. Zhu, Regulation of exosome production and cargo sorting, Int. J. Biol. Sci. 17
(1) (2021) 163-177.

Rishav Kar, Rajib Dhar, Sayantanee Mukherjee, Sagnik Nag, Sukhamoy Gorai,
Nobendu Mukerjee, Dattatreya Mukherjee, Rishabh Vatsa, Mamtha Chandrakanth
Jadhav, Arabinda Ghosh, Arikketh Devi, Krishnan Anand, Nanasaheb D. Thorat,
ACS Biomater. Sci. Eng. 9 (2) (2023) 577-594.

Richard J. Miron, Nathan E. Estrin, Anton Sculean, Yufeng Zhang, Understanding
exosomes: Part 2—emerging leaders in regenerative medicine, Next Generat.
Biomater. Bone Periodontal Regenerat. 94 (1) (Feb 2024).

M. Kumari, A. Anji, Small but mighty—exosomes, novel intercellular messengers
in neurodegeneration, Biology 11 (3) (2022) 413.

Zesheng Wang, Xiaoyu Zhou, Qinglong Kong, Huimin He, Jiayu Sun,

Wenting Qiu, Liang Zhang, Mengsu Yang, Extracellular vesicle preparation and
analysis: a state-of-the-art review, Adv. Sci. 11 (2024) 2401069.

Y.J. Lee, K.J. Shin, Y.C. Chae, Regulation of cargo selection in exosome biogenesis
and its biomedical applications in cancer, Exp. Mol. Med. 56 (4) (2024 Apr)
877-889.

Y. Zhang, Y. Liu, H. Liu, et al., Exosomes: biogenesis, biologic function and
clinical potential, Cell Biosci. 9 (2019) 19.

C. He, S. Zheng, Y. Luo, B. Wang, Exosome theranostics: biology and translational
medicine, Theranostics 8 (1) (2018) 237-255.

27

[227]

[228]

[229]

[230]

[231]
[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

Materials Today Bio 31 (2025) 101613

Jeffrey S. Schorey, Yong Cheng, Prachi P. Singh, Victoria L. Smith, Exosomes and
other extracellular vesicles in host-pathogen interactions, EMBO Rep. (01/01)
(2015).

Yuan Zhang, Yunfeng Liu, Haiying Liu, Waiho Tang, Exosomes: biogenesis,
biologic function and clinical potential, Cell Biosci. 9 (2019).

H. Kong, S.B. Kim, Exosomal communication between the tumor
microenvironment and innate immunity and its therapeutic application, Immune
Netw 22 (5) (2022 Sep 26) e38.

J.M. Essola, M. Zhang, H. Yang, F. Li, B. Xia, J.F. Mavoungou, A. Hussain,

Y. Huang, Exosome regulation of immune response mechanism: pros and cons in
immunotherapy, Bioact. Mater. 32 (2023 Oct 4) 124-146.

C. Lyu, H. Sun, Z. Sun, et al., Roles of exosomes in immunotherapy for solid
cancers, Cell Death Dis. 15 (2024) 106.

Q. Hao, Y. Wu, Y. Wu, P. Wang, J.V. Vadgama, Tumor-derived exosomes in
tumor-induced immune suppression, Int. J. Mol. Sci. 23 (3) (2022) 1461.

Inbal Wortzel, Shani Dror, Candia M. Kenific, David Lyden, Exosome-mediated
metastasis: communication from a distance, Dev. Cell 49 (3) (2019) 347-360.
ISSN 1534-5807.

S. Yang, S. Wei, F. Wei, Extracellular vesicles mediated gastric cancer immune
response: tumor cell death or immune escape? Cell Death Dis. 15 (2024) 377.
M. Mathieu, L. Martin-Jaular, G. Lavieu, C. Théry, Specificities of secretion and
uptake of exosomes and other extracellular vesicles for cell-to-cell
communication, Nat. Cell Biol. 21 (2019) 9-17.

M.J. Shurtleff, M.M. Temoche-Diaz, R. Schekman, Extracellular vesicles and
cancer: caveat lector, Annu. Rev. Cell Biol. 2 (2018) 395-411.

Swarup Sonar. Clinical and Translation Discovery. Clin. Trial Status Exosomes
Base. Cancer Theranost. . https://onlinelibrary.wiley.com/doi/full/10.1002/
ctd2.327.

X. Fang, Y. Wang, S. Wang, B. Liu, Nanomaterials assisted exosomes isolation and
analysis towards liquid biopsy, Mater Today Bio 16 (2022 Jul 22) 100371.
Alejandro Castillo-Pena, Sonia Molina-Pinelo, Landscape of tumor and immune
system cells-derived exosomes in lung cancer: mediators of antitumor immunity
regulation, Front. Immunol. 14 (2023), https://doi.org/10.3389/
fimmu.2023.1279495.

Fusheng Zhang, Jinshuai Guo, Zhenghou Zhang, Yiping Qian, Guang Wang,
Meiqi Duan, Haiying Zhao, Zhi Yang, Xiaofeng Jiang, Mesenchymal stem cell-
derived exosome: a tumor regulator and carrier for targeted tumor therapy,
Cancer Lett. 526 (2022) 29-40, https://doi.org/10.1016/j.canlet.2021.11.015.
ISSN 0304-3835.

L. Mashouri, H. Yousefi, A.R. Aref, et al., Exosomes: composition, biogenesis, and
mechanisms in cancer metastasis and drug resistance, Mol. Cancer 18 (2019) 75,
https://doi.org/10.1186/512943-019-0991-5.

Shang-Long Liu, Pin Sun, Ying Li, Shi-Song Liu, Yun Lu, Exosomes as critical
mediators of cell-to-cell communication in cancer pathogenesis and their
potential clinical application, Transl. Cancer Res. 8 (1) (2019). February 28,
2019.

A. Akbar, F. Malekian, N. Baghban, S.P. Kodam, M. Ullah, Methodologies to
isolate and purify clinical grade extracellular vesicles for medical applications,
Cells 11 (2022) 186, https://doi.org/10.3390/cells11020186.

G. Patel, T.G. Agnihotri, M. Gitte, et al., Exosomes: a potential diagnostic and
treatment modality in the quest for counteracting cancer, Cell. Oncol. 46 (2023)
1159-1179.


http://refhub.elsevier.com/S2590-0064(25)00171-1/sref201
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref201
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref202
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref202
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref202
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref203
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref203
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref203
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref204
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref204
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref204
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref205
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref205
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref205
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref205
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref206
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref206
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref206
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref207
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref207
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref208
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref208
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref208
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref209
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref209
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref209
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref210
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref210
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref211
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref211
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref211
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref212
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref212
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref212
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref212
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref213
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref213
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref213
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref214
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref214
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref215
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref215
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref215
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref216
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref216
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref216
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref217
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref217
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref218
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref218
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref219
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref219
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref219
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref220
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref220
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref221
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref221
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref221
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref222
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref222
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref222
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref223
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref223
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref224
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref224
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref225
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref225
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref225
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref226
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref226
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref227
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref227
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref227
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref228
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref228
https://onlinelibrary.wiley.com/doi/full/10.1002/ctd2.327
https://onlinelibrary.wiley.com/doi/full/10.1002/ctd2.327
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref230
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref230
https://doi.org/10.3389/fimmu.2023.1279495
https://doi.org/10.3389/fimmu.2023.1279495
https://doi.org/10.1016/j.canlet.2021.11.015
https://doi.org/10.1186/s12943-019-0991-5
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref234
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref234
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref234
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref234
https://doi.org/10.3390/cells11020186
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref236
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref236
http://refhub.elsevier.com/S2590-0064(25)00171-1/sref236

