
This is a repository copy of Prospects and current challenges of extracellular vesicle-
based biomarkers in cancer.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/218370/

Version: Published Version

Article:

Lawrence, S.R. and Shah, K.M. orcid.org/0000-0001-9909-6409 (2024) Prospects and 
current challenges of extracellular vesicle-based biomarkers in cancer. Biology, 13 (9). 
694. ISSN 2079-7737 

https://doi.org/10.3390/biology13090694

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



Citation: Lawrence, S.R.; Shah, K.M.

Prospects and Current Challenges of

Extracellular Vesicle-Based

Biomarkers in Cancer. Biology 2024,

13, 694. https://doi.org/10.3390/

biology13090694

Academic Editor: Erxi Wu

Received: 2 August 2024

Revised: 31 August 2024

Accepted: 2 September 2024

Published: 4 September 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biology

Review

Prospects and Current Challenges of Extracellular Vesicle-Based
Biomarkers in Cancer

Samuel R. Lawrence and Karan M. Shah *

Division of Clinical Medicine, School of Medicine & Population Health, The University of Sheffield,
Beech Hill Road, Sheffield S10 2RX, UK
* Correspondence: k.shah@sheffield.ac.uk

Simple Summary: Cancer presents a significant global health challenge, particularly in ageing popu-
lations, emphasising the importance of early detection to facilitate personalised care and optimised
treatment to improve patient outcomes. Liquid biopsy offers a minimally invasive approach for
isolating and profiling circulating tumour-derived components with potential for cancer diagnosis
and monitoring. Tumour-derived extracellular vesicles are secreted from cancer cells and harbour
cancer-specific cargo with enhanced stability within the blood, indicating their potential utility as
a diagnostic biomarker. However, translating extracellular vesicle biomarkers into clinical practice
faces significant hurdles. This critical review evaluates the current landscape, challenges, and future
directions of tumour-derived extracellular vesicle biomarkers, proposing strategies to overcome trans-
lational barriers. The successful integration of a liquid biopsy-based assessment of tumour-derived
extracellular vesicles could transform cancer diagnostics and management.

Abstract: Cancer continues to impose a substantial global health burden, particularly among the
elderly, where the ongoing global demographic shift towards an ageing population underscores
the growing need for early cancer detection. This is essential for enabling personalised cancer
care and optimised treatment throughout the disease course to effectively mitigate the increasing
societal impact of cancer. Liquid biopsy has emerged as a promising strategy for cancer diagnosis
and treatment monitoring, offering a minimally invasive method for the isolation and molecular
profiling of circulating tumour-derived components. The expansion of the liquid biopsy approach to
include the detection of tumour-derived extracellular vesicles (tdEVs) holds significant therapeutic
opportunity. Evidence suggests that tdEVs carry cargo reflecting the contents of their cell-of-origin
and are abundant within the blood, exhibiting superior stability compared to non-encapsulated
tumour-derived material, such as circulating tumour nucleic acids and proteins. However, despite
theoretical promise, several obstacles hinder the translation of extracellular vesicle-based cancer
biomarkers into clinical practice. This critical review assesses the current prospects and challenges
facing the adoption of tdEV biomarkers in clinical practice, offering insights into future directions
and proposing strategies to overcome translational barriers. By addressing these issues, EV-based
liquid biopsy approaches could revolutionise cancer diagnostics and management.

Keywords: extracellular vesicles; biomarker; liquid biopsy; cancer diagnosis

1. Introduction

Despite recent technological and therapeutic advancements, cancer remains a signifi-
cant and extensive public health challenge. In approximately 60% of countries worldwide,
cancer is the first or second leading cause of mortality, underscoring a critical need for
healthcare advancements to improve patient outcomes [1]. To this aim, the utilisation
of cancer biomarkers in clinical practice offer specific and measurable indications of can-
cer stage classification, patient risk/prognosis, and identification of residual/relapsing
disease [2]. Early cancer identification facilitates the adoption of personalised medicine
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strategies, thereby improving individual prognoses and cancer survival rates and ulti-
mately alleviating the strain on healthcare providers. Importantly, the identification and
utilisation of novel cancer biomarkers as clinical tools to advance cancer diagnosis and
treatment aligns with the objectives delineated in the United Kingdom’s National Health
Service ‘Long Term Plan’ (January 2019), aiming to improve patient five-year survival
outcomes [3]. A notable example of an approved and widely used cancer biomarker in
clinic is the prostate-specific antigen (PSA) test. This assay facilitates the early detection of
prostate cancer and improves the clinical management of the disease, despite controversies
surrounding false positive results and cancer overdiagnosis [4]. Notably, a constraint of
the PSA test is its indiscrimination between patients at risk of cancer-related premature
mortality, and those whose disease may remain indolent without necessitating surgical
or therapeutic intervention [5]. Biomarkers that offer diagnostic and prognostic insights
are highly sought after in clinical practice, with the important characteristics of a clinically
valuable biomarker detailed in Figure 1 [6].
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Figure 1. Important characteristics of a clinical biomarker.

An extracellular vesicle (EV), as defined by the International Society for Extracellular
Vesicles (ISEV), is a generic term used to describe particles enclosed within a lipid bilayer,
that are released from cells, and which cannot replicate [7]. Identifying EVs from specific
biogenesis pathways is difficult; however, within the literature, common subtypes referred
to include the endosome-derived ‘exosomes’ or the plasma membrane-origin ‘ectosomes’
(microvesicles) (Figure 2). Despite ISEV recommendations to use operational terms for
EV nomenclature based on physical characteristics, biochemical composition, and cell of
origin descriptions, the current literature remains burdened with manifold definitions.
Therefore, for the purpose of this review, any denomination of EV encountered will be
referred to thereafter as either tumour-derived EV (tdEV) or EV. The interest and relevance
of EVs within the field of cancer biomarkers stems from emerging evidence suggesting
their involvement in cancer progression via intercellular communication, suppression of
immune responses, and inducing metastasis malignancy-associated phenotypes [8–10].
EVs are known to harbour tumour-derived cargo including RNA/DNA, proteins, and
lipids that are distinct from the background host EV population [11]. For instance, tdEVs
have been found to carry DNA that reflects the mutational landscape of their cells of
origin. Within the context of melanoma, one study isolated EVs from six human melanoma
metastatic tissues and compared the DNA mutations with both tumour tissue DNA and
plasma DNA. Using ultra-sensitive sequencing (SiMSen-seq), researchers investigated
a panel of 34 melanoma-related genes. Notably, mutations were detected in six genes
(BRAF, NRAS, CDKN2A, STK19, and PPP6C) in the EVs isolated from melanoma tissues,
closely mirroring the mutational profile of the originating tumours [12]. It is known that,
in cancer development, hypermethylation of the DNA is an early event, and it remains
methylated as cancers progress [13]. Indeed, methylation and other epigenetic statuses
can also be exploited as a diagnostic biomarker [14,15]. In gastric cancers, the methylation
status of BarH-like homeobox protein (BARHL2) from gastric juice-derived EVs has been
shown to have 90% sensitivity and 100% specificity, with respect to discriminating patients
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from controls [16]. More recently, Maire et al. (2021) demonstrated that the genome-wide
methylation profile and copy number variations (CNVs) of glioblastoma-derived EVs
mirror the landscape observed in the original tumours [17].

(A) (B) 

ff

Figure 2. (A) Illustration of EV biogenesis pathways depicting the secretion of exosomes (30–100 nm)
through multivesicular bodies within endosomes, budding of the plasma membrane generating
microvesicles (100–1000 nm), and apoptotic bodies (50–5000 nm), which are released by membrane
budding as a byproduct of programmed cell death. (B) A typical EV will contain a variety of
macromolecules including coding and non-coding species of RNA, DNA, signalling proteins, lipids,
and transcriptional regulators. ESCRT, endosomal sorting complexes required for transport; MHC,
major histocompatibility complex.

Histone acetylation has also shown to play an important role in tumorigenesis, and
acetylome analyses of tdEVs from breast cancer cells have found a distinct acetylated
protein profile that may mirror the cell of origin and thus serve as a good biomarker
candidate [18]. Separately, Al-Nedawi et al. (2008) observed that modified U373 glioblas-
toma cells harbouring a mutated epidermal growth factor receptor (EGFR) secreted EVs
containing the mutated receptor, contrasting EVs derived from parental U373 cells [19].
Moreover, upon exposure of parental cells to EVs carrying mutated EGFR, the authors
observed an increased cellular expression of vascular endothelial growth factor. This is in-
dicative of cell transformation suggesting EV-mediated cellular communication is involved
in the promotion of malignant processes and carcinogenesis. Identifying an association
between EVs and a clinical condition or biological phenotype corresponds to the first
characteristic of an effective biomarker (Figure 1), suggesting the potential clinical utility of
EVs, pending the development of reliable detection methodologies.

Recent research indicates an emerging interest in using EVs within cancer diagnostics,
evidenced by a study conducting long RNA sequencing from serum-based EVs obtained
from early-stage lung adenocarcinoma patients. This study successfully identified a 23-gene
signature capable of distinguishing patients from benign controls with high analytical sen-
sitivity, specificity, and accuracy (93.75%, 85.71%, and 88.24%, respectively) [20]. For lung
cancer alone, the significance of this discovery lies in the potential integration of EV se-
quencing analysis with the current diagnostic standard of low-dose computed tomography
(CT). Considering indications from the U.S. National Lung Screening Trial reporting that
96.4% of low-dose CT positive screening results are false positives, a combinatorial ap-
proach involving the analysis of EV cargo may help mitigate this and even improve patient
disease stratification [21]. Separately, Mercy BioAnalytics recently received USD 41 million
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in Series A financing to optimise their assay analysing co-localised proteins on the surface
of single EVs to improve early cancer detection [22]. This indicates potential for not only
their technology, but the field as a whole, by demonstrating the increasing recognition of
EVs as a potential tool for cancer diagnostics. It is based on such indications that this critical
review aims to discuss and broadly evaluate the prospects, challenges, and future work
facing EVs regarding their translation into clinical practice, to shed light on this promising
area of cancer diagnostics.

2. Prospects

Within the context of cancer research and analysis, liquid biopsy has generated great
interest through its ability to identify various tumour-derived components, including circu-
lating tumour cells (CTCs), cell-free DNA (cfDNA), and EVs, in the bodily fluids of cancer
patients [23]. Liquid biopsy employs a technically simple, cost-effective, and minimally
invasive repeatable approach to sample collection [24]. This is essential for providing pa-
tient prognostic indications, both throughout a treatment course and for research-oriented
functions. The subsequent molecular profiling of samples through genomic and proteomic
analysis of isolated components has the potential to improve cancer detection at earlier
stages, guide personalised medicine strategies, and aid in therapy response monitoring.
Moreover, unlike traditional tissue biopsies, liquid biopsy approaches are not limited by
tumour accessibility and reflect the systemic characteristics of all bodily tissue. Conse-
quently, they offer a comprehensive depiction of the heterogenous nature of cancer which
is important for developing a clinically valuable diagnostic assay [25].

EVs as a Promising Approach to Cancer Detection

The burgeoning body of evidence highlighting the involvement of EVs in cancer patho-
genesis suggests a promising avenue for innovative early cancer detection strategies [26–28].
As a result, there is growing interest in the utilisation of tdEVs as both cancer biomarkers
and therapeutic targets. Importantly, EVs provide access to patient physiological data in real
time from various biofluids including urine, blood, stool, and saliva. This feature presents
a distinct advantage over the traditional tissue biopsy approach for cancer diagnosis and
monitoring. Previously, liquid biopsy has concentrated solely on the analysis of CTCs and
tumour-originating cfDNA, with several diagnostic assays being commercially available,
including the approved FoundationOne® Liquid CDx test [29]. The extension of this ap-
proach to include the analysis of tumour-derived EVs (tdEVs) may provide patient benefits,
pending the development of reliable and robust diagnostic platforms. To date, few studies
have accurately quantified and compared the presence of tdEVs and CTCs within patient
samples. However, available lines of evidence suggest that tdEVs are notably more abun-
dant in blood compared to CTCs, with cargo including RNAs demonstrating acceptable
half-lives, signifying the potential utility of tdEVs as valid cancer biomarkers [22,25,30,31].

Supporting this, Nanou et al. (2020) identified significantly higher tdEV counts
compared to respective CTC counts by at least an order of magnitude in castration-resistant
prostate cancer, metastatic breast cancer, metastatic colorectal cancer, and non-small cell
lung cancer [32]. The robustness of this study’s methodology is attributed to the large
patient cohort sizes and comprehensive diversity in cancer types assessed. Conversely,
another study revealed the absence of tdEVs in prostate cancer patients, despite the presence
of detected CTCs [33]. The discrepancy observed between these studies may arise from the
authors’ use of differentially gated ACCEPT enumeration software for the quantification of
tdEV populations, thereby imposing limitations on the interpretations of their findings.

To improve data integrity in the future, researchers may consider using an EV-specific
detection method, such as transmission electron microscopy, in conjunction with computer-
assisted image analysis, such as ExosomeAnalyzer software [34]. Additionally, the authors
of both papers indicate that the EV isolation method utilised in their research enriched
only large EVs, constituting an estimated <1% of total tdEVs present within blood serum,
preventing the holistic analysis of the tdEV landscape within samples [32]. Despite exper-
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imental shortcomings, current evidence suggests that tdEVs are present in significantly
higher numbers than total CTCs, theoretically supporting the prospect of utilising EVs as
cancer biomarkers. However, quantifying and analysing tdEVs may primarily serve to infer
cancer stage and patient prognoses, while the analysis of CTCs might prove preferential to
indicate cancer diagnosis while being technologically simpler to isolate [35].

Importantly, there remains a necessity in the field to optimise the enrichment of smaller
tdEVs, in order to achieve a comprehensive understanding of the complete analytical po-
tential of tdEVs. A prospective detection strategy for the future of EV-based diagnostics
is utilisation of an optimised dynamic light scattering (DLS) approach for EV analysis.
Kogej et al. (2021) supports this, demonstrating the ability of DLS to characterise extracel-
lular nanoparticles in the bodily fluids of benign and malignant ovarian cancer patients,
enabling patient stratification [30]. However, due to the heterogenous nature of EVs, reach-
ing a defined tdEV biomarker threshold using this approach might require large sample
volumes, which are likely to be impractical in a clinical environment. Nonetheless, a DLS
approach utilising laser beams and the detection of resulting photon scatter to analyse EV
particle size is highly sensitive, with a large defined detectable size range of 1–6000 nM [36].
This technique is shown to yield highly accurate particle size distribution data while per-
mitting fast sample processing/measurement times [37]. This is significantly advantageous
when compared to current EV characterisation techniques involving ultracentrifugation or
size-exclusion chromatography. Furthermore, DLS harbours the potential to analyse com-
plex biological fluid, thereby removing the need for prior sample dilution/fractionation,
theoretically enabling bulk and reduced-cost analyses of samples [38].

However, there is contention within the field regarding the reported reduced accu-
racy of DLS size measurements for small tdEVs within polydispersed solutions [36,39],
perhaps indicating a need in the future to integrate DLS diagnostic solutions with other
next-generation technologies, such as atomic force microscopy (AFM), in a combinatorial
approach to EV analysis. This type of nanotechnology is capable of atomic scale imaging
operating through a cantilever equipped with a nanoscale tip, which can scan the surface
of an EV using a defined tip force while a laser beam reflected onto a photodiode precisely
monitors the deflection of the cantilever, thus generating topographic images of the EV’s
surface [40]. An advantage of using AFM for the biophysical characterisation of EVs can be
attributed to the technology’s capability to deposit analyte on a solid substrate and image
samples either dried or within cell culture media, with no need for staining or fixation
providing a degree of flexibility within the workflow [41]. The ability to analyse and gen-
erate topographic images of single membrane proteins at a lateral and vertical resolution
of <1 nm and <0.1 nm, respectively, while also generating insights into specific vesicular
mechanical characteristics, suggests clinical potential for the identification of tdEV nanome-
chanical fingerprints. One study using AFM to investigate the mechanical properties of
human breast cancer-derived tdEVs identified that vesicle stiffness and osmotic pressure
increased with increasing disease malignancy, indicating that this technology may also
aid in patient stratification into low- and high-risk groups [42]. AFM’s utility is, however,
limited to surface analysis and low-throughput particle engagement, and can only analyse
several hundred nanosized particles within an hour [43]. The workflow still requires signif-
icant sample processing and is limited by the bottleneck of pure EV enrichment, suggesting
that AFM can only aid in the identification of specific tdEVs and provide an indication of
contaminant levels when used in conjunction with other diagnostic techniques.

Crucially, the current literature indicates that EVs and its contents exhibit long-term
stability and degradation resilience during freezing, storage, and thawing processes [44].
This is important to consider, suggesting potential flexibility regarding sample processing
and handling, with minimal sample degradation during transport from clinic to diag-
nostic laboratories. From a diagnostics and research perspective, this is essential for the
continued discovery/validation of novel tdEV biomarkers using clinical samples, or for
treatment monitoring purposes where patient sample biobanking may occur over an
extended period. Further work in this area would prove beneficial, as the latest ISEV
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expert position paper (2023) did not reach an agreement indicating optimal EV storage
processes for maintaining sample integrity [45,46]. Interestingly, existing accounts in the
literature attempting to address this issue are divided, with numerous studies reporting
that freeze–thaw cycles do not cause significant changes in EV count [47–50]. For example,
Jayachandran et al. (2012) observed no significant loss of EVs when stored at either −40 ◦C
or −80 ◦C for up to one year, including up to three freeze–thaw cycles [50]. Contradictorily,
other investigations suggest significant alterations in EV physical characteristics after only
six months of storage, claiming that −80 ◦C storage minimised but did not prevent EV
loss [51,52]. To date, the significance and impact of varying sample storage conditions
on the effective analysis and diagnostic potential of EVs remains unexplored. Extensive
diversity regarding the biological source and composition of EVs might be responsible for
observed differences between these investigations. For instance, certain EV subpopulations
with reduced lipid bilayer stability may have heightened sensitivity to temperature fluctua-
tions and require more stringent storage conditions than others [53]. Overall, the current
evidence suggests that EV integrity may be preserved at −80 ◦C for up to one year, with
some resistance to freeze–thaw cycling. This likely presents a notable clinical benefit in
utilising EVs as biomarkers, indicating their inherent sample storage flexibility, enabling
reliable biomarker analysis, and facilitating the longitudinal monitoring of patient disease
and treatment response over time.

3. Challenges

An ideal method for EV isolation should be inexpensive, reasonably fast, and allow
for enrichment from several biofluid sources. In order for EVs to be considered as validated
cancer biomarkers, they must undergo analytical validation, clinical validation, and clinical
utility assessment, as required by international regulatory agencies, to demonstrate appro-
priate clinical benefit [54]. Passing analytical validation involves the provision of sufficient
evidence suggesting that biomarker assay results are highly accurate and repeatable, while
being both sensitive and specific [55]. Success at this stage would suitably demonstrate
an association between EV type, quantity, or contents and a specific cancer diagnosis or
prognosis. Becoming clinically validated involves illustrating the biomarker’s utility by
demonstrating an acceptable assay performance within clinical trials that will beneficially
influence clinical treatment decision-making [6]. Crucially, there are several obstacles
preventing the translation of the tdEV biomarker into clinical practice, including extensive
EV population heterogeneity, the presence of contamination during EV enrichment, and
the lack of method standardisation (see Table 1).

3.1. EV Heterogeneity

EVs are known to be an incredibly heterogenous and diverse set of particles generated
from differing biogenesis pathways with stratified EV populations based on their size, den-
sity, biochemical composition, and cell-of-origin. The traditional classification of EVs con-
denses the wide range of particle types into three categories: exosomes, which are formed
through the exocytosis of multivesicular endosomes (30–150 nm diameter, 1.13–1.19 g/mL);
microvesicles, which are generated by the outward blebbing of the plasma membrane
(100–1000 nm diameter, 1.08–1.19 g/mL); and apoptotic bodies, which are remnants of
the late stages of apoptosis (50–5000 nm diameter, 1.12–1.23 g/mL) (Figure 2) [36,56,57].
Notably, the biochemical composition of EVs is highly diverse and reflects both common
EV markers and cell-specific components (see Table 2). This ultimately poses a challenge in
optimising tdEV quantification and characterisation methods for effective biomarker analy-
sis, where identifying tdEVs from the host background of isolated EVs remains difficult [7].
Extensive EV physical heterogeneity makes establishing tdEV-specific markers suitable
for diagnostic applications challenging, ultimately preventing effective biomarker analysis
and hindering their adoption into clinical practice [58]. For instance, classical exosomes can
be identified by the tetraspanin markers CD9, CD63, and CD81, in contrast to non-classical
exosomes, which lack these markers. Classical microvesicles and large oncosomes can



Biology 2024, 13, 694 7 of 16

be identified through Annexin A1 and adenosine diphosphate ribose (ADP) ribosylation
factor 6, while small microvesicles uniquely express TSG101 and ARRDC1, despite all orig-
inating through the plasma membrane shedding pathway [59]. One study investigating
EV-mediated communication within glioma identified that proneural stem cells release
EVs largely devoid of surface markers, compared to those originating from mesenchymal
stem cells.

Table 1. Summary of the main challenges and potential solutions for the clinical translation of tdEVs
as biomarkers.

Challenges Indications Potential Solutions

Extensive EV physical heterogeneity
(size, density, and composition) makes

tdEV quantification difficult.

- Within glioma, proneural stem cells
release EVs largely devoid of markers,
while those derived from mesenchymal
stem cells uniquely express CD9, CD63,
and CD81, indicating intra-disease
heterogeneity [60].
- Up to 5000 distinct protein signals have
been detected in the EV-associated
proteome of a typical cancer cell
population [61–67].

- Identify and collate appropriate reference
genes for the analysis of EV populations
derived from multiple tissues and cell
types.
- Utilise highly sensitive gene
amplification technologies (such as
RT-qPCR) for accurate EV nucleic acid
quantification, targeting known gene
variants.
- Identification of tdEV-specific proteins
with subsequent proteomic profiling,
using highly specific antibody-based
approaches.

Enriching EVs often results in the
co-isolation of contaminating proteins,

which interfere with downstream
analysis.

- Maintaining cellular integrity during EV
enrichment to prevent intracellular debris
release is a technical challenge.
- The commonly used method of size
exclusion chromatography (SEC)
frequently results in the co-isolation of
contaminating lipoproteins [68].

- Employ additional isolation methods
such as density gradient separation.
- Optimise immunocapture techniques
combined with light scattering flow
cytometry for high-purity EV isolation.

The lack of standardised enrichment
methodologies leads to excessive

variation and inconsistencies in tdEV
detection.

- Variations in pore sizes for SEC, or in
relative centrifugal force for density
gradient separation, will enrich different
sub-fractions of tdEVs [69].

- Develop a universal approach for
enriching different EV types, shifting to
standardised, scalable, and accessible
technologies and facilitating cost-effective
scale-up opportunities.

EVs expressing the classical exosome tetraspanins CD9, CD63, and CD81 evidence EV
heterogeneity even within the same disease [60]. Other groups have also reported extensive
EV cargo heterogeneity, suggesting that the average EV-associated proteome of a uniform
cultured cancer cell population can contain up to 5000 distinct protein signals [61–67]. The
inherent variation associated with EV characteristics presents challenges for researchers in
identifying a specific gene or protein signature commonly expressed within a population
of tdEVs, thereby hindering their diagnostic utility. Notably, the use of gene amplification
technologies, such as reverse transcription quantitative PCR, which are highly sensitive
and economically viable tools, enables the accurate quantification of EV nucleic acid cargo
contents, opening up avenues for novel tdEV-based biomarker signature discovery [70].
However, due to widespread EV heterogeneity, the task of identifying a suitable and
validated housekeeping gene to function as an experimental internal control remains a
significant challenge in the field. It is important for researchers to identify reference genes
appropriate for the analysis of EV populations derived from multiple tissues, in order to
ensure the comprehensive and representative analysis of tdEV biomarker data in a clinical
context [71,72].

Ultimately, this has resulted in inconsistent interpretations of EV gene expression
profiles, thereby hindering the widespread adoption of molecular-based gene technolo-
gies for the standardised quantification of tdEV nucleic acid cargo [73]. The process of
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identifying and validating specific markers or signatures that ubiquitously define tdEV
subtypes, originating from different diseases and encompassing the biological variation
present between patients, constitutes a costly and time-consuming endeavour. However,
one research initiative successfully performed the proteomic profiling of plasma-derived
EVs from cancer patients and identified 51 and 19 tdEV-specific proteins unique to pancre-
atic adenocarcinoma and lung adenocarcinoma, respectively. This was completed using
high-resolution/high-mass accuracy nano-liquid chromatography tandem mass spectrom-
etry (MS) data, with the validation and quantitation of proteins performed experimentally
using enzyme-linked immunosorbent assays (ELISAs). These findings suggest the prospec-
tive ability of tdEV proteomic analysis to discriminate between cancer and non-cancer
patients, highlighting the importance of further investigation in this area [74]. Following
EV enrichment, commonly used methods to interrogate the proteomic landscape include
Western blotting, ELISAs, MS, and flow cytometry, which are powerful tools for detecting
and quantifying tdEV-specific proteins. However, despite being highly sensitive techniques,
they appear impractical for clinical use due to their labour-/resource-intensive nature [75].

Table 2. EV types with associated markers.

EV Type Marker References

Exosome
CD9, CD63, CD81, TSG101, ALIX, HSP70, HSP90, HSP60, HSP27,

HSPA8, Rab27a, Rab27b, syntenin-1, flotillins, ceramides, cholesterol,
sphingomyelin, GPC1, CD147

[76,77]

Microvesicle
CD9, CD63, CD81, TSG101, ALIX, HSP70, HSP90, HSP60, HSP27,

HSPA8, actin, myosin, ADP-ribosylation factor 6, annexin A1
[59,76–78]

Apoptotic body
CD9, CD63, CD81, TSG101, ALIX, HSP70, HSP90, HSP60, HSP27,

HSPA8, histone H3, Caspase 3, Phosphatidylserine, annexin V
[59,76,77]

Cell Type Specific Markers
CD41 (platelets), CD235a (erythrocytes), EpCAM (epithelial cells),

EGFR (cancer cells)
[79–81]

3.2. Contamination during Isolation

A separate limitation of utilising tdEVs as cancer biomarkers revolves around the
co-isolation of contaminating particles (Table 3) when releasing EVs from the extracellular
matrix during the technically difficult enrichment process [82–84]. It is key to prevent cellu-
lar disruption and subsequent contamination with intracellular debris, which can result in
interference in downstream analyses. Serum starvation during in vitro cell culture research
is a versatile tool for experimental manipulation, commonly employed for purposes involv-
ing cell cycle synchronisation, studying cellular metabolic stress responses by serving as a
model for nutrient deprivation, and manipulating cell differentiation and gene expression
programmes [85–87]. However, this is shown to also induce cell apoptotic processes, which
release intracellular proteins, increasing their levels within blood plasma [88]. Ultimately,
contaminating proteins (such as albumin) during EV isolation will lead to reduced sample
purity with inaccurate tdEV quantification.

Particularly when using colourimetric assays or size-distribution detection methods,
such as DLS or nanoparticle tracking analysis (NTA), which at present do not distinguish
between EVs and other similarly sized particles such as lipoproteins, this reduces diagnostic
assay specificity and the subsequent clinical utility of an EV-based biomarker by preventing
accurate downstream biochemical and biophysical analyses, thereby hindering patient
prognostic indications. Using antibodies to remove lipoproteins from blood plasma prior
to EV analysis has demonstrated potential, with a study reporting a median reduction of
particle concentration by 62% when removing ApoB-exposing lipoproteins, as measured by
NTA [89]. However, this provides no clinical utility, considering samples had to be diluted
up to 400 times to use an economically viable concentration of antibodies, indicating lack
of scale-up capability and feasibility in clinical practice. The current literature indicates
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that performing alternative methods, such as SEC, to elute EVs also results in the co-
isolation of contaminating chylomicrons and very-low-density lipoproteins, as they overlap
in diameter [68]. Density gradient separation was able to remove soluble proteins from
samples prior to SEC; however, the resultant added assay complexity and time similarly
indicate its lack of suitability for clinical application. The existence of only one commercially
available EV-based cancer biomarker supports the present lack of suitable EV enrichment
methodologies. Namely, the ExoDx Prostate Intelliscore (EPI) test is the only one able to
discriminate between high-grade, low-grade, and benign prostatic disease [90]. However,
due to challenges detecting tdEVs, this assay sacrifices low assay specificity (34%) for
high sensitivity (92%) through a low analyte detection threshold, ultimately increasing
the number of false positives, as identified in a 499-patient cohort [90,91]. Separately, the
presence of contaminating Tamm–Horsfall protein (THP) within urine samples results in
the masking of low-abundance tdEV-associated proteins and interferes with glycosylation
analysis [92]. Overall, this illustrates the difficulties of exploiting tdEVs as biomarkers and
make it hard to justify their utility when compared to alternative non-EV-based diagnostic
options (Table 4).

Table 3. Examples of common EV enrichment contaminants.

Contaminant Subtype

Lipoproteins

High-density
Low-density

Very low-density
Chylomicrons

Proteins
Aggregates

Soluble proteins
Ribonucleoproteins

Nucleic acids Circulating free RNA/DNA

Other
Cellular debris

Apoptotic bodies
Viruses

Table 4. Examples of clinically validated biomarker tests.

Marker Sample Type Cancer Type Value Detection Methodology Relevance

Phosphatidylinositol-
4,5-biphosphate

3-kinase catalytic
subunit alpha

(PIK3CA)

Freshly frozen
tissue biopsy Breast Sens. 100%

Spec. 100% Digital droplet PCR

Activating PIK3CA
mutations occurs in 20–30%

of all breast cancer cases.
Specific mutations act as

prognostic factors for
relapse-free survival [93].

Circulating tumour
cells Blood plasma Breast, prostate,

colorectal
Sens. 85%

Spec. 94.45% Antibody

CTC enumeration can help
assess therapeutic response
and prognosis in metastatic

cancers [94].

Circulating cfDNA Blood plasma Colorectal Sens. 83.1%
Spec. 90% NGS

Colorectal cancer screening
in individuals at average
risk for the disease [95].

Exosomal RNA
(SPDEF, PCA3, ERG) Urine Prostate

Sens. 92%
Spec. 34%
NPV: 91%
PPV: 36%

RT-qPCR

Able to discriminate
between high-grade,

low-grade, and benign
disease [90].

Faecal haemoglobin Stool Colorectal Sens. 92.1%
Spec. 85.8% Antibody

Detect the degradation
products of blood in faeces

and can help identify
patients requiring

investigation with the
highest priority [96].

Sens. (sensitivity), spec. (specificity), NPV (negative predictive value), PPV (positive predictive value).
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3.3. Method Standardisation and Validation

A key component of a successful tdEV biomarker discovery programme relies upon
the development of optimised enrichment methodologies suitable for different disease con-
texts and biofluid sources. For instance, liquid biopsy isolation of blood (plasma and serum)
and urinary-based tdEVs serve as direct indicators of pathophysiological alterations within
the urogenital system, presenting opportunities for the assessment of prostate cancer [97,98].
Ideally, employing a methodically universal approach for EV enrichment would facilitate
the expedited and cost-effective scale-up of EV-based biomarker development with clinical
applications, accelerating the availability of new therapeutics. However, the absence of
standardised EV isolation protocols likely leads to inconsistencies and variation in the
detection and analysis of vesicular subpopulations. This negatively affects the reliability
and consistency of EV-based diagnostic assays, while presenting significant challenges for
EV-derived biomarker discovery initiatives. Differences in analytical equipment, such as
varying pore sizes for size exclusion chromatography, and in software for data process-
ing and image analysis can introduce variability in the analysis and characterisation of
tdEVs, ultimately hindering their analytical potential. Furthermore, there are significant dis-
crepancies regarding various isolation methods’ capacity to effectively separate EVs from
co-aggregated proteins and lipids, as identified through NTA [57]. These variations lead to
marked differences in EV yields and contaminant levels, emphasising the critical role of
method selection in EV isolation protocols for accurate research outcomes. Poor selection
may negatively affect downstream genomic and proteomic landscape analyses compromis-
ing EVs’ accuracy and reliability as biomarkers. A global survey gathering 196 researcher
responses investigating commonly used EV isolation/characterisation methodologies re-
vealed ultracentrifugation to be the Gold Standard method, despite being labour-intensive
and necessitating large amounts (20–100 mL) of starting sample volume [99]. This indicates
potential challenges for clinical application by precluding the ability of clinicians to take
regular liquid biopsy samples from patients, preventing the adjustment of treatment pro-
grammes in a longitudinal monitoring precision medicine approach. A requirement for
larger sample volumes is also more resource intensive and increases experimental process-
ing times. Comparatively, evidence suggests that liquid biopsy methods to detect cfDNA
typically require a <5 mL starting volume [100]. However, the aforementioned survey failed
to factor whether samples were derived from plasma, serum, or urine preventing effec-
tive comparison between enrichment methodologies. Additionally, Gardiner et al. (2016)
recorded feedback from multiple individuals within the same department, potentially
introducing selection bias due to the high likelihood of these investigators utilising similar
equipment and isolation methods such as those detailed in Figure 3 [99].

A seminal paper by Stam et al. (2021) provides a comprehensive overview of various
EV isolation techniques, indicating that combined enrichment methods account for ~60%
of current EV isolations [101,102]. In light of this methodology appraisal, the most suitable
technique for an EV-based diagnostic assay is suggested to be immunocapture, owing to its
high purity, resolution, and ability to be combined with light scattering flow cytometry for
the accurate assessment of EV subpopulations [101]. However, limited attention has been
given to the scalability and potential commercialisation of this method, which is hindered
by the use of expensive antibodies with inherent limitations in shelf life and production
complexity [103]. Evidence also indicates a necessity for sample pre-processing before EV
capture, as immunocapture cannot effectively isolate EVs from complex matrices such as
blood plasma or serum [104]. This inefficiency is attributed to the presence of numerous
competing antibody binding sites within complex samples, leading to reduced yield and EV
purity. Overall, the EV-diagnostics field indicates a need to shift to standardised and more
suitable/widely accessible technologies applicable to scale up commercialisation. Literature
further underscores substantial variability in EV enumeration and characterisation, indicat-
ing potential adverse implications for downstream clinical decision-making [89,105–107].
Ultimately, this diminishes the likelihood of EV-based biomarkers successfully navigating
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the essential stages of analytical/clinical validation and utility endorsement, potentially
contributing to the limited numbers of ongoing clinical trials.

tt
tt

ff
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ff ft

Figure 3. A summary of the limitations and benefits of classically used experimental methodologies
used for EV isolation and enrichment.

4. Conclusions and Future Directions

In summary, despite some contradiction, tdEVs have emerged as a promising new
class of cancer biomarkers, due to their unique capacity to harbour cancer-derived cargo
reflective of their cell-of-origin. Their detection through liquid biopsy holds potential for
offering crucial diagnostic and prognostic insights before, during, and after patient treat-
ment ultimately assisting clinicians in optimising patient care. However, the field of EVs
is new, and there is a current lack of understanding of their functional role within cancer
pathogenesis. Therefore, the full extent of EVs’ potential in cancer diagnosis and treatment
remains unclear. Although the majority of literature expresses a favourable view on the
potential utilisation of EVs, particularly with interest in harnessing EVs as drug delivery
platforms for cancer therapy, few acknowledge or discuss the considerable technological
advancements needed to overcome existing limitations [108,109]. For example, the current
lack of standardised methodologies for tdEV enrichment from host EV populations causes
inconsistencies in the subpopulations isolated, hindering their characterisation and valida-
tion, and thus represents the largest obstacle facing the development of novel EV-based
biomarkers. This indicates a clear need for the diagnostic field to develop significantly
more reliable EV isolation techniques/methods, and for governing bodies to standardise
such extraction methods and analytical platforms. This will increase the prospects of an
EV-based cancer biomarker passing the analytical and clinical validation framework set by
international regulatory agencies.

As EVs inherently represent the constituent cells from which they were released, they
provide a snapshot of the heterogeneity present within tumours. This heterogeneity may
pose a significant challenge to overcome to detect subtle differences in tdEV cargo, interpret
their clinical significance amidst diverse cellular profiles, and to translate findings into



Biology 2024, 13, 694 12 of 16

effective diagnostic and therapeutic strategies. The research field stands to gain from
directing efforts towards the development of economically feasible and widely accessible
techniques for enriching tdEVs, both of which are key considerations for the clinical
translation and widespread adoption of a diagnostic biomarker. An interesting avenue to
explore for the future of immunocapture could involve leveraging multiple distinct tdEV
surface markers through innovative bi-specific antibodies, reflecting the contemporary
next-generation approach to antibody-drug conjugates [110,111]. Using one bi-specific
antibody to simultaneously target two different tumour-derived epitopes holds promise for
increasing assay specificity while facilitating the capture of multiple tdEV subpopulations in
a single step. This approach circumvents the requirement for the development of multiple
monoclonal antibodies each specific for a single tdEV population, thereby streamlining
assay design and implementation.

Overall, there is a clear need to advance our understanding of the emerging role of
EVs in the context of cancer communication and pathogenesis, to identify their biological
significance, and to establish robust associations with clinical phenotypes. Concerted
efforts are required to develop and refine technologies that offer improved accuracy and
reliability in assays to unlock the translational potential of EV-based cancer biomarkers for
commercial use.
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49. Lőrincz Á, M.; Timár, C.I.; Marosvári, K.A.; Veres, D.S.; Otrokocsi, L.; Kittel, Á.; Ligeti, E. Effect of storage on physical and

functional properties of extracellular vesicles derived from neutrophilic granulocytes. J. Extracell. Vesicles 2014, 3, 25465. [CrossRef]
[PubMed]

50. Jayachandran, M.; Miller, V.M.; Heit, J.A.; Owen, W.G. Methodology for isolation, identification and characterization of microvesi-
cles in peripheral blood. J. Immunol. Methods 2012, 375, 207–214. [CrossRef] [PubMed]

51. Park, S.J.; Jeon, H.; Yoo, S.-M.; Lee, M.-S. The effect of storage temperature on the biological activity of extracellular vesicles for
the complement system. Vitr. Cell. Dev. Biol. Anim. 2018, 54, 423–429. [CrossRef]

52. Cheng, Y.; Zeng, Q.; Han, Q.; Xia, W. Effect of pH, temperature and freezing-thawing on quantity changes and cellular uptake of
exosomes. Protein Cell 2019, 10, 295–299. [CrossRef]

53. Ghadami, S.; Dellinger, K. The lipid composition of extracellular vesicles: Applications in diagnostics and therapeutic delivery.
Front. Mol. Biosci. 2023, 10, 1198044. [CrossRef] [PubMed]

54. IVD Clinical Evidence. Available online: https://mdic.org/project/ivd-clinical-evidence/ (accessed on 3 June 2023).
55. Füzéry, A.K.; Levin, J.; Chan, M.M.; Chan, D.W. Translation of proteomic biomarkers into FDA approved cancer diagnostics:

Issues and challenges. Clin. Proteom. 2013, 10, 13. [CrossRef] [PubMed]
56. Lee, Y.J.; Shin, K.J.; Chae, Y.C. Regulation of cargo selection in exosome biogenesis and its biomedical applications in cancer. Exp.

Mol. Med. 2024, 56, 877–889. [CrossRef]
57. Brennan, K.; Martin, K.; FitzGerald, S.P.; O’Sullivan, J.; Wu, Y.; Blanco, A.; Richardson, C.; Mc Gee, M.M. A comparison of

methods for the isolation and separation of extracellular vesicles from protein and lipid particles in human serum. Sci. Rep. 2020,
10, 1039. [CrossRef] [PubMed]

58. van Niel, G.; Carter, D.R.F.; Clayton, A.; Lambert, D.W.; Raposo, G.; Vader, P. Challenges and directions in studying cell–cell
communication by extracellular vesicles. Nat. Rev. Mol. Cell Biol. 2022, 23, 369–382. [CrossRef]

59. Sheta, M.; Taha, E.A.; Lu, Y.; Eguchi, T. Extracellular Vesicles: New Classification and Tumor Immunosuppression. Biology 2023,
12, 110. [CrossRef]

60. Spinelli, C.; Montermini, L.; Meehan, B.; Brisson, A.R.; Tan, S.; Choi, D.; Nakano, I.; Rak, J. Molecular subtypes and differentiation
programmes of glioma stem cells as determinants of extracellular vesicle profiles and endothelial cell-stimulating activities. J.

Extracell. Vesicles 2018, 7, 1490144. [CrossRef]
61. Choi, D.; Spinelli, C.; Montermini, L.; Rak, J. Oncogenic Regulation of Extracellular Vesicle Proteome and Heterogeneity. Proteomics

2019, 19, e1800169. [CrossRef]
62. Colombo, M.; Moita, C.; van Niel, G.; Kowal, J.; Vigneron, J.; Benaroch, P.; Manel, N.; Moita, L.F.; Théry, C.; Raposo, G. Analysis of

ESCRT functions in exosome biogenesis, composition and secretion highlights the heterogeneity of extracellular vesicles. J. Cell

Sci. 2013, 126, 5553–5565. [CrossRef]
63. Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [CrossRef]



Biology 2024, 13, 694 15 of 16

64. Kowal, J.; Arras, G.; Colombo, M.; Jouve, M.; Morath, J.P.; Primdal-Bengtson, B.; Dingli, F.; Loew, D.; Tkach, M.; Théry, C.
Proteomic comparison defines novel markers to characterize heterogeneous populations of extracellular vesicle subtypes. Proc.

Natl. Acad. Sci. USA 2016, 113, E968–E977. [CrossRef] [PubMed]
65. Poliakov, A.; Spilman, M.; Dokland, T.; Amling, C.L.; Mobley, J.A. Structural heterogeneity and protein composition of exosome-

like vesicles (prostasomes) in human semen. Prostate 2009, 69, 159–167. [CrossRef] [PubMed]
66. Rak, J.; Strzadala, L. Heterogeneity of Extracellular Vesicles and Particles: Molecular Voxels in the Blood Borne “Hologram” of

Organ Function, Disfunction and Cancer. Arch. Immunol. Et Ther. Exp. 2023, 71, 5. [CrossRef]
67. van der Pol, E.; Coumans, F.; Varga, Z.; Krumrey, M.; Nieuwland, R. Innovation in detection of microparticles and exosomes. J.

Thromb. Haemost. 2013, 11, 36–45. [CrossRef] [PubMed]
68. Karimi, N.; Cvjetkovic, A.; Jang, S.C.; Crescitelli, R.; Hosseinpour Feizi, M.A.; Nieuwland, R.; Lötvall, J.; Lässer, C. Detailed

analysis of the plasma extracellular vesicle proteome after separation from lipoproteins. Cell. Mol. Life Sci. 2018, 75, 2873–2886.
[CrossRef] [PubMed]

69. Huang, T.; He, J. Characterization of Extracellular Vesicles by Size-Exclusion High-Performance Liquid Chromatography (HPLC).
Methods Mol. Biol. 2017, 1660, 191–199. [CrossRef]

70. Bernard, P.S.; Wittwer, C.T. Real-time PCR technology for cancer diagnostics. Clin. Chem. 2002, 48, 1178–1185. [CrossRef]
71. Benz, F.; Roderburg, C.; Vargas Cardenas, D.; Vucur, M.; Gautheron, J.; Koch, A.; Zimmermann, H.; Janssen, J.; Nieuwenhuijsen,

L.; Luedde, M.; et al. U6 is unsuitable for normalization of serum miRNA levels in patients with sepsis or liver fibrosis. Exp. Mol.

Med. 2013, 45, e42. [CrossRef]
72. Chiba, M.; Kimura, M.; Asari, S. Exosomes secreted from human colorectal cancer cell lines contain mRNAs, microRNAs and

natural antisense RNAs, that can transfer into the human hepatoma HepG2 and lung cancer A549 cell lines. Oncol. Rep. 2012,
28, 1551–1558. [CrossRef]

73. Gouin, K.; Peck, K.; Antes, T.; Johnson, J.L.; Li, C.; Vaturi, S.D.; Middleton, R.; de Couto, G.; Walravens, A.S.; Rodriguez-Borlado,
L.; et al. A comprehensive method for identification of suitable reference genes in extracellular vesicles. J. Extracell. Vesicles 2017,
6, 1347019. [CrossRef]

74. Hoshino, A.; Kim, H.S.; Bojmar, L.; Gyan, K.E.; Cioffi, M.; Hernandez, J.; Zambirinis, C.P.; Rodrigues, G.; Molina, H.; Heissel,
S.; et al. Extracellular Vesicle and Particle Biomarkers Define Multiple Human Cancers. Cell 2020, 182, 1044–1061. [CrossRef]
[PubMed]

75. Kwizera, E.A.; O’Connor, R.; Vinduska, V.; Williams, M.; Butch, E.R.; Snyder, S.E.; Chen, X.; Huang, X. Molecular Detection and
Analysis of Exosomes Using Surface-Enhanced Raman Scattering Gold Nanorods and a Miniaturized Device. Theranostics 2018,
8, 2722–2738. [CrossRef]

76. Andras, I.E.; Toborek, M. Extracellular vesicles of the blood-brain barrier. Tissue Barriers 2016, 4, e1131804. [CrossRef]
77. Malvicini, R.; Santa-Cruz, D.; Tolomeo, A.M.; Muraca, M.; Yannarelli, G.; Pacienza, N. Ion exchange chromatography as a

simple and scalable method to isolate biologically active small extracellular vesicles from conditioned media. PLoS ONE 2023,
18, e0291589. [CrossRef] [PubMed]

78. Ukrainskaya, V.M.; Rubtsov, Y.P.; Knorre, V.D.; Maschan, M.A.; Gabibov, A.G.; Stepanov, A.V. The Role of Tumor-Derived Vesicles
in the Regulation of Antitumor Immunity. Acta Nat. 2019, 11, 33–41. [CrossRef]

79. Ye, C.; Li, H.; Bao, M.; Zhuo, R.; Jiang, G.; Wang, W. Alveolar macrophage - derived exosomes modulate severity and outcome of
acute lung injury. Aging 2020, 12, 6120–6128. [CrossRef]

80. Ferlizza, E.; Romaniello, D.; Borrelli, F.; Pagano, F.; Girone, C.; Gelfo, V.; Kuhre, R.S.; Morselli, A.; Mazzeschi, M.; Sgarzi, M.; et al.
Extracellular Vesicles and Epidermal Growth Factor Receptor Activation: Interplay of Drivers in Cancer Progression. Cancers

2023, 15, 2970. [CrossRef]
81. Ekstrom, K.; Crescitelli, R.; Petursson, H.I.; Johansson, J.; Lasser, C.; Olofsson Bagge, R. Characterization of surface markers on

extracellular vesicles isolated from lymphatic exudate from patients with breast cancer. BMC Cancer 2022, 22, 50. [CrossRef]
[PubMed]

82. Coumans, F.A.W.; Brisson, A.R.; Buzas, E.I.; Dignat-George, F.; Drees, E.E.E.; El-Andaloussi, S.; Emanueli, C.; Gasecka, A.;
Hendrix, A.; Hill, A.F.; et al. Methodological Guidelines to Study Extracellular Vesicles. Circ. Res. 2017, 120, 1632–1648. [CrossRef]

83. Crescitelli, R.; Lässer, C.; Lötvall, J. Isolation and characterization of extracellular vesicle subpopulations from tissues. Nat. Protoc.

2021, 16, 1548–1580. [CrossRef]
84. Merij, L.B.; Andrade, F.B.; Silva, A.R.; Hottz, E.D. Isolation of Microvesicles from Plasma Samples Avoiding Lipoprotein

Contamination. Methods Mol. Biol. 2022, 2409, 245–255. [CrossRef]
85. Chen, M.; Huang, J.; Yang, X.; Liu, B.; Zhang, W.; Huang, L.; Deng, F.; Ma, J.; Bai, Y.; Lu, R.; et al. Serum starvation induced cell

cycle synchronization facilitates human somatic cells reprogramming. PLoS ONE 2012, 7, e28203. [CrossRef] [PubMed]
86. Mollereau, B.; Ma, D. The p53 control of apoptosis and proliferation: Lessons from Drosophila. Apoptosis 2014, 19, 1421–1429.

[CrossRef]
87. Rashid, M.-u.; Coombs, K.M. Serum-reduced media impacts on cell viability and protein expression in human lung epithelial

cells. J. Cell. Physiol. 2019, 234, 7718–7724. [CrossRef] [PubMed]
88. Brandi, J.; Manfredi, M.; Speziali, G.; Gosetti, F.; Marengo, E.; Cecconi, D. Proteomic approaches to decipher cancer cell secretome.

Semin. Cell Dev. Biol. 2018, 78, 93–101. [CrossRef]



Biology 2024, 13, 694 16 of 16

89. Mørk, M.; Handberg, A.; Pedersen, S.; Jørgensen, M.M.; Bæk, R.; Nielsen, M.K.; Kristensen, S.R. Prospects and limitations of
antibody-mediated clearing of lipoproteins from blood plasma prior to nanoparticle tracking analysis of extracellular vesicles. J.

Extracell. Vesicles 2017, 6, 1308779. [CrossRef]
90. McKiernan, J.; Donovan, M.J.; O’Neill, V.; Bentink, S.; Noerholm, M.; Belzer, S.; Skog, J.; Kattan, M.W.; Partin, A.; Andriole, G.;

et al. A Novel Urine Exosome Gene Expression Assay to Predict High-grade Prostate Cancer at Initial Biopsy. JAMA Oncol. 2016,
2, 882–889. [CrossRef] [PubMed]

91. Pal, M.; Muinao, T.; Boruah, H.P.D.; Mahindroo, N. Current advances in prognostic and diagnostic biomarkers for solid cancers:
Detection techniques and future challenges. Biomed. Pharmacother. 2022, 146, 112488. [CrossRef]

92. Kosanovic, M.; Jankovic, M. Isolation of urinary extracellular vesicles from Tamm-Horsfall protein-depleted urine and their
application in the development of a lectin-exosome-binding assay. Biotechniques 2014, 57, 143–149. [CrossRef]

93. Shimoi, T.; Hamada, A.; Yamagishi, M.; Hirai, M.; Yoshida, M.; Nishikawa, T.; Sudo, K.; Shimomura, A.; Noguchi, E.;
Yunokawa, M.; et al. PIK3CA mutation profiling in patients with breast cancer, using a highly sensitive detection system.
Cancer Sci. 2018, 109, 2558–2566. [CrossRef]

94. Satelli, A.; Brownlee, Z.; Mitra, A.; Meng, Q.H.; Li, S. Circulating tumor cell enumeration with a combination of epithelial cell
adhesion molecule- and cell-surface vimentin-based methods for monitoring breast cancer therapeutic response. Clin. Chem.

2015, 61, 259–266. [CrossRef] [PubMed]
95. Chung, D.C.; Gray, D.M., 2nd; Singh, H.; Issaka, R.B.; Raymond, V.M.; Eagle, C.; Hu, S.; Chudova, D.I.; Talasaz, A.; Greenson, J.K.;

et al. A Cell-free DNA Blood-Based Test for Colorectal Cancer Screening. N. Engl. J. Med. 2024, 390, 973–983. [CrossRef]
96. Monahan, K.J.; Davies, M.M.; Abulafi, M.; Banerjea, A.; Nicholson, B.D.; Arasaradnam, R.; Barker, N.; Benton, S.; Booth, R.;

Burling, D.; et al. Faecal immunochemical testing (FIT) in patients with signs or symptoms of suspected colorectal cancer (CRC):
A joint guideline from the Association of Coloproctology of Great Britain and Ireland (ACPGBI) and the British Society of
Gastroenterology (BSG). Gut 2022, 71, 1939–1962. [CrossRef]

97. Dhondt, B.; Geeurickx, E.; Tulkens, J.; Van Deun, J.; Vergauwen, G.; Lippens, L.; Miinalainen, I.; Rappu, P.; Heino, J.; Ost, P.;
et al. Unravelling the proteomic landscape of extracellular vesicles in prostate cancer by density-based fractionation of urine. J.

Extracell. Vesicles 2020, 9, 1736935. [CrossRef]
98. Ramirez-Garrastacho, M.; Bajo-Santos, C.; Line, A.; Martens-Uzunova, E.S.; de la Fuente, J.M.; Moros, M.; Soekmadji, C.; Tasken,

K.A.; Llorente, A. Extracellular vesicles as a source of prostate cancer biomarkers in liquid biopsies: A decade of research. Br. J.

Cancer 2022, 126, 331–350. [CrossRef] [PubMed]
99. Gardiner, C.; Di Vizio, D.; Sahoo, S.; Théry, C.; Witwer, K.W.; Wauben, M.; Hill, A.F. Techniques used for the isolation and

characterization of extracellular vesicles: Results of a worldwide survey. J. Extracell. Vesicles 2016, 5, 32945. [CrossRef] [PubMed]
100. Alix-Panabières, C.; Pantel, K. Liquid Biopsy: From Discovery to Clinical Application. Cancer Discov. 2021, 11, 858–873. [CrossRef]

[PubMed]
101. Stam, J.; Bartel, S.; Bischoff, R.; Wolters, J.C. Isolation of extracellular vesicles with combined enrichment methods. J. Chromatogr.

B 2021, 1169, 122604. [CrossRef]
102. Monguió-Tortajada, M.; Gálvez-Montón, C.; Bayes-Genis, A.; Roura, S.; Borràs, F.E. Extracellular vesicle isolation methods: Rising

impact of size-exclusion chromatography. Cell. Mol. Life Sci. 2019, 76, 2369–2382. [CrossRef]
103. Chames, P.; Van Regenmortel, M.; Weiss, E.; Baty, D. Therapeutic antibodies: Successes, limitations and hopes for the future. Br. J.

Pharmacol. 2009, 157, 220–233. [CrossRef]
104. Liangsupree, T.; Multia, E.; Riekkola, M.-L. Modern isolation and separation techniques for extracellular vesicles. J. Chromatogr. A

2021, 1636, 461773. [CrossRef] [PubMed]
105. Cantin, R.; Diou, J.; Bélanger, D.; Tremblay, A.M.; Gilbert, C. Discrimination between exosomes and HIV-1: Purification of both

vesicles from cell-free supernatants. J. Immunol. Methods 2008, 338, 21–30. [CrossRef] [PubMed]
106. Chen, C.; Skog, J.; Hsu, C.H.; Lessard, R.T.; Balaj, L.; Wurdinger, T.; Carter, B.S.; Breakefield, X.O.; Toner, M.; Irimia, D. Microfluidic

isolation and transcriptome analysis of serum microvesicles. Lab. Chip 2010, 10, 505–511. [CrossRef] [PubMed]
107. Chhoy, P.; Brown, C.W.; Amante, J.J.; Mercurio, A.M. Protocol for the separation of extracellular vesicles by ultracentrifugation

from in vitro cell culture models. STAR Protoc. 2021, 2, 100303. [CrossRef] [PubMed]
108. Xu, R.; Rai, A.; Chen, M.; Suwakulsiri, W.; Greening, D.W.; Simpson, R.J. Extracellular vesicles in cancer - implications for future

improvements in cancer care. Nat. Rev. Clin. Oncol. 2018, 15, 617–638. [CrossRef]
109. Chen, J.; Tan, Q.; Yang, Z.; Jin, Y. Engineered extracellular vesicles: Potentials in cancer combination therapy. J. Nanobiotechnol.

2022, 20, 132. [CrossRef]
110. Klein, C.; Brinkmann, U.; Reichert, J.M.; Kontermann, R.E. The present and future of bispecific antibodies for cancer therapy. Nat.

Rev. Drug Discov. 2024, 23, 301–319. [CrossRef]
111. Gu, Y.; Wang, Z.; Wang, Y. Bispecific antibody drug conjugates: Making 1+1>2. Acta Pharm. Sin. B 2024, 14, 1965–1986. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


	Introduction 
	Prospects 
	Challenges 
	EV Heterogeneity 
	Contamination during Isolation 
	Method Standardisation and Validation 

	Conclusions and Future Directions 
	References

