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Summary 
All living cells selectively package a wide variety of biomolecules in nanometric entities termed 
extracellular vesicles (EVs), which actively mediate vital biological events, especially biomolecule 
recycling and horizontal intercellular communication. To do so, EVs can diffuse through interstitial 
space, reaching even circulating biofluids to promote long-range paracrine signalling in recipient 
cells, while sometimes directly functioning as effectors. Despite fundamental knowledge gaps within 
the field, EVs are frequently dysregulated during disease, often directly sustaining disease hallmarks. 
Therefore, they are extremely valuable circulating biomarker sources that can provide timed 
snapshots of individual (patho)physiological status, while carrying cell or tissue-specific cargo, 
indicative of their origin. Consequently, attention towards EVs has exponentially increased during 
the last decade, fostered by translational research efforts that have focused on two major EV 
applications, either as drug delivery vehicles or as analytes in liquid biopsies, which consist in bodily 
fluid collection for biomarker detection. In contrast to standard tissue biopsies for cancer 
management, liquid biopsies are heralded as the holy grail of personalized medicine because they 
are minimally invasive, low-risk, high-throughput and repeated sampling is easy and cheap. These 
features enable full understanding of tumour heterogeneity, while tumour progression can be tracked 
longitudinally, as well as resulting alterations in healthy tissues. Liquid biopsies aid clinicians in early 
disease detection and screening, patient stratification, treatment response monitoring and resistance 
mechanism identification. 

Still, the small size and low amount of cargo in biological nanoparticles limit current state-of-the-art 
technologies employed for EV profiling. These fail to grasp the full complexity of EV heterogeneity, 
ultimately straggling the establishment of model EV samples and identification of clinically relevant 
EV subpopulations. Hence, the first central aim of this thesis, further described in the first chapter of 
the results section, concerns the identification of EVs among particle noise and characterization of 
relevant subpopulations, using state-of-the-art, dedicated instruments, optimized for high-resolution 
single nanoparticle detection. Label-free and fluorescence measurements allowed either 
indiscriminate or selective detection of EV subpopulations and common contaminants. Analysing the 
expression of classical surface markers facilitated EV sample characterization. Using thoroughly 
optimized staining procedures, fluorescently-labelled EVs could be reproducibly generated, and later 
employed as tracer EV models for accurate measurements in downstream spike-recovery 
experiments. 

Liquid biopsy studies have often selected blood plasma for EV biomarker discovery and detection, 
as it potentially transports EVs from any cell type, together with other biomarkers. Since blood 
collection is a well-established routine clinical practice, it is often considered the ideal biofluid for 
liquid biopsy tests. The majority of these studies purify bulk EVs with co-isolated contaminants from 
plasma, failing to investigate the specific EV subsets that actually contain relevant biomarkers, which 
might end up undetected, diluted among many other macromolecules. Thus, in the second chapter 
of results, the present thesis aimed to further dissect EV heterogeneity in human plasma samples, 
and to determine whether distinct EV subpopulations can indeed confer differential clinical utility. To 
this end, several affinity-based EV isolation approaches were optimized and explored for their 
efficiency and specificity in simple and complex matrices. However, the complexity of biological 
matrices, especially plasma, drastically hamper affinity interactions. Hence, additional critical gaps 
in the field regarding sample pre-analytical processing were addressed. Results demonstrated that 
target EV subpopulations could be efficiently enriched from plasma, but also, that both complex 
matrix composition and target EV surface phenotypes can dramatically influence the performance of 
affinity isolation methods. Furthermore, distinct plasma EV subpopulations were indeed captured 
when targeting different surface moieties. Platelet-derived EVs, but not other EV subsets, evidenced 
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mRNA expression signatures that could be linked to early-stage lung cancer, proving that distinct 
EV subpopulations are indeed more relevant than others for liquid biopsy-based biomarker detection. 

In conclusion, the original experimental work reported in thesis evidenced that EV labelling protocols 
should be optimized for each single nanoparticle profiling platform. Moreover, fluorescent dyes, 
affinity reagents and methodologies employed must be carefully selected and tested, as all 
contribute to accurate EV measurements in simple matrices, but can also promote confounding 
particle detection and biased analysis. Also, elimination of dyes in excess is extremely important for 
precise small EV detection, and protocols used to conduct this step must not affect the original 
subpopulation composition in EV samples.  

On the other hand, the immunoaffinity-based EV isolation protocol devised in this PhD project 
purified distinct EV subpopulations from plasma. This protocol is compatible with a wide range of 
downstream procedures and analytical platforms. It is a simple, quick, scalable and automatable pre-
analytical workflow, fitting the requirements of routine clinical assays, as to encourage the inclusion 
of EVs in novel liquid biopsy tests. Importantly, clinically relevant mRNA expression profiles 
associated to early-stage lung cancer, were obtained upon isolation of platelet-derived EV 
subpopulations from plasma, using this immunoaffinity protocol. Furthermore, it was evident that pre-
analytical variables, sample matrices and EV surface phenotypes are critical parameters to account 
for when affinity-based methodologies are employed to target specific EV subsets. As result of the 
research output throughout this PhD project, ongoing multi-centre collaborations have been 
established, with the goal of integrating EV multianalyte and multi-omics data. Large-scale validation, 
prospective and explorative studies will be fundamental for robust biomarker detection and inclusion 
of EVs in novel liquid biopsy-based assays. 
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General Introduction 
Cells selectively secrete portions of their constituting biomolecules in membrane-enclosed particles, 
named Extracellular Vesicles (EVs). First hints supporting the existence of this subcellular 
compartment materialized about 80 years ago, although, it is today that the significance of such 
novel findings is being grasped, as research efforts propelled only during the past 20 to 30 years. 
Nevertheless, plenty of key mechanisms and biological events remain to be unveiled or better 
characterized. EVs are round nanoparticles delimited by a double lipidic membrane, ranging from 
40-1000nm in diameter. All cells secrete EVs at least for intercellular communication. As such, they 
can be found in every tissue and bodily fluid.  

The introduction of the present thesis begins with a detailed chronological succession of key EV-
related discoveries that outlined current central views in EV research. Subsequently, it focuses on 
the hallmarks of cancer and on the ambiguous roles EVs can play during tumorigenesis. Finally, it 
addresses the main theme of the work herein reported: early-stage cancer detection through liquid 
biopsy-based approaches. After briefly summarizing the largest and most impactful studies being 
conducted towards this goal, which have not yet included EV-specific biomarkers in their workflows, 
this introduction wraps up by highlighting the diagnostic potential of EVs for early-stage cancer 
detection and how they could be best leveraged in novel liquid biopsy strategies. 

Many different nomenclatures have been adopted in the EV field, which has led to some degree of 
confusion and lack of consistency across the literature. Generally, the name “exosome” is used when 
the endocytic origin of vesicles can be proven, whereas the term “microvesicle” refers to vesiculation 
through direct blebbing from the cell plasma membrane. The diameter of exosomes falls between 
40-200nm, while microvesicles (MVs) display a wide size range, from 40-1000nm. Nonetheless, 
researchers have used these and other terms interchangeably, failing to provide concrete evidence 
for the subcellular origin of their EV samples. During the introduction, nomenclatures chosen by cited 
authors will be briefly adopted, while mentioning their literature. However, all original writing, results 
and discussion herein reported will be addressed adopting the all-encompassing term extracellular 
vesicle or EV. 

 

 

Early knowledge on EV functions and biogenesis (1940s to 2000) 

During the 1940s, unknowing that these would be the very first direct evidences of EV function, Erwin 
Chargaff and Randolph West obtained small biological particles from blood, while attempting to 
isolate clotting factors. They observed that high-speed centrifugation sediments, composed by a 
“thromboplastic agent” and a small “particulate fraction”, greatly stimulated the clotting process1,2. 
The first reports describing cell-released vesicles date back to the late 1960s, when Harrison Clarke 
Anderson discovered what he called “matrix vesicles”. He proposed that these vesicles blebbed from 
the plasma membrane of chondrocytes, and were morphologically associated with mineral 
deposition during the process of endochondral ossification3,4. Some years later, in 1974, Anderson 
and two co-workers found a strong structural relationship between the membranes of matrix vesicles 
and cellular membranes, further strengthening the idea that vesicles were indeed originating from 
the chondrocyte plasma membrane to actively engage in the process of cartilage calcification5. 
Building on the previous observations by Chargaff and West, in 1967 Peter Wolf coined the term 
“platelet dust” to describe lipid-rich platelet-derived particles, which could be isolated by high-speed 
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centrifugation from platelet-free plasma (PFP) and serum, retaining pro-coagulant properties6. 
Today, platelet-derived EVs are well documented and known to be abundantly present in blood. 

Fast-forwarding to 1981, one study reported that cells displaying ecto-enzyme activity released 
vesicles which retained the same catalytic properties as the parental cell line. They also concluded 
that these vesicles originated from the cell plasma membrane, revealing two subpopulations with the 
average diameters of 40nm and 500-1000nm. Moreover, these researchers coined the term 
“exosome” to refer to plasma membrane-derived vesicles in general7. 

In 1983, two independent studies simultaneously unveiled the mechanism behind the gradual loss 
of the transferrin receptor from the cell membrane, which was already at the time considered a 
hallmark of reticulocyte maturation during erythropoiesis. They demonstrated that transferrin 
receptors were firstly internalized by endocytosis to then preferentially accumulate at multivesicular 
bodies (MVBs), which ultimately fused with the plasma membrane to shuttle small vesicles (60-
200nm) enriched in transferrin receptors8,9. Focused on this mechanistic process, scientists 
discovered that instead of blebbing from the plasma membrane, small EVs could be generated 
through another pathway which involved MVB exocytosis, and contribute to recycle or deplete 
structures no longer useful for cells10,11. These two elegant reports were indeed the first to describe 
an endocytic route for EV generation, but are often erroneously considered the first to discover 
exosomes or EVs in general. It is important to underline that the previous aforementioned studies 
mentioned provided substantial evidence for the existence of small cell-derived membranous 
vesicles, which had a well-defined nano size range and actively engaged in fundamental biological 
processes. 

Nonetheless, at that time many researchers remained sceptical about this novel MVB-mediated 
secretion pathway, convinced that parts of the cell membrane would simply shed in the form of 
vesicles12. For almost 10 years, there was little interest in EV research. During the beginning of the 
1990s, early indications that EVs could be linked to the initiation of immune responses encouraged 
scientists to unravel a new wave of EV mechanisms and functions. The following discoveries remain 
today a foundation for many EV-focused studies, which helped to better understand the complex 
endocytic pathway. 

In 1991, it was found that lysosomes can fuse with endosomes to release EVs that either dispose 
products of lysosome catabolism, or present them via major histocompatibility complex (MHC) class 
II molecules, at the plasma membrane. As MHC-II is absent in lysosomes, authors proposed that 
digested peptides meant for antigen presentation were transferred from lysosomes to endosomes, 
where they could form peptide-MHC-II complexes. Since most antigens require lysosomal 
hydrolysis, they proposed that MHC class II-enriched compartments (MIICs) would be the primary 
site for this process to take place. Ultimately, authors stated that immunogenic determinants must 
be rescued by specific mechanisms for antigen presentation at the plasma membrane13. 

A seminal study by Raposo et al. published in 1996, proved that B cells externalized vesicles 
enriched with peptide-MHC-II complexes through exocytosis, which triggered specific T cell 
responses, establishing that EVs play an important role in direct antigen presentation14. Their study 
was inspired by rather early observations, where intact MHC-II molecules could be recovered in 
100.000g ultracentrifugation pellets from B cell conditioned medium15,16. Soon after, it was postulated 
that MHC-II molecules were shed in association with plasma membrane lipids, as small membrane-
derived vesicles17. Raposo et al. showed that instead of shedding, this was a tightly regulated 
intracellular mechanism, occurring inside multivesicular MIICs, where antigen-MHC-II complexes 
were formed and loaded in small vesicles for exocytosis. They further hypothesised that exosomes 
likely functioned as vehicles for the transfer of antigen-MHC-II complexes between immune cells14. 
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Still in 1996, a study focused on tetraspanin proteins revealed that CD9, CD63 and CD81 formed 
organized microdomains between themselves and other proteins, such as the VLA integrins or HLA-
DR antigens, at the cell plasma membrane. These interactions were specific, since de novo 
expressed CD9 could associate with pre-existing plasma membrane microdomains. Authors 
proposed that the association of these surface molecules in close proximity could have specific roles 
in co-stimulation, antigen presentation and/or cell adhesion18. 

One year after, researchers trying to obtain pure HIV-1 preparations noticed that MVs co-purified 
with the virus by sucrose density gradient centrifugation. Although not thoroughly assessed, they 
claimed that these MVs carried a substantial amount of nucleic acids (both DNA and RNA) and also 
the HLA-DR and β2-M proteins19. 

Another similar report in 1998 showed that dendritic cell (DC)-derived exosomes triggered strong 
anti-tumoral T cell immune responses in vivo. Moreover, the authors found MHC-I, MHC-II and co-
stimulatory molecules expressed in DC exosomes, which they saw as a regulated process and 
postulated that a key physiological role of exosomes would be to act as messengers, markedly 
facilitating the communication between cells of the immune system. They also proposed that DC-
derived exosomes would be a beneficial cell-free alternative for cancer immunotherapy20. 

The first evidence for tetraspanin protein expression at the EV surface was also published in 1998. 
It was observed that in addition to MHC-II and the immune co-stimulatory molecule CD86, 
tetraspanins CD63, CD37 or CD82 were highly enriched in B-cell exosomes, while the most enriched 
one was CD81. This observation was puzzling because tetraspanins did not contain consensus 
sorting signals in their cytoplasmic tails, hence it was unclear how they were displayed at the 
exosome surface. Additionally, the roles of tetraspanins were still highly obscure at the time. 
Regardless, researchers concluded that tetraspanins were likely sorted with different kinetics due to 
the differences in their relative enrichment. Furthermore, they showed that the proteins involved in 
MHC-II transport and antigen loading in MIICs were not present in exosomes, indicating that the 
processing and loading of antigens in the antigen-MHC-II complexes occurred prior to MIIC fusion 
with the plasma membrane, and consequent exosome release21. 

Additional studies helped solidifying the concept of vesiculation, which did not seem to be restricted 
to particular cell types. Platelet-derived EVs became of increasing interest to the scientific 
community22–26, while novel EV functions kept being proposed, from immune signalling and 
communication, to membrane and receptor sorting for recycling or elimination27–34. The more EVs 
were identified and implicated in fundamental biological processes, the greater became the need to 
standardize data reporting and to find generic, EV-specific molecular markers. For that purpose, the 
characterization of major EV components using DC-derived EVs was conducted in 1999. Hsc73, 
annexin II, gag and Gi2ɑ were identified as EV lumen proteins. MFG-E8, Mac-1 and CD9 as 
membrane proteins. The authors also acknowledged the presence of previously reported 
tetraspanins, such as CD63, CD81, CD82 and the immune regulators MHC-I and MHC-II35. 

By the year 2000, there was a general agreement that MVBs could either fuse with lysosomal 
compartments for the degradation of biomolecules, which as previously learned, can be recycled for 
antigen presentation, or directly fuse with the plasma membrane, resulting in the secretion of small 
EVs to the extracellular milieu. Concrete evidence confirmed the accuracy of these ideas, later in 
200936.  
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Ground-breaking EV-related discoveries (2000 to 2011) 

With the advent of the 2000s, revolutionary technologies and achievements, such as the completion 
of the human genome project in April 2003, set in motion an unprecedent pace in the development 
of biosciences. The EV field did not fall behind this trend, as outstanding breakthrough discoveries 
were made along the way, setting the foundations of contemporary EV research. 

The first extensive protein analysis of an EV population was done on DC-derived exosomes in 2001 
by mass spectrometry. This study identified a unique molecular composition of exosomes, which 
helped to establish them even further as a truly distinct cellular component, with specific biological 
functions. Moreover, authors reported that DCs constitutively secreted antigen-presenting EVs, 
responsible for initiating anti-tumoral immune responses37. 

Still in 2001, another study showed that upon the uptake of tumour-derived EVs, mouse DCs 
triggered a T cell-mediated rejection of autologous tumours and even robust intertumoral cross-
protection in vivo. This indicated that distinct tumour-derived EV subpopulations carried shared 
tumour markers, which could be efficiently engulfed and presented by DCs to trigger robust T cell 
responses. In comparison to tumour-derived EVs, irradiated tumour cells, apoptotic bodies or tumour 
lysates were poorly immunogenic, suggesting that EVs might display specific receptors or ligands 
for efficient uptake by antigen-presenting cells (APCs)38. Similar claims were made in 2002, where 
scientists proved that exosomes isolated from malignant effusions could prime cytotoxic T 
lymphocytes (CTLs) as efficiently as exosomes derived from tumour cell lines, eliciting immune 
responses that would not naturally occur in patients. This was one of the first reports detecting and 
isolating EVs from human biofluids39. DC-derived EVs could directly activate T cells both in vitro and 
in vivo, further linking EVs to antigen presenting roles. Importantly, EVs helped spreading antigen-
MHC-II complexes between different DC populations that might have not encountered such antigens 
before, thus increasing the pool of competent antigen presenting DCs to stimulate naïve T cells and 
ultimately propagate immune responses40. 

In 2004 and 2005, the first articles characterizing ex vivo EVs isolated from urine41 and blood 
plasma42 were published. Researchers noticed that blood plasma EV preps were clearly rich in 
contaminants from various sources. Still, they were able to detect CD63, CD9 and CD81 on Human 
leukaemia mast cell-1 (HMC-1) exosomes and on plasma-derived vesicles after CD63 
immunoprecipitation (IP). Plasma-derived vesicles contained not only these tetraspanins but also 
MHC-II, whereas HMC-1 exosomes only carried tetraspanins as this cell line did not express MHC-
II. The platelet marker CD41 was also exclusively found in plasma vesicles. These results showed 
that exosomes circulate through the whole body and potentially mediate long range intercellular 
communication and/or horizontal transfer of material42. 

From 2006 to 2008, majorly impactful articles demonstrated that EVs carried both mRNA and 
miRNA. Functional mRNA could be delivered from EVs and translated into protein by target cells. In 
addition, EVs were increasingly associated with a wide range of regulatory roles and detected across 
several human biofluids. All these factors combined drew unprecedent attention and interest to the 
EV field, and the number of EV-related publications grew. In 2006, it was reported that embryonic 
stem cell (ESC)-derived MVs enhanced the survival and expansion of hematopoietic progenitor cells. 
MVs were enriched in mRNA coding for several transcription factors, cytokines and surface 
receptors. MVs also upregulated the expression of early pluripotency transcription factors in receptor 
cells, such as Oct-4, Nanog, and Rex-1. Finally, the authors validated that at least functional Oct-4 
mRNA was delivered to hematopoietic progenitor cells by ESC MVs and actively translated into 
protein43. 
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In 2007, additional EV mass spectrometry experiments compared exosomes isolated from 3 different 
cell lines. At least 47 proteins were present in all 3 exosome populations. Moreover, RNA was 
abundantly detected inside exosomes, excluding the possibility of extracellular RNA contamination. 
Microarray gene expression analysis identified at least 1300 different transcripts and DNA could not 
be detected. Surprisingly, gene expression profiles were quite different between donor cells and 
respective exosomes, meaning that they were enriched in distinct mRNAs and suggesting that 
mRNA was selectively packaged inside EVs. Finally, mRNAs could be translated into proteins, 
demonstrating that their function was retained44. 

The first study analysing miRNA expression in circulating plasma MVs obtained from healthy donors 
was published in 2008. Surprisingly, it was found that miRNA signatures were not influenced by 
gender or age, which was an important finding if these miRNAs were to be used as potential 
diagnostic biomarkers45. 

A seminal study conducted by Skog et al. in 2008 investigated tumour-derived EVs obtained from 
human glioblastoma primary cell cultures. RNAse treatment on isolated EVs minorly impacted total 
RNA recovery, confirming that the majority of RNA was indeed protected inside the EV lumen. Both 
miRNA and mRNA profiles were characterized using Agilent 44k microarray chips, which were state-
of-the-art technology at the time as they covered the entire human genome. Authors found that 
distinct mRNAs were highly enriched in EVs when compared to donor cells, further supporting the 
notion of selective transcript sorting. There was a strong correlation between the mRNA profiles of 
vesicles generated by different donor cells, and between different donor cells themselves, but not 
between EVs and respective donor cells, once more pointing towards selective transcript 
enrichment. Tumour-derived EVs transferred functional mRNA molecules to normal neighbour cells, 
which translated these transcripts, ultimately altering the cellular translational profile. Moreover, 
glioblastoma EVs induced angiogenesis in brain endothelial cells and stimulated the proliferation of 
a glioma cell line. Altogether, these results revealed that tumours could exploit EV pathways to 
manipulate the tissue microenvironment, favouring tumour growth and invasion. Therefore, the 
authors reinforced that EVs should be isolated from blood to profile clinically actionable nucleic acid 
markers and introduced the idea that EVs may be used to detect changes in tumour progression, as 
blood draws can easily be obtained over time. This could potentially apply for any cancer type, and 
might even allow the localization of tumour foci in patients. The idea to isolate EVs from easily 
accessible biofluids for diagnostics was not new46, however Skog et al. elegantly promoted them as 
the ideal biomarker source for liquid biopsy-based tests, by evidencing the amount of relevant 
information carried within circulating EVs isolated from a remarkably low sample volume47. In fact, 
during that same year, Skog co-founded ExosomeDx, which was the first company focused on 
harnessing the potential of circulating EVs for diagnostic or disease detection purposes. In 2016, 
they launched the world’s first FDA-approved exosome-based liquid biopsy diagnostic test. 

By 2010, EVs had been isolated from the majority of human biofluids, and the common view was 
that essentially all cells were capable of actively secreting EVs, as a part of their constitutive 
metabolic routines12,48,49. With the rapid expansion of the EV field, along came the need to reach 
consensus on important aspects such as nomenclature and methodologies used for EV isolation 
and analysis. To take on this mission, a group of researchers joined forces and in 2011, the 
International Society for Extracellular Vesicles (ISEV) was founded, along with the Journal of 
Extracellular Vesicles (JEV) in 2012. 
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Gold rush in the EV field and state-of-the-art (2010 to present day) 

From the 2010s until the present day there was a dramatic expansion in the number of publications 
addressing EVs. This phenomenon is quite evident, as depicted in the plot below (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Throughout this section I will address the most relevant state-of-the-art concepts in the field, with a 
heavy focus on cancer biomarker identification and detection, while mentioning potential practical 
applications of EVs. 

The first two studies to perform deep RNA sequencing of EVs were published in 2012 and unveiled 
that, in addition to miRNA and full-length transcripts, incomplete mRNA fragments were also 
significantly present. More importantly, these studies showed EVs can carry virtually all RNA 
species, namely non-coding RNAs, vault RNA, tRNA, Y-RNA, siRNA, snoRNA, scRNA or even 
retroviral RNA repeats. Since these RNAs were specifically shuttled in EVs, it is possible that they 
have important regulatory functions, which are still unclear50,51. Interestingly, others addressed more 
in depth the EV mRNA content and found that much of the EV-encapsulated mRNA was fragmented, 
resulting in an enrichment of the 5’ or 3’ untranslated regions (UTRs) over full length transcripts52,53. 

Despite the several publications that have provided concrete evidence for the presence of DNA in 
EVs, this is still a topic of debate in the field as contradictory data has also been published54–59. 
Studies reporting the presence of DNA on EVs were frequently conducted on cancer models. Similar 
studies performed on healthy controls would be valuable to prove if DNA is indeed physiologically 
shuttled on EVs, or if this event is restricted to certain contexts, as a result of alterations caused 
during cancer or other conditions. The latter may actually be a strong hypothesis, as several reports 
found that DNA was selectively associated with EVs under particular circumstances, for instance 
during cellular stress or upon activation of the DNA damage response (DDR), which aids in the 
clearance of cytotoxic cytoplasmic DNA fragments, thereby rescuing cell survival60–63. Due to its 
sensitivity to DNAse treatment, it could be concluded that EV DNA was often externally associated 
to the EV membrane63–65. It is also remotely possible that generally EVs are not released from 

Figure 1. Number of publications per year on PubMed containing the following search 
queries: Extracellular vesicles (Purple), Exosomes (Blue) and Microvesicles (Green). 
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parental cells readily carrying DNA on their surface, but rather it can bind as EVs travel through the 
extracellular milieu. More research on this frontier is required before being able to elaborate clear 
answers. 

It is challenging to pinpoint markers exclusively present in exosomes (endocytic origin) or MVs 
(plasma membrane). However, there are a handful that have been extensively detected throughout 
the years, which can be used as faithful markers to support that the starting material for experiments  
truly contains EVs55,66,67: 

Table 1. Cellular markers most often found enriched in EV samples. 

Surface proteins 
CD9, CD81, CD63, CD82, Flotilin-1, Flotilin-2, 
integrins, lactadherin, ICAM-1, Annexins, RAB 
GTPases, MHC-I, MHC-II 

Membrane lipids Phosphatidylserine, cholesterol, ceramide, 
sphingolipids  

EV lumen ALIX, TSG101, HSP70, HSP90, Syntenin, 
GAPDH, esterases, cytoskeletal proteins 

 

Another critical aspect that has been established throughout time is the wide heterogeneity among 
EV subpopulations55,67–73. Each single cell is capable of secreting quite distinct EV types that differ 
in their function and phenotype. Moreover, multiple cellular conditions such as activation status, 
differentiation, ageing or senescence61,74–76 influence the signatures of EV-packaged molecules and 
contribute to EV heterogeneity, which can potentially be appreciated at the single-vesicle level. This 
calls for thorough reporting of methodologies and conditions in EV-related publications as to 
minimize the amount of irreproducible data and erroneous conclusions. 

It is also fundamental to profile EV subpopulations through the identification of conventional EV 
markers, such as the ones mentioned in the table above, or specific targets of interest. With that in 
mind and aware of the relentless growth in EV-related studies, ISEV published two position papers, 
one in 201477 and another in 201878. Here, leading experts of the EV field announced that despite 
the exciting recent discoveries, it was fundamental to maintain rigor due to the complex nature of 
EVs, which becomes exponentially accentuated when conducting in vivo studies. They proposed a 
series of best practices and minimal experimental requirements as guidelines for future publications. 
The 2018 update aimed to revise the previous recommendations considering scientific advances 
made during those 4 years, and to promote their wider acceptance and implementation. Unlike the 
first edition, the proposed revisions of 2018 were based on the results of a whole ISEV community 
outreach, where 329 scientists responded to a survey. Upon review by ISEV and JEV members, a 
comprehensively detailed document (when compared to the 2014 edition) was elaborated, 
encompassing the views and expertise of scientists directly working in the EV field. The third revision 
of the Minimal Information for Studies of Extracellular Vesicles (MISEV) guidelines is expected to be 
published during the current year of 2022. 

Current and past research efforts have conceived that EVs hold great promise in many frontiers, 
some of the most relevant ones being66,79: 

• Therapeutics (i.e. immunotherapy) 
• Diagnostics 
• Tracking the progression of pathological states 
• Prognosis of tumour progression and metastasis 
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• Predicting and monitoring therapy response 
• Vectors for the modulation of cellular functions in vivo 
• Bioengineering 
• Vaccines (anti-tumour or anti-pathogen) 
• Evaluation of the general pathophysiological status of individuals (routine check-ups or 

screenings) 

The central theme of this thesis focuses on exploring the potential of EVs for cancer detection and 
diagnostics. EVs are important promoters of cancer progression, as will be briefly explained in the 
subsequent section.  

 

EVs and the Hallmarks of Cancer  

Cancer is the most complex disease we have yet encountered. The influential and inspiring 
publications by Douglas Hanahan and Robert Weinberg remain to this day the most comprehensive 
outlines on the hallmarks of cancer80,81. Despite all the different cancer types and subtypes, 
encompassing all their complexity and heterogeneity, it was possible to identify 8 hallmark 
capabilities displayed by all malignant tumours. An accumulating body of evidence reveals that EVs 
contribute to the initiation, sustainment or exacerbation of most of these pathophysiological traits82,83. 
In the following section, I will list the hallmarks which EVs seem to impact the most, briefly citing 
supporting literature: 

 

• Resisting cell death 

Programmed cell death or apoptosis is a process regulated by several sensor and effector proteins, 
which together are responsible for the elimination of old, damaged or aberrant cells. Therefore, it is 
an important barrier pre-neoplastic cells must overcome before becoming fully transformed. Only a 
couple of reports directly identified EV-mediated anti-apoptotic effects in tumour cells in vivo84,85, 
however, plenty show that EVs actively confer drug resistance, sometimes through the stimulation 
of anti-apoptotic pathways86. Remarkably, cancer cells can selectively pack cytotoxic drugs inside 
the EV lumen, lowering their effective intracellular concentration to later shuttle them out to 
extracellular space. Additionally, drug-resistant cancer cells can share their acquired resistance 
horizontally by exporting drug efflux pumps in EVs that modulate recipient cell metabolism, altering 
their phenotype for increased resistance or tolerance to therapeutic compounds. EVs can even 
function as cellular decoys that limit the bioavailability of monoclonal antibody-based drugs, shielding 
donor cancer cells from the immune system and ultimately reducing the effectiveness of cell-targeted 
immunotherapies87–92. These and many other resistance mechanisms allow cancer cells to escape 
destruction by therapeutic cytotoxic drugs. 

 

• Enabling replicative immortality 

Normal cells have a finite number of doubling cycles, which when reached, causes them to enter a 
state of dormancy termed senescence, resulting in a series of phenotypical changes, where cells 
remain alive but no longer multiply. However, upon loss of function of both key tumour suppressors 
p53 and pRb, senescence is lifted and cells restart their division. Due to their compromised viability, 
this leads to the accumulation of genomic aberrations that ultimately cause vast cell death. 
Nonetheless, it is possible that from a pool of cells in crisis, an extremely low percentage of them 
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might survive after massive genomic rearrangements and emerge with the acquired ability to divide 
indefinitely, becoming immortalized80,81. Telomeres are protective caps located at the end of 
chromosomes, and their length is the main determinant of whether normal cells may further divide, 
as it grows shorter with each cell doubling. Progressive telomere loss is a physiological process 
resulting in senescence or extreme genomic instability, both eventually leading to cell death. 
Therefore, telomere shortening is a central molecular barrier to neoplastic transformation that needs 
to be overcome by cancer cells93. 

An interesting study by Zomer et al. demonstrated that melanoma cells spread their EVs through the 
whole body of mice, targeting healthy cells from a variety of organs, which effectively uptake tumour-
derived material. The reverse was not as frequently observed94. One can conceive such a 
mechanism for an EV-mediated distribution of cellular immortality. The first cancer cells to achieve 
this trait might disseminate key factors (i.e. telomerase) to nearby healthy cells, promoting their 
immortalization and subsequent neoplastic transformation. Despite being a highly plausible 
possibility, there is not yet concrete evidence reporting the occurrence of such phenomenon. 

 

• Inducing and sustaining angiogenesis 

The vascular system provides all cells not only a constant supply of nutrients and oxygen, but also 
means to eliminate unnecessary by-products of metabolism and carbon dioxide. Once vascularized 
organs are formed, new blood vessels sprout from pre-existing ones through a process termed 
angiogenesis, which strictly occurs sporadically and transiently. In contrast to normal cells, highly 
proliferative cancer cells require dedicated vasculature to maintain their turnover and energetic 
needs. To do so, cancer cells initiate and constitutively sustain angiogenesis, continually expanding 
the supply of blood vessels in tumour microenvironment (TME), which is a process critically mediated 
by tumour-derived EVs. Angiogenesis is usually stimulated through the overexpression of the 
vascular endothelial growth factor (VEGF) and can be induced by a wide variety of EV-mediated 
cascades of events95–102. 

 

• Sustaining proliferative signalling 

The earliest identified and perhaps the most characteristic hallmark of tumour cells is their sustained 
proliferative capability. Normal cell division requires proliferative stimuli and is tightly regulated by 
neighbouring cells and tissue microenvironments. This critical homeostatic mechanism maintains a 
physiological tissue architecture and guarantees that each system in our bodies functions as 
intended, contributing for the common good of the whole organism. On the other hand, neoplastic 
cells do not depend on external stimuli, since they constitutively generate their own growth signals, 
escaping this fundamental homeostatic regulation. As a result, cancer cells stop working for the 
organism and instead prioritize their own expansion no matter the consequences. Accumulating 
evidence demonstrates that tumour-derived EVs can hijack normal cells in the TME (i.e. fibroblasts, 
endothelial or immune cells), forcing them to behave in this way by spreading cancer-enabling 
characteristics through the activation or overexpression of oncogenes100,103–105. The degree of 
malignant transformation has also been correlated with the number of cell-released EVs, meaning 
that generally, the more aggressive the phenotype of a tumour cell is, the more EVs we can expect 
it to secrete58,82,98,106,107. 
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• Activating invasion and metastasis 

During the later stages of cancer progression, some tumour cells acquire the capacity to invade 
adjacent tissue, escaping the primary tumour mass to eventually colonize distant locations, thus 
metastasizing. The metastatic process occurs in a rather complex series of events, and accounts for 
90% of cancer deaths. Current knowledge on cancer metastasis has essentially expanded during 
the last two decades, driven by crucial earlier observations. In 1980, Poste and Fidler noticed that 
despite the presence of circulating tumour cells (CTCs) in the vasculature of multiple organs, 
tumours consistently metastasized at specific sites108, indicating that the establishment of metastasis 
was dependent on a receptive microenvironment109. Later on, distant tissue microenvironments were 
indeed found to be primed before the establishment of metastasis. This process was mediated by 
bone marrow-derived hematopoietic progenitor cells (BMDCs), which were recruited to the primary 
tumour site to facilitate primary tumour cell progression, and to increase their metastatic potential by 
conditioning distant pre-metastatic niches before the arrival of colonizing cancer cells110. 

In 2011111 and 2012106, two influential studies showed that EVs are essential in the establishment of 
pre-metastatic niches. Hood et al. proved that melanoma exosomes induced angiogenesis and an 
immunosuppressive environment at lymph nodes, priming this pre-metastatic niche to promote 
recruitment, trapping and growth of melanoma cells, which propagated the settling of secondary 
tumours at a pre-determined location111. Peinado et al. demonstrated that melanoma-derived 
exosomes stimulate pre-metastatic niche formation through the education of BMDCs by upregulating 
the oncoprotein MET. Tumour-derived EVs recruited BMDCs to support tumour vascularization, 
invasion and metastasis through the upregulation of proinflammatory molecules at pre-metastatic 
sites106. In 2015, Costa-Silva et al. further implicated pancreatic ductal adenocarcinoma (PDAC)-
derived EVs as critical mediators of pre-metastatic niche formation in the liver. Exosome-carried MIF 
orchestrated this process, while MIF upregulation could be readily detected in the plasma of stage I 
PDAC patients, suggesting that this marker could enable early PDAC detection112. Additionally, it 
was shown that malignant melanoma-derived EVs, which carried transcripts promoting cell migration 
and metastasis, could travel long distances to deliver their cargo to less malignant cells, educating 
them to increase their migratory behaviour and metastatic potential94. 

Indeed, EVs seem to play a central role in the metastatic process. Elucidating such EV-mediated 
events is of extreme importance, as metastasis represent the main cause of cancer-related deaths. 

 

• Deregulating cellular energetics 

During tumorigenesis, cancer cells often reprogram their metabolism, shifting from mitochondrial 
oxidative phosphorylation to glycolysis, even in the presence of oxygen. This “aerobic glycolysis” 
metabolism, mostly known as the Warburg effect, generates severely less adenosine triphosphate 
(ATP) units when compared to cellular respiration, thus forcing an exacerbated glucose uptake. This 
does not necessarily mean that the oxidative phosphorylation pathway is impaired, however 
accelerated tumour growth leads to hypoxia. Consequently, the transcription factor HIF-1ɑ is 
activated, upregulating the expression of glycolytic enzymes and glucose transporters for increased 
glucose uptake113. Thus, aerobic glycolysis not only enables fast expansion of tumour cells, but it 
also causes TME acidification, which can aid in immune evasion. Additionally, acidic TMEs can 
increase EV release and uptake, which may favour the cancer-promoting activities of tumour-derived 
EVs114. Moreover, EV-carried biomolecules can induce this metabolic switch in recipient cells, 
conferring them increased drug-resistance while stimulating their invasive potential, ultimately 
facilitating cell extravasation and metastasis115,116.  
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The content of EVs produced by patient-derived cancer-associated fibroblasts (CAFs) could inhibit 
mitochondrial oxidative phosphorylation and shift cellular metabolism by facilitating glycolysis117. 
This shows that besides primary cancer cells, once educated, TME cells are exceptionally important 
in sustaining transformed phenotypes. The involvement of TME EVs in metabolic reprograming and 
deregulation of cellular energetics during cancer progression is exhaustively covered in a recent 
review article118. 

 

• Avoiding immune-mediated destruction 

Chronic inflammation is by itself a hallmark of cancer that favours tumour progression and therefore, 
tumours strive to actively maintain it. Immune cells are often educated and exploited locally by cancer 
cells, through a wide variety of mechanisms. Tumour-derived EVs are certainly one of the main 
“weapons” for counter-attacking immunocompetent cells, as they generate highly 
immunosuppressive TMEs. Tumour-derived EVs may display FasL and TRAIL proteins to suppress 
T lymphocytes or induce their apoptosis, hindering the infiltration of these and other immune cells in 
the TME, which effectively blocks their anti-tumoral activity119–121. TGF-β-expressing EVs could also 
selectively impair the response of CTLs and natural killer (NK) cells, inhibiting their proliferation in 
response to IL-2122–124. Additionally, tumour-derived EVs stimulate the expansion and suppressor 
functions of regulatory T cells (Tregs), as well as the differentiation of myeloid cells into  
immunosuppressive cellular subsets, rather than into immunocompetent DCs125–127. Finally, immune 
checkpoint-loaded tumour-derived EVs, in particular expressing PD-L1 also suppressed T cell 
proliferation and activation, facilitating cancer progression128–130. 

 

In a nutshell, cancer is a manifestation of the molecular damage accumulated throughout the life of 
multicellular organisms. It is the most complex disease known to us because it encompasses the all 
intricacies of biological systems. Genomic aberrations are the most fundamental and upstream 
triggers of molecular dysfunction, which may confer increased cellular fitness and cancer enabling 
characteristics. Consequently, as we learn about the biology of EVs and unveil their essential part 
in orchestrating homeostasis, the more we inevitably find that they too are ruled by fallible 
mechanisms and instructions, liable to exploitation. That said, this section did not seek to 
comprehensively review the relationship between EVs and cancer, but simply aimed to exemplify 
how EVs may contribute to the establishment and modulation of hallmark capabilities. 

The Hallmarks of cancer publications are widely acclaimed and acknowledged on the scientific 
community. The first was released in 200080, followed by a second one in 201181, which revisited the 
past and proposed a next generation of hallmarks. Faithfully, eleven years later yet another update 
on the hallmarks of cancer was recently published in January 2022131. As the pace of scientific 
knowledge generation does not seem to slow down, this article expands on novel discoveries and 
current views in an increasing list of hallmarks or cancer enabling characteristics, proposing the 
inclusion of “unlocking phenotypic plasticity”, “nonmutational epigenetic reprogramming”, 
“polymorphic microbiomes” and “senescent cells” as new traits. However, research shows that, 
despite their individual distinction, cancer hallmarks or enabling characteristics can be perceived 
from a systems biology perspective as co-dependent, meaning that the relationship between them 
will also determine cancer pathophysiology. For example, epigenetic reprogramming is one key 
mediator of cellular plasticity and the predominant oncogenes TP53, KRAS, MYC and NOTCH have 
been extensively described as drivers of cancer progression, promoting the surge of multiple 
hallmarks. Cellular senescence is a mechanism complementary to programmed cell death, as both 
coordinate the inactivation and elimination of unnecessary cells. Nonetheless, recent findings 
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suggest that senescent cells also contribute to pro-tumorigenic events through biomolecule secretion 
during senescence-associated secretory phenotype (SASP). SASP-secreted factors can remodel 
the TME to favor hallmark phenotypes, establishing highly immunosuppressive environments, while 
supporting local tissue invasion and distant metastasis. Inspired by this collection of publications, 
several authors followed the same lines to propose molecular hallmarks characterizing other 
complex biological processes such as ageing132, which is tightly linked to cancer as both are driven 
by the accumulation of cellular damage. 

 

Liquid biopsy-based cancer detection and isolation of circulating EVs 

Liquid biopsies hold the key for the next generation of non-invasive diagnostic tests. Importantly, 
they can provide a systemic snapshot of the (patho)physiological state of a particular individual, at 
any particular time, enabling true precision medicine care. The minimal invasive nature of liquid 
biopsies allows for frequent sampling, resulting simply in a minor inconvenience but no harm to 
subjects. It also enables the earliest possible detection of disease onset, even if patients are 
asymptomatic at the time of testing. In oncology, liquid biopsies can be used for screening, patient 
stratification, monitoring treatment response and to detect minimal residual disease133, all from a 
single blood draw. 

Several outstanding studies have demonstrated the validity of liquid biopsies for early cancer 
detection. The CancerSEEK test examined 1005 non-metastatic cancer patients, against 812 
healthy controls, with no history of cancer. The cancer cohort comprised primary tumours from 
several tissues, namely ovary, liver, stomach, pancreas, esophagus, colorectum, lung, and breast. 
Researchers queried for driver mutations in 16 genes on circulating tumour DNA (ctDNA) and for 
the levels of 8 plasma proteins, measured in a single immunoassay platform. Among the 8 cancer 
types included in the study, the authors achieved a sensitivity and specificity of 70% and >99%, 
respectively. Tumour location could be pinpointed to two organs with 83% of accuracy, and to one 
single organ with 63% of accuracy. This was the first large scale, multi-analyte, liquid biopsy-based 
blood test to report such promising results134. The experimental pipeline of the CancerSEEK study 
was applied to the DETECT-A study in 2020, which enrolled 10 times more patients and was 
described as an exploratory, prospective and interventional study. DETECT-A was a pioneer and 
elegant study ahead of its time, which serves as a practical foundation for future liquid biopsy-based 
cancer screening approaches. It was carefully conceived to test the feasibility of a sequential 
approach for cancer screening in risk cohorts, without disclosing full details of the study to the 
subjects enrolled, in order to mitigate anxiety and prevent overdiagnosis. After two rounds of 
reproducibly abnormal results in blood tests, and after evaluation of each single case by a medical 
committee, individuals were invited to undergo a full-body positron emission tomography-computed 
tomography (PET-CT) scan to confirm blood results and localize eventual early-stage tumours, in a 
minimal invasive fashion135. 

On another frontier, the Circulating Cell-free Genome Atlas is an ongoing large scale study (cancer 
cohort=10500; healthy cohort=4500), focused on the analysis of methylation patterns on cell-free 
DNA (cfDNA) from plasma136,137. It has also reported extremely promising results, rivalling with the 
CancerSEEK pipeline. Several other large-scale liquid biopsy-based clinical studies are being 
conducted, such as STRIVE (~100,000 participants), SUMMIT (~25,000 participants), 
PATHFINDER (~6,200 participants) and ASCEND (3,000 participants)138, which underlines the high 
expectations for the field of liquid biopsies in the present day and near future. 

Still, large scale clinical studies specifically regarding EVs as central biomarker sources are lacking. 
A recently published article demonstrated that the information carried within EVs allowed to cluster 
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cancer patient samples based on their primary tumour types. Authors compared the EV proteome of 
426 different human cancer and non-cancer samples from different sources and identified tumour-
associated EV protein signatures of early-stage cancer. These signatures allowed to correctly 
classify normal and tumour tissues with over 90% of sensitivity and specificity and surprisingly, 
samples from the same cancer types clustered together after data processing with dimensionality 
reduction algorithms. Altogether, this study validated the utility of EV protein panels in early cancer 
detection139. Despite such promising results however, not many prospective liquid biopsy-based 
studies have been conducted, and likely none strongly focused on EVs. 

EVs have been widely acknowledged as repositories of cancer biomarkers and are thus highly 
relevant in clinical diagnostics settings140–142. In contrast with cfDNA or ctDNA, which are subject to 
degradation, thus losing their biomarker quality, EV-carried analytes are shielded inside the EV 
lumen and sustain their biomarker potential throughout their journey. EVs also have the advantage 
of encapsulating protein, lipids or nucleic acids, enabling true multi-analyte assays from a single 
biosource. Such assays, as evidenced by the CancerSEEK study, can more robustly detect disease, 
provide an ampler overview of its pathophysiology and even pinpoint tissue of origin133,134. 

Because many cell types actively secrete EVs that end up in the bloodstream, circulating plasma 
EVs not only portray a more complete picture of tumour heterogeneity, but also indicate how healthy 
cells from various systems have been affected by disease over time, which is simply not possible 
with cfDNA. Liquid biopsy composition can be greatly affected by a panoply of external factors, 
usually deemed pre-analytical variables. Essentially, at each step of the procedure, from sample 
collection until completion of required downstream analyses, it is important to understand the 
sources of bias that can potentially skew reproducible and trustworthy observations. Acknowledging 
their inevitability and working to minimize them, or at best systematise them is critical, particularly at 
the pre-analytical stage, since upstream generated artifacts carry through the whole flow, 
contributing to the formulation of false conclusions. Many pre-analytical parameters have been 
previously noted and fairly reviewed, especially with regard to blood-derived EVs143–150. 

The list of practical and technical challenges towards implementing EV-based liquid biopsy tests is 
long. One of the main roadblocks is the lack of standardized and automatable procedures for sample 
purification. Moreover, the majority of EV isolation protocols commonly employed in research 
environments are not adequate or lack the necessary throughput for routine clinical care. Also, 
circulating EVs are highly heterogeneous, and the overrepresentation of certain subpopulations is 
often undesirable. In addition to the broad variety of circulating EVs, plasma is a highly complex 
biological matrix, containing a wide range of possible contaminants, such as lipoproteins and other 
factors that co-purify with all the conventional EV isolation methods145,150,151. 

These and other aspects hamper the performance of downstream analytical platforms, which fail to 
discern low abundance subpopulations among particle noise, reflecting similar difficulties 
encountered during the extraction of extraordinarily low amounts of ctDNA, over total pools of 
cfDNA133,143,152. In fact, it is widely acknowledged that due to their nanoscale, high heterogeneity, 
paucity of biomarker material, and inconsistent reporting of experimental works, EVs are often 
insufficiently characterized, revealing that conventionally employed methodologies are not yet suited 
to fully grasp the complexities of the EV field153. Consequently, most studies have prioritized the 
accumulation of large amounts of bulk EV material, in order to barely reach the limit of detection 
(LOD) of their instruments, often still lacking the necessary analytical capabilities to appreciate EV 
heterogeneity. Considering all the challenges listed above, while knowing that patient samples are 
usually rather limited, that blood is a tremendously rich biofluid and that the composition of samples 
obtained from different donors broadly fluctuates, resulting in wide inter-donor variations, we can 
ultimately understand why routine blood-based EV liquid biopsy tests are not yet a reality. 
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Several EV purification methods have been developed and adapted throughout the years. In fact, 
this remains one of the most heated debate topics within the scientific community. Since each 
technique has its advantages and drawbacks, downstream applications of interest should drive the 
selection of EV isolation approaches. Generally, procedures that rely on physical parameters such 
as size or density solely permit whole EV isolation – a heterogenous mix of all constituent EV 
subpopulations of that sample. In contrast, affinity-based isolation strategies can selectively capture 
and enrich for EVs that display target surface features, namely organ, tissue or disease-specific 
markers. 

In the table below, we compare key characteristics of the most frequently used techniques for EV 
isolation and purification. No single one is able to circumvent all challenges, therefore they should 
ideally be orthogonally tested for each specific application before committing148,150,154,155. It is not 
enough to stress that an open and critical scientific mind towards even such preliminary experiments 
is fundamental, especially in the EV field where analytical challenges pose major concerns. Some 
of these techniques can often be combined, allowing to cumulatively extract the benefits conferred 
by each single one. Of note, the protocols chosen to carry out these techniques will also influence 
final experimental outcomes. Despite several new emerging methodologies having delivered 
promising results, here we focused on well-established and commonly used ones148,150,154,155. 

 

Table 2. Comparison between the techniques most frequently employed for EV isolation and purification from simple and 
complex samples (most often blood)148,150,154,155. 

Technique EVs 
recovered Advantages Drawbacks Co-isolated material 

Differential 
ultracentrifugation 
(UC) or density 
gradient UC (DG-
UC) 

Bulk EVs, 
heterogeneous 
subpopulations  

- Low-cost, 
- well-established, 
- wide volume range compatibility, 
- high purity (DG-UC) 

- Largely time-consuming, 
- laborious, 
- EV disruption, 
- EV and protein aggregates, 
- requires high input material, 
- difficult to automate, 
- low yield (DG-UC), 
- low throughput 

- Protein aggregates, 
- proteins, 
- lipoproteins, 
- viral particles, 
- other nanoparticles 
 

Size-exclusion 
chromatography 
(SEC) 

Bulk EVs, 
heterogeneous 
subpopulations 

- Avoids aggregation, 
- recovers functional EVs, 
- average to high recovery, 
- average to high purity, 
- gentle EV processing, 
- enables buffer exchange, 
- wide volume range compatibility, 
- quick and low-cost, 
- automatable, 
- wide variety of different resins (nano 
pores, ion-exchange, etc.) 

- High sample dilution, 
- might require sample 
concentration, 
- quality control of resins, 
- requires some optimization, 
- time-consuming setting up 
and cleaning procedures, 
- low to average throughput 

- large protein aggregates, 
- lipoproteins, 
- viral particles, 
- interacting factors at 
target EV surface 
- other nanoparticles 

Affinity capture 

Targeted EV 
subpopulations 
(surface 
phenotype) 

- Select EV subpopulations, 
- high yield, 
- high purity, 
- high throughput, 
- suited for low volumes, 
- quick, cheap, scalable, automatable,  
- direct isolation and in situ analysis, 
- compatible with microfluidics, 
- enables buffer exchange, 
- wide variety of affinity reagents, 
- suited for clinical diagnostics 

- Unsuited for high volumes, 
- difficult elution of functional 
EVs,  
- requires thorough 
optimization, 
- lack of standardization 
 

- Complex matrix 
components (non-specific 
affinity), 
- interacting factors at 
target EV surface 

Ultrafiltration (UF) 
Bulk EVs, 
heterogeneous 
subpopulations 

- enables sample concentration, 
- recovers functional EVs, 
- average to high recovery, 
- gentle EV processing, 
- enables buffer exchange, 
- wide volume range compatibility, 

- Requires pre-purification / 
pre-clearing, 
- unsuited for complex 
biological samples, 
- lack of standardization, 
- can disrupt EVs, 

- Protein aggregates, 
- proteins, 
- viral particles, 
- lipoproteins (on pre-
purified samples) 
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- quick and potentially low-cost, 
- low speed centrifugation 

- low to average throughput - interacting factors at 
target EV surface 
- other nanoparticles 

Precipitation-based 
polymers 

Bulk EVs, 
heterogeneous 
subpopulations 

- High yield, 
- cheap, quick, 
- simple protocol, 
- easy to implement, 
- wide volume range compatibility, 
- low speed centrifugation 

- Low purity, 
- requires pre-purification or 
pre-clearing, 
- highly susceptible to 
contaminants, 
- often commercial kits, 
undisclosed composition, 
- time-consuming, 
- might alter EV properties 

- Protein aggregates, 
- proteins, 
- viral particles, 
- lipoproteins (on pre-
purified samples) 
- other nanoparticles 

Microfluidics 

Targeted EV 
subpopulations 
(surface 
phenotype and 
physical 
properties) 

- Suited for low volumes, 
- compatible with affinity capture, 
- direct isolation and in situ analysis, 
- quick, automatable, 
- suited for clinical diagnostics, 
- designed for target EV detection, 
- enables size, shape, density and 
charge selectivity 

- Unsuited for high volumes, 
- difficult elution of functional 
EVs,  
- low recovery, 
- requires thorough 
optimization, 
- unsuited for research 
settings 

- Non-specific complex 
matrix components, 
- interacting factors at 
target EV surface, 
- nanoparticles of similar 
physical properties 

 

Current barriers to technological advances in the EV field, whether at the analytical or pre-analytical 
phases, reveal that extracting actionable information from bulk EV material might not actually be as 
straightforward as previously envisaged. Shotgun approaches, sometimes relying on a “garbage in, 
gold out” wishful thinking, are not realistically feasible, particularly when aiming to measure minute 
amounts of biomarker material for the detection of very early disease onsets.  

Hence, the need to improve input material quality through the selective enrichment of specific EV 
subpopulations, becomes not only evident, but also the single foreseeable last resort solution, when 
technology falls short to provide clarity on the questions being pursued. This idea seems to be 
gaining popularity among a growing number of researchers and experts in the EV field153, as targeted 
isolation and analytical methodologies have the potential to reveal previously undetectable features. 
The few liquid biopsy-based assays that have made their way into the clinics are highly targeted 
approaches, which had to undergo arduously long journeys to demonstrate analytical validity, clinical 
validity and clinical utility. The whole process of complying with numerous strict requisites also 
requires large sums of money, thus it is not realistically feasible for the large majority of novel 
clinically-focused liquid biopsy tests147. In conclusion, methodologies that allow for better, rapid and 
selective isolation of EV subpopulations have the potential to improve accurate detection of target 
features and the performance of downstream analytics, which supports their introduction into routine 
clinical care. 

Aware that implementing real-world liquid biopsy-based clinical assays is a truly herculean task, 
while reflecting on the conceivable challenges faced along the way, instead of delivering a selective 
EV isolation solution that would solely fit research and development applications, we broadened our 
horizons by defining clear milestones, aimed to encompass and comply with the strict requisites that 
must be met before widespread clinical implementation. As such, we strived to provide optimized 
approaches that were simple, quick, cost-effective, scalable and automatable, among others. 

Certainly, it is impossible to account for all the potential challenges ahead of time. Although, keeping 
some in mind when tailoring experimental designs, methodologies or protocols, while sustaining a 
strong focus on the endpoint goal of fitting a realistically feasible clinical flow, might facilitate and 
expedite the translation of novel procedures into clinically useful approaches.  

With that, we introduce the next section, which explains the thesis and motivations of this PhD 
project. 
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Motivations and structure of the PhD project  
 

As evidenced in the studies mentioned above, ctDNA or cfDNA is the typical biomarker targeted in 
contemporary liquid biopsy analysis. In addition, CTCs, platelets and EVs have also proven to be 
appealing blood-based cancer biomarker sources, which may complement each other to provide 
ever accurate diagnostic tests. Particularly, platelets and EVs hold a great promise for early-stage 
cancer detection due to their richness in biomarker material that can potentially provide the earliest 
possible indication of pathophysiological developments.  

With the motivation of expanding current knowledge on liquid biopsies and to deliver novel real-world 
clinical solutions for cancer diagnostics, the ultimate goal of this PhD project consisted in the analysis 
of different EV subpopulations, isolated from the blood plasma of early-stage NSCLC patients and 
healthy donors.  

We postulate that the information transported in some, but not all EV subpopulations reflects not 
only the presence cancer but also the extent of its development, and possibly its location. 
Identification and selective isolation of such specific EV subsets would allow to assess whether their 
biomarker content can be robust enough for the establishment of next generation diagnostic and 
eventually screening tests. 

NSCLC is the most common cause of cancer-associated death, as it is mostly diagnosed at 
advanced stages and tumours display wide heterogeneity. It accounts for 85% of all diagnosed lung 
cancers, with a 5-year disease-free survival rate of 17,7%79. Overall, the same is true for other cancer 
types, where late-stage detection means dramatically compromised chances of survival. Hence, it 
becomes clear the need for “early-as-possible” cancer detection strategies, supporting the famous 
statement that says: early detection is the best protection. 

Therefore, we aimed to harness the potential of EVs for early-stage NSCLC detection, by employing 
liquid biopsy-enabling methodologies in the affinity-based enrichment of tumour-specific signatures, 
carried within circulating EVs from blood plasma.  

 

The broad scientific objectives of this PhD project were to:  

• Obtain comprehensive, clinically relevant information out of individual standardised blood-
based biomarker sources; 

• Pinpoint diagnostic synergy between biomarker sources or multiple analytes carried within 
them;  

• Identify and validate biomarkers for the detection of stage I-IV NSCLC; 

• Identify and validate biomarkers for selection of NSCLC patients for treatment; 

• Establish novel bioinformatics tools and protocols for the integrative analysis of multi-source 
liquid biopsy data; 

• Develop blood-based assays and delivering scalable prototypes capable of obtaining 
regulatory approval. 
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Concretely, this PhD project was shaped to meet the following central milestones: 

1. Testing sample stabilisation and preclearing protocols for maximum, specific and robust 
recovery of different EV subpopulations from blood; 

2. Development of protocols, devices and immunoaffinity reagents for the selection and capture 
of target EV subpopulations containing NSCLC markers, from complex matrices such as 
plasma; 

3. Identification of relevant EV marker profiles holding potential for early-stage cancer detection; 

4. Compilation of analytical solutions for the analysis of multiple co-expressed EV markers. 

 

Considering our broad scientific objectives, an experimental work was devised comprising three 
sequential phases to achieve the outlined milestones: 

1. Characterization of EVs obtained from several different cell lines, using a high-resolution 
single-particle platform to interrogate classical EV surface markers. Here, we optimized 
several EV labelling protocols to stain whole EVs indiscriminately, but also to stain specific 
intraluminal EV components, enabling a precise identification of subpopulations of interest. 
 

2. Demonstration of selective EV recovery and isolation though IP, not only from simple 
matrices such as saline buffers (PBS-BSA), but also from complex ones (human plasma). 
 

3. In-depth analysis of specific EV subpopulations captured from healthy donor and early-stage 
NSCLC patient plasma samples. Gene expression profiling was conducted with the nCounter 
platform, which revealed that different EV subsets from the same samples contain distinct 
molecular profiles, which might be clinically relevant for novel liquid biopsy approaches. 

 

The results section of this thesis is structured in two parts, each presented by the corresponding 
original research output in the form of scientific articles or manuscripts. The first one features as it is 
publicly available, formatted and published according to the respective journal’s guidelines. As it is 
currently under submission, the second article features in the form of manuscript, exactly as it was 
submitted. Materials and methods are respectively reported in each results section. 

Resulting from the success of our proof of principle study (results section, Part 2), additional mRNA 
profiling experiments were performed on healthy (n=50) and early-stage NSCLC (n=50) plasma 
samples, for which the clinical information is still being collected since this was a prospective cohort 
study. Despite already having gene expression data for all samples, it is not possible to conduct its 
analysis using our dedicated bioinformatics pipeline without complete clinical data. Therefore, this 
extended cohort study cannot yet be fully presented. 
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Part 1:  Optimization of labelling protocols for model EV 
characterisation and exploitation as spike-ins 
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Abstract: The relevance of extracellular vesicles (EVs) has grown exponentially, together with
innovative basic research branches that feed medical and bioengineering applications. Such attraction
has been fostered by the biological roles of EVs, as they carry biomolecules from any cell type to
trigger systemic paracrine signaling or to dispose metabolism products. To fulfill their roles, EVs
are transported through circulating biofluids, which can be exploited for the administration of
therapeutic nanostructures or collected to intercept relevant EV-contained biomarkers. Despite
their potential, EVs are ubiquitous and considerably heterogeneous. Therefore, it is fundamental to
profile and identify subpopulations of interest. In this study, we optimized EV-labeling protocols on
two different high-resolution single-particle platforms, the NanoFCM NanoAnalyzer (nFCM) and
Particle Metrix ZetaView Fluorescence Nanoparticle Tracking Analyzer (F-NTA). In addition to the
information obtained by particles’ scattered light, purified and non-purified EVs from different cell
sources were fluorescently stained with combinations of specific dyes and antibodies to facilitate their
identification and characterization. Despite the validity and compatibility of EV-labeling strategies,
they should be optimized for each platform. Since EVs can be easily confounded with similar-sized
nanoparticles, it is imperative to control instrument settings and the specificity of staining protocols
in order to conduct a rigorous and informative analysis.

Keywords: extracellular vesicles; exosomes; flow cytometry; nanoparticle tracking analysis;
fluorescent dyes; purification; isolation; subpopulations; tetraspanin; antibody

1. Introduction
For the past two decades, EV research has risen exponentially along with the out-

standing discoveries that have revealed numerous biological functions mediated or directly
executed by EVs. These membrane-enclosed nanoparticles virtually encapsulate any
biomolecule type found in respective donor cells, namely: DNA, RNA, proteins, lipids, or
metabolites [1–3]. Nearly all of the cells in the human body actively secrete EVs, which
can circulate through all sorts of biological fluids such as plasma, urine, or saliva [1].
Recently, the scientific community realized that EVs were significantly promising non-
invasive indicators of an individual’s global health status. This sparked the race for the
discovery of EV-specific biomarkers, with the goal of improving or enabling the detection
of a number of diseases and translating novel non-invasive practices into routine clinical
use. Since small EVs (sEVs), typically in a nanoscale range (30–200 nm), are highly hetero-
geneous and indistinguishable from other biological nanoparticles, the absolute need to
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perform true single-vesicle discrimination, analysis, and characterization quickly emerged.
For this purpose, high-resolution methodologies, such as nanoparticle tracking analysis
(NTA) [4–8], tunable resistive pulse sensing (TRPS) [9,10], Raman spectroscopy [11–13],
atomic force microscopy [14,15], super-resolution microscopy [16–19], or nanoflow cytome-
try [20–24], have been explored [25,26]. Techniques relying on label-free EV analysis can
estimate particle size, concentration, and other physical parameters such as zeta potential.
Methods focused exclusively on fluorescence measurements help to determine the nature
or composition of labelled particles within the samples. Hence, it becomes clear that
approaches incorporating both label-free and fluorescence measurements may provide the
necessary robustness to discriminate true sEVs in complex samples and to quantitatively
characterize relevant subpopulations, often present in extremely low abundance.

In conventional flow cytometers, light scatter measurements alone enable a high-
throughput multiparametric analysis of microscopic particles, which can be combined
with fluorescent labeling to pinpoint and characterize specific components or biological
processes. However, due to the physical properties of particles and light, conventional flow
cytometers fail to detect events under 200 nm [27]. Summarily, the intensity of scattered
light decreases by orders of magnitude (sixth power), for particles with size smaller than
the wavelength of the incident light [28,29]. In order to accurately detect sEVs, dedicated
state-of-the-art systems have been developed to increase the sensitivity of nanoparticle
profiling in sheathed flow.

NTA has been extensively used for counting and estimating the size of particles based
on their Brownian motion in suspension. This platform has a high-resolution capability,
detecting biological particles as small as 30 nm; however, measurements of larger particles
(>1 µm) tend to be less accurate due to their slower movement [25,30]. Aside from size
and concentration, multiple additional parameters can be analyzed, such as zeta potential,
volume, surface area, light intensity, and aspect ratio of particles, providing a multifaceted
biophysical assessment of polydisperse samples. More recently, NTA platforms developed
optimized fluorescence modes (F-NTA), which permit a phenotypic characterization of
analyzed particles within a sample [4,31,32]. Fluorophore stability and intensity pose as
crucial factors for precise measurement of smaller particles, while the sensitivity required
for the reliable capture of such signals renders instruments more susceptible to background
noise and contaminants.

All sEVs are structurally similar. They are enclosed by a lipidic membrane, within a
well-defined size range and carry different types of biomolecules found in respective donor
cells. Cargo loading and release, though not fully elucidated yet, are actively regulated
mechanisms that form the unique identity of each sEV and are thus responsible for the wide
heterogeneity between vesicle subpopulations [33–37]. Identification and characterization
of true sEVs requires a biochemical analysis of their content, often relying on the presence
or absence of surface proteins on the lipidic membrane (i.e., classical tetraspanins CD9,
CD63, and CD81). Subpopulations containing internal markers of interest can also be
identified with specific membrane-permeable dyes.

Recently, several strategies for EV labeling have been proposed. These often consist of
adapting staining protocols of fluorescent dyes intended to be applied in cells [20]. Dyes
used for EV labeling were selected based on their specificity for different EV components
such as proteins, lipids, or nucleic acids. Moreover, we applied fluorescently labeled anti-
bodies to probe for specific outer membrane molecules. sEVs were characterized on nFCM,
a dedicated high-resolution nanoflow cytometry platform that combines single-particle
fluorescence detection with respective scattered light, suitable for biological particles down
to 40 nm. To understand whether optimized staining protocols for purified EVs or cell-
conditioned media (CCM) could be transversally applied between different platforms, we
further tested them in F-NTA. Finally, we underline some of the main hurdles to single sEV
discrimination, which are often related to potential co-isolated contaminants, such as large
protein complexes, soluble proteins, or cell culture media components.
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2. Results
2.1. EV Labeling with Membrane and Cytoplasmic Dyes

Different staining approaches were evaluated in this study. One consisted of stain-
ing the lipidic membrane constituents of EVs using amphipathic molecules, such as the
CellMask™ (CM) Plasma Membrane Stains, CMG and CMR, which emit green and red
fluorescence, respectively. Secondly, we exploited the properties of CellTrace™ cell prolifer-
ation dyes, in this case, carboxyfluorescein succinimidyl ester (CFSE) and CellTrace™ Red
(CTR). These dyes differ only in the wavelength of emitted fluorescence (CFSE: green; CTR:
Red), but their mechanism of action is identical. Briefly, dye molecules easily penetrate the
lipidic bilayer of EVs, becoming activated by an enzymatic cleavage and covalently bound
to proteins present in the EV lumen. This process effectively traps dye molecules inside
every single EV, generating a stable fluorescent signal [38,39]. Over 90% of the particles in
the HT29 sEV samples were stained by CMG, CMR, CFSE and CTR and detected on nFCM
(Figure 1A). Larger sEVs displayed notably higher fluorescence intensities on dot plots,
which was likely elicited by the incorporation of more dye molecules (Figure 1B). Staining
protocols were also tested on F-NTA, with the scope of validating them on a state-of-the-art
orthogonal platform. Staining performance with CFSE was ~88% on F-NTA, comparable
to the one detected on nFCM (Figure 1A), although a higher concentration of dye was
required to reach a staining plateau (50 µM in F-NTA, with respect to 10 µM used in nFCM
measurements). On the other hand, CMG displayed a consistently lower staining efficiency,
with a maximum of ~32% obtained at the concentration of 20⇥ CMG (Figure 1A). Particle
size distribution (PSD) histograms demonstrated a prevalent detection of larger particles
on F-NTA, as they harbored more dye (Figure 1C—CMG). Bulk fluorescence signal-to-
background ratios measured on a microplate reader varied linearly with the number of
stained particles for all dyes, although the highest sensitivity was obtained with both green
dyes, CFSE and CMG (Figure 1D).

To control dye specificity, besides the compulsory use of blanks and unstained controls
(Supplementary Figure S1), a protein called thyroglobulin was included in this study. Due
to its large size, single events could be picked up in the side scatter channel. Hardly any
thyroglobulin particles were stained by CMG, however, after CFSE staining the number of
detected fluorescent events in F-NTA surpassed the scattered ones by orders of magnitude,
even after 300 kDa ultrafiltration (UF) washing (Supplementary Figure S5). In nFCM,
CFSE-labelled thyroglobulin particles were also detected (data not shown). A comparable
degree of dye activation was observed in F-NTA with CFSE-stained BSA controls, while
UF successfully removed all fluorescent events (Supplementary Figure S5).

2.2. Characterization of sEV Subpopulations Using Single Fluorophore Tetraspanin Labeling Strategies
To identify the fluorophores conferring maximum sensitivity for sEV detection on

nFCM, we compared the staining of HT29-derived sEVs obtained with anti-CD9 primary
antibodies conjugated to PE, AF488, AF647, and APC. Maximal CD9 staining was achieved
with PE and AF488, as both allowed detection of similar percentages of the CD9 subpop-
ulation (close to 50%). The red fluorophores, AF647 and APC, did not stain CD9+ sEVs
to a comparable degree (Figure 2A). Henceforth, in nFCM experiments we opted for PE
and AF488-conjugated antibodies, having PE as reference fluorophore due to its higher
brightness. Despite its extreme brightness, the high photobleaching rate of PE renders it
unsuitable for the F-NTA platform, where precise measurements rely on signal acquisition
for longer time periods. Therefore, AF488 was chosen for sEV phenotyping on F-NTA,
since it is a more stable fluorophore.
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drawn for the assessment of correlations. Additional data from procedural controls is provided in 
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Figure 1. Fluorescence measurements on nFCM, F-NTA and plate reader after sEV staining with
membrane and cytoplasmic dyes. (A) HT29 sEVs were stained with membrane-specific (CMG or
CMR) or cytoplasmic dyes (CFSE or CTR) and analyzed on nFCM and F-NTA to evaluate labeling
%. Data is presented as mean ± SEM of at least three independent experiments (except for nFCM-
CMG and CMR, and F-NTA-CFSE, which were repeated twice). (B) Representative nFCM dot-plots
and PSD histograms, and (C) histograms obtained after analyzing EVs by F-NTA in scatter and
fluorescence mode. (D) Bulk fluorescence intensity of a dilution series of stained HT29 EVs was
measured by plate reader. Signal over background (PBS) ratios are represented and trendlines
drawn for the assessment of correlations. Additional data from procedural controls is provided in
Supplementary Figure S1.
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Figure 2. Characterization of purified sEV subpopulations based on their surface markers. (A) An-
tibody staining efficiency was evaluated by nFCM using anti-CD9 antibodies conjugated with dif-
ferent fluorophores. (B) HT29 and HEK293 sEVs were stained with anti-tetraspanin (CD9, CD63, 
and CD81) antibodies, conjugated with either PE or AF488, and analyzed on nFCM (n ǃ 3; mean ± 
SEM). (C) Cross-platform and inter-batch variability was assessed by single-staining HT29 sEV 
(batches #A and #B) with anti-tetraspanin AF488 antibodies (n = 3; mean ± SEM). Differences in 
tetraspanin expression between nFCM and F-NTA, and batches #A and #B, were assessed using 
two-way ANOVA with Tukey’s test for multiple comparisons (alpha = 0.05, P = 0.1234 (ns), 0.0002 
(***), <0.0001 (****)). Detailed results of the statistical analysis are provided as supplementary mate-
rial. (D) To evaluate single, as well as co-expressing, events, HT29 sEVs were stained with a mix of 
2 and 3 different anti-tetraspanin AF488 antibodies and analyzed on F-NTA (n = 3; mean ± SEM), or 
on (E) nFCM using PE-conjugated antibodies (n = 3; mean ± SEM). HT29 sEV subpopulations ex-
pressing either 1, 2, or 3 markers are represented in the Venn diagram on the left. The Venn diagram 
on the right refers to the same HT29 sEVs, however it depicts subpopulations co-expressing both 2 

Figure 2. Characterization of purified sEV subpopulations based on their surface markers. (A)
Antibody staining efficiency was evaluated by nFCM using anti-CD9 antibodies conjugated with
different fluorophores. (B) HT29 and HEK293 sEVs were stained with anti-tetraspanin (CD9,
CD63, and CD81) antibodies, conjugated with either PE or AF488, and analyzed on nFCM (n � 3;
mean ± SEM). (C) Cross-platform and inter-batch variability was assessed by single-staining
HT29 sEV (batches #A and #B) with anti-tetraspanin AF488 antibodies (n = 3; mean ± SEM). Differ-
ences in tetraspanin expression between nFCM and F-NTA, and batches #A and #B, were assessed
using two-way ANOVA with Tukey’s test for multiple comparisons (alpha = 0.05, p = 0.1234 (ns),
0.0002 (***), <0.0001 (****)). Detailed results of the statistical analysis are provided as supplementary
material. (D) To evaluate single, as well as co-expressing, events, HT29 sEVs were stained with a mix
of 2 and 3 different anti-tetraspanin AF488 antibodies and analyzed on F-NTA (n = 3; mean ± SEM),
or on (E) nFCM using PE-conjugated antibodies (n = 3; mean ± SEM). HT29 sEV subpopulations
expressing either 1, 2, or 3 markers are represented in the Venn diagram on the left. The Venn diagram
on the right refers to the same HT29 sEVs, however it depicts subpopulations co-expressing both
2 or 3 markers simultaneously. Additional data from procedural controls, as well as the F-NTA PSD
histograms, are provided in Supplementary Figure S1.
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To evaluate whether the chosen fluorophores indeed performed equally well, HT29 and
HEK293 sEVs were stained with PE or AF488-conjugated anti-CD9, -CD81 and -CD63 pri-
mary antibodies, followed by nFCM analysis (Figure 2B). In HT29 sEVs, CD9 was detected
at 51% (PE)/50% (AF488), CD63 at 31% (PE)/18% (AF488) and CD81 at 69% (PE)/66%
(AF488). For HEK293 sEVs, detected CD9 events accounted for 36% (PE)/42% (AF488),
CD63 for 12% (PE)/11% (AF488) and CD81 for 45% (PE)/42% (AF488) (Figure 2B). Both
fluorophores generally allowed for the detection of similar proportions of EV subpopu-
lations, with a major discrepancy observed only for CD63 detection in HT29 sEVs. The
latter may be due to the fact that different anti-CD63 antibody clones labeled with two
fluorophores were available and used in this study. To assess antibody specificity, in
addition to the blank reactions, where sEVs were absent (Supplementary Figure S1), thy-
roglobulin was also stained as a negative control, since it is a protein particle and does
not carry tetraspanin epitopes. All anti-tetraspanin antibodies caused negligible labeling,
especially PE-tagged ones. CD63-AF488 revealed the highest degree of unspecific staining
(Supplementary Figure S5).

Tetraspanin expression in EVs is known to vary across cell types, as well as across EV
batches. When two independently harvested and purified batches of HT29 sEVs (batch
#A and batch #B) were compared on both nFCM and F-NTA, we identified variations in
tetraspanin expression (Figure 2C). Purified sEVs, from two different batches of HT29 CCM
were stained with AF488-labelled antibodies and showed a significantly different expres-
sion level of CD9 (50.6% vs. 65.7%) and CD81 (66.6% vs. 48.7%) in nFCM, while for CD63
(17.9% vs. 11.9%) difference was not statistically significant (two-way ANOVA, Tukey’s
multiple comparisons test, alpha = 0.05). Staining and analysis of batch #B sEVs in F-NTA
resulted in 30.7%, 22% and 1.9% for CD9, CD81 and CD63, respectively, substantially lower
percentages compared to batch #A (CD9 = 54.9%, CD81 = 45.5%; CD63 = 3.9%). Although
the expression of each single tetraspanin significantly differed between batches (particu-
larly CD9 and CD81), in F-NTA their relative trend of expression was maintained: CD9 >>
CD81 >> CD63 (F-NTA batch #A and batch #B—Figure 2C). Instead, in nFCM the relative
expression of tetraspanins slightly differed between the batches (batch #A CD81 >> CD9;
batch #B CD9 >> CD81). From the perspective of inter-platform comparison, tetraspanin
expression was significantly different across the two platforms, except for CD9 in batch
#A (two-way ANOVA, Tukey’s multiple comparisons test, alpha = 0.05; detailed statistical
analysis in supplementary material). A consistent trend of relative expression between
platforms was obtained only in batch #B (CD9 >> CD81 >> CD63).

To analyze the single and concomitant expression of these tetraspanins, HT29 sEVs
were stained with double (CD9 + CD63; CD9 + CD81; CD81 + CD63) and triple
(CD9 + CD81 + CD63) antibody combinations, conjugated with PE for nFCM and AF488 for
F-NTA. Nearly 76% of all particles observed on nFCM contained either CD9, CD81, CD63,
or a combination of each, thereof (Figure 2E, left). The percentage of events detected upon
double or triple antibody staining were not purely cumulative, which is consistent with the
expectation that each sEV may express one, two, or even three tetraspanins, concomitantly.
The overall portion of sEVs positive for all tetraspanins could be reproduced on F-NTA,
with 76% of the particles stained by a triple antibody mix (Figure 2D). The proportion
of double-positive sEVs detected on F-NTA, showed a more prominent increase when
compared to previously measured single staining events, with 47.6% of particles stained
with a mix of anti-CD9/anti-CD63, 79.4% with anti-CD9/anti-CD81, and 37.8% with anti-
CD63/anti-CD81. Even though the signal was much higher than the sum of individually
stained reactions (e.g., CD9/63 > CD9 + CD63), the patterns of expression maintained the
trend expected from individual tetraspanin expression—CD9/81 >> CD9/63 >> CD63/81.

After double and triple antibody staining and understanding the expression of each
single tetraspanin, sEV subpopulations co-expressing these markers could be calculated
through a Venn diagram intersection analysis. Since on nFCM 70% of events co-stained
with anti-CD9/anti-CD63, 72% with anti-CD9/anti-CD81 and 75% with anti-CD63/anti-
CD81, we could estimate that 17% of all HT29 sEVs co-expressed CD9 and CD63, 50%
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co-expressed CD9 and CD81, around 20% co-expressed CD63 and CD81, and only 11%
expressed all three tetraspanins simultaneously (Figure 2E). Interestingly, we noticed that
CD9+ accounted for 51% and that CD9 + CD81+ for 50% of total events, which meant that
all CD9+ events expressed also CD81, in our HT29 sEV samples (Figure 2E, right).

2.3. SEC Purification and Ultrafiltration Do Not Change the Overall Composition of sEV Subpopulations
Optimized sEV staining protocols included a filtering step for buffer exchange, which

was able to retain sEVs and to remove dyes and antibodies in excess. After testing several
filtration devices, Nanosep 300 kDa ultra-filters and SEC were chosen for this purpose.
One major concern was that background fluorescence could mask the mild fluorescent
signal derived from fluorescently labeled nanoparticles and impede the acquisition of
true positive events, resulting in skewed measurements. Indeed, free dye and antibodies
impinged on sEV analysis, as clearly demonstrated on F-NTA where the fluorescence
background led to overestimations of labeling efficiency (Figure 3A). PSDs of fluorescently
labeled sEVs were also affected, as the size distributions shifted to the left, revealing a
peak below 50 nm (Supplementary Figure S2). Similarly, on nFCM the excess of free
fluorophores in solution led to increased thresholds in fluorescence channels. Therefore,
filtering proved to be a critical step for the reliable detection of labeled vesicles, as even
traces of free dyes and/or antibodies generated artifacts and overwhelming fluorescence
noise on both instruments.

Nonetheless, we questioned whether these buffer exchange methods could inadver-
tently select specific sEV subpopulations and thus result in biased analysis. To this end,
HEK293 sEVs (108 particles/µL) were stained with PE-conjugated anti-CD9, -CD63, or
-CD81 and detected subpopulations compared after sample over-dilution, SEC and UF
at nFCM. Sample over-dilution consisted of diluting a complete staining reaction in PBS
until the concentration of the unbound fluorescent antibody was low enough to avoid
background fluorescence, while sEV concentration was maintained at the optimal range
for measurement. Since the over-dilution approach is inherently unbiased, it functioned as
reference staining. Regardless of the method applied, we observed no significant difference
between tetraspanin expression levels (Figure 3B), suggesting that neither SEC nor UF
alters the composition of sEV subpopulations. This was also supported by the mean and
median values of sample PSDs (Figure 3C,D).

2.4. Identification and Quantification of sEV Populations upon RNA Staining
Aiming to further characterize HT29 sEV subpopulations, we evaluated their nucleic

acid content with membrane-permeable dyes, specific for RNA-SYTO™ RNASelect™ and
Quant-iT™ RiboGreen™. Since both dyes only exhibit their full brightness upon binding
to RNA, the background signal generated by unbound dye molecules should be drastically
reduced compared to PE or AF488. Such reasoning prompted us to explore the suitability
of the sample over-dilution approach in this context. After staining reaction over-dilution,
fluorescent subpopulations detected by nFCM averaged around 10.2% and 10.6% for Syto
and RiboGreen, respectively (Figure 4A). However, UF washing caused a consistent drop
in fluorescent events for both dyes, with respect to the sample over-dilution reference. Loss
of fluorescent events after UF also reflected on PSDs, as a noticeable reduction in particles
with smaller diameters was observed (Figure 4B).
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Figure 3. Suitability of SEC and UF as methods for clearing dyes in excess after sEV fluorescent
labeling and their effect on subpopulation ratios. (A) Comparison of labeling % for stained HT29 sEVs
before and after the removal of excess dye. 1 ⇥ 109 or 5.5 ⇥ 109 sEVs were incubated with antibodies
(aCD9 1:12.5; aCD63 1:12.5; aCD81 1:25) or CFSE (50 µM), respectively, and measured by F-NTA.
To remove the excess dye, UF washing strategy was applied, followed by F-NTA detection. (B) To
compare different strategies for the removal of fluorescent antibodies in excess, labeling %, (C) PSD
histograms, and (D) median and mean particle diameter were assessed for CD9+, CD63+ and CD81+
HEK293 sEVs, on nFCM. 2 ⇥ 109 sEVs, at a concentration of 108 particles/µL, were incubated with
PE-labelled antibodies (aCD9 1:500; aCD63 1:25; aCD81 1:500) and unbound antibodies were removed
by SEC or UF. Sample dilution (500–1000-fold) served as staining reference. Data is presented as
mean ± SEM of at least three independent experiments. F-NTA PSD histograms of samples analyzed
before and after washing are provided in Supplementary Figure S2.
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Figure 4. Identification and quantification of sEV populations based on their RNA content. (A)
HT29 sEVs were stained with the RNA dyes Syto (25 µM) and RiboGreen (1:50). After incuba-
tion, staining reactions were washed by UF and fluorescent particles subsequently measured, with
respective (B) PSDs analyzed on nFCM. (C) HT29 sEVs were incubated with Syto at increasing con-
centrations and the % of positive events was read on F-NTA, without applying further washing steps.
(D) The impact of UF washing was evaluated on labeled HT29 sEVs, at increasing concentrations
of RiboGreen. Fluorescent subpopulations were detected using F-NTA. Staining for nFCM was
performed in three independent experiments (n = 3; mean ± SEM), while for F-NTA, representative
results of titration experiments are shown for both dyes. Additional data from procedural controls,
as well as the F-NTA PSD histograms of analyzed samples, are provided in Supplementary Figure S3.

Similar observations were made after analyzing Syto and RiboGreen-stained HT29 sEVs
on F-NTA. No significant fluorescence signal was detected with Syto (<2%), even at the high-
est concentration of dye used (100 µM) (Figure 4C). Conversely, sEVs stained with different
concentrations of RiboGreen reached up to 25% of labeling efficiency (Figure 4D). Notably,
detected fluorescent particles showed a tendency towards larger PSDs (Supplementary
Figure S3). Nevertheless, after washing the samples with UF, the fluorescent signal was
completely lost (Figure 4D). Blank controls (without sEVs) showed a negligible number
of fluorescent events on both instruments, indicating that free dye alone did not generate
false-positive counts, either before or after washing (Supplementary Figure S3).

2.5. Identification and Quantification of sEVs Directly in Cell-Conditioned Media
Purified EVs are ideal for a single-particle characterization. However, purification can

be lengthy, labor-intensive, and biased if the process enriches certain EV subpopulations.
To evaluate the possibility of avoiding sEV purification from CCM, while still accurately
detecting sEV subpopulations, previously optimized staining protocols were directly
applied in HT29 CCM and particles were measured by nFCM and F-NTA. As shown
in Figure 5A, CFSE and CMG labeled ~90% of events when analyzed on nFCM, well
recapitulating the results obtained with purified HT29 sEVs (Figure 1A). On the contrary,
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CFSE and CMG staining on HT29 CCM resulted in only 33% and 27% of labeling on
F-NTA, respectively (Figure 5A). Peak and overall PSD of fluorescent subpopulations
leaned towards higher values, as opposed to total particles measured in a scatter mode
(Supplementary Figure S4).
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Figure 5. Characterization and quantification of sEVs directly from non-purified cell-conditioned
media. HT29 CCM particles were stained and analyzed following the optimized protocols for
sEV labeling with CMG, CFSE or fluorescently labeled anti-tetraspanin antibodies. (A) Staining
efficiencies of CMG-, CFSE-, and (B) single antibody-labeling were assessed on both platforms.
(C) Co-expressing markers were also evaluated on HT29 CCM by applying a mix of 2 and 3 anti-
tetraspanin, PE-conjugated antibodies for nFCM measurements. The Venn diagram on the left
depicts subpopulations that carried 1, 2, or 3 tetraspanins, while the one on the right represents sEV
subpopulations which expressed 2 or 3 markers simultaneously. (D) HT29 CCM staining employing
mixes of 2 and 3 AF488-labelled anti-tetraspanin antibodies was carried out for F-NTA, and staining
efficiencies, as well as the (E) PSDs in scatter and fluorescence modes were assessed. Data represents
triplicate experimental points (n = 3; mean ± SEM), except for (C) which was performed in two
independent experiments (n = 2; mean ± SEM). F-NTA PSD histograms of CCM samples after CFSE-,
CMG- and single antibody-labelling, are provided in Supplementary Figure S4.



 38 

 

Int. J. Mol. Sci. 2021, 22, 10510 11 of 21

Direct incubation of anti-tetraspanin antibodies in HT29 CCM and subsequent nFCM
analysis revealed slight variations in the tetraspanin expression profiles, with respect to
those reported for purified HT29 sEVs. Percentages of positive events were 59% for CD9,
67% for CD81 and 23% for CD63 (Figure 5B). On F-NTA, percentages of staining with
AF488 antibodies were 59.8% for CD9, 35.3% for CD81, and 2.6% for CD63 (Figure 5B),
higher than in purified HT29 sEVs from the corresponding batch (Figure 2C, F-NTA).
Nevertheless, the same trend of expression was maintained between HT29 CCM and
HT29 purified sEVs (CD9 >> CD81 >> CD63). Detailed statistical analysis by two-way
ANOVA, comparing variability in tetraspanin expression levels between purified (sEVs)
and non-purified (CCM) samples, is provided in the supplementary material.

In line with the purified sEV experiments reported above, we evaluated the concomi-
tant expression of the three tetraspanins in HT29 CCM, applying combinations of CD9,
CD81, and CD63 antibodies, PE-conjugated for nFCM and AF488-conjugated for F-NTA.
Nearly 83% of the detected particles on nFCM displayed either CD9, CD81, or CD63,
slightly more than the 76% previously determined for purified sEVs from the same CCM
batch (Figure 5C). Regarding tetraspanin co-expression on nFCM, 15% of events carried
both CD9 and CD63, almost 50% displayed both CD9 and CD81 and 13% were positive for
both CD63 and CD81, while 10% resulted positive for all the three markers. The profile
of tetraspanin expression was identical to the one obtained in purified sEVs, evidencing a
maximum fluctuation of only 7% (Figures 2E and 5C).

AF488-conjugated antibody combinations did not reproduce the same values on CCM,
as observed for purified EVs on F-NTA. Double and triple staining reactions evidenced un-
realistic fluorescent event numbers, yielding over 100% of events detected in scatter mode.
The combination of multiple antibodies in a complex, non-purified biofluid likely resulted
in poor removal of unbound antibodies in excess (Figure 5D). Background fluorescence
hampered correct analysis, as shown by the shift in PSD histograms between scatter and
fluorescence mode (Figure 5E).

2.6. Characterization of sEV Subpopulations Using Multicolor Fluorescence Labeling Strategies
Depending on the complexity of biological samples, a wide range of contaminants

can co-purify with sEVs, adding up to the already high heterogeneity of subpopulations.
Consequently, it is crucial to pinpoint and discriminate true sEVs from confounding
particles, whilst extracting additional information about their nature and/or contents.
This prompted us to attempt multiple labeling strategies, combining different dyes and
antibodies. Firstly, purified HT29 sEVs were stained with CD9-AF488 and CD81-PE alone,
to individually determine the expression of each marker. Then, both antibodies were
combined, and the staining efficiency was compared. CD9-AF488 alone stained 50%
of particles and in combination with CD81-PE, this number slightly increased to 55%.
The labeling efficiency obtained with CD81-PE was 70% in single staining and 68% after
incubation together with CD9-AF499 (Figure 6A). As for the double-positive CD9+/CD81+
subpopulation, 48% of the particles displayed a double fluorescent signal, which perfectly
matched the co-expression level of CD9 and CD81, previously identified in HT29 sEVs
using a combination of strictly PE antibodies (Figures 2E and 6A). In line with the goal of
further distinguish the nature of antibody-labeled particles, we attempted to optimize a
double staining protocol applying CTR and CD81-AF488. The labeling obtained for each
individual dye matched well with single stain controls. It was observed that the entire
CD81+ subpopulation could be simultaneously stained with CTR, thereby supporting
the presence of true sEVs (Figure 6B). Surprisingly, HT29 sEVs expressed nearly 40% of
CD81 in this experiment, whereas in previous ones it was detected at 65–70% (Figure 2B).
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Figure 6. Multiplex fluorescence analysis for enhanced sEV identification and characterization. (A)
Purified HT29 sEVs were labeled with anti-CD9-AF488 and anti-CD81-PE either individually (single
staining) or in combination (double staining). (B) HT29 sEVs were stained with CTR and anti-CD81-
AF488 either individually or in combination. Results are shown as % of labeled particles detected on
nFCM, in two fluorescence channels (n = 3; mean ± SEM).

3. Discussion
In the present study, we compared single nanovesicle profiling platforms, aided by

fluorescent labeling with different dyes and antibodies. To this end, we evaluated the
capabilities of two platforms, the recent nFCM and the more established NTA, which
has been recently upgraded for compatibility with fluorescence measurements—F-NTA.
Although both instruments perform single-particle analysis, there are crucial differences
in their hardware components and mode of operation. nFCM gathers scattered light to
estimate particle size, while F-NTA calculates their hydrodynamic diameter by tracking
particle diffusion motion.

The accuracy of nFCM particle size estimations relies on calibrating the instrument
using silica beads with refractive properties similar to those of sEVs. The resulting calibra-
tion curves are in accordance with the Rayleigh scattering theory as they fit the expected
model for the light scattering of particles smaller than the wavelength of incident light [28].
However, the refractive index (RI) of silica beads (1.46) does not exactly match the RI
of EVs (1.36–1.4), and given the heterogeneity of EV sizes and biomolecular scaffolding,
even greater differences in refractive properties between subpopulations of particles could
arise [40,41]. To account for these limitations, size estimation in nFCM has implemented
Mie scattering theory calculations, which adjust calibration curves to minimize any poten-
tial errors stemming from differences between size standards and EVs [42–44].

On the other hand, NTA requires a longer acquisition time window to determine
particle size and the analysis of polydisperse samples imposes protocol readjustments to
encompass a wider range of sizes [30]. Additionally, accurate size estimation based on
Brownian motion becomes challenging with larger particles due to their slower diffusion,
which could be affected by the EV surface composition, medium viscosity, and temper-
ature [5,45–47]. The strength of NTA lies in the fact that it is a well-established method
and does not rely on RI, which provides great flexibility for measuring nanoparticles of
different compositions without the need for reference material in each analysis. However,
when it comes to fluorescent labeling and detection, NTA poses certain limitations (bright
and stable fluorophores; longer signal acquisition time) and requires further development
and optimization. Furthermore, avalanche photodiodes (APD) in nFCM might allow for
higher resolving power and better signal detection, especially in fluorescence mode, when
compared to CMOS camera sensors [48].

In this study, F-NTA measurements required more washing cycles to completely
eliminate background fluorescence, than nFCM. Stronger laser power (15 mW in nFCM
vs. 40 mW in F-NTA), the fact that F-NTA acquires fluorescent signal from a stationary
liquid in a cell for a longer fraction of time, compared to a fast detection in continuous
flow on nFCM, and that nFCM applies SSC-triggered measurements of fluorescence, might
be some of the reasons for a higher susceptibility to background noise on F-NTA. This
was especially the case when analyzing more complex biofluids, such as CCM, drawing
attention towards limited EV analysis in non-purified matrices.
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Despite the need for more washing cycles, the analysis of purified sEVs could be car-
ried out on both instruments. Cytoplasmic dyes, particularly CFSE, performed comparably
well on both instruments, representing an optimal balance between fluorescence intensity
and photostability. CFSE and cell-trace dyes theoretically require enzymatic cleavage by es-
terases to covalently bind to intraluminal proteins and become fluorescent. Several studies
employing various nanoparticle profiling platforms have applied CFSE as a way to selec-
tively stain EVs [20–24,49,50]. Nonetheless, CFSE and cell-trace dyes should be used with
caution, since in our hands they became activated independently of intraluminal esterases.
The presence of non-vesicular proteins and potential contamination with soluble esterases
may cause CFSE activation—as evidenced by the staining of thyroglobulin particles and by
the significant number of fluorescent artifacts in BSA controls reported in this work. Cell
membrane dyes (CMG, CMR) did not exert the same extent of background fluorescence;
however, their staining efficiency was sub-optimally detected in F-NTA experiments.

For ideal single nanoparticle profiling, it was important to choose widely avail-
able, photostable, and high brightness fluorophores. On nFCM, AF488 and PE per-
formed equally well and surprisingly, allowed for increased sEV staining efficiencies
over the red fluorophores AF647 and APC, even though AF488 theoretically should have
the lowest brightness (extinction coefficient x quantum yield) out of them all (see the
Supplementary Table S1). Generally, red fluorophores may also be more prone to self-
quenching, consequently diminishing their quantum yield [51]; therefore, it would be
relevant to address the properties of such dyes within the scope of single nanoparticle
analysis. For F-NTA, AF488 provided the optimal balance between stability and brightness.
Despite being one of the brightest commercially available dyes, PE was omitted from
F-NTA measurements due to its fast bleaching, which could result in the underestimation
of truly stained particles.

The fact that total particle counts (scatter mode) on F-NTA were nearly 4–5 times
higher than they were on nFCM might be explained by differences in laser power, as the
strength of incident light sources and the composition of illuminated particles directly
correlate with the intensity of scattered light and ultimately, with the number of detectable
nanoparticles. On the other hand, CMOS sensors might not be as sensitive as APDs, which
could lead to poorer detection of faintly expressed epitopes on the surface of sEVs, limiting
the number of fluorophores associated per fluorescent event. This could help to explain the
significantly lower labeling percentages detected with F-NTA during antibody staining
experiments. Such reasoning is further corroborated by double and triple antibody staining
experiments, where the number of fluorescent events was higher than the sum obtained
after each single staining (Figure 2C,D). EVs displaying few CD9, CD63 or CD81 epitopes
on their surface would remain undetectable on F-NTA until multiple tetraspanins are
labeled (Supplementary Figure S6). Nevertheless, F-NTA still provided consistent results
between batches, revealing a trend in tetraspanin expression that was comparable in the
case of single (CD9 >> CD81 >> CD63) as well as multiple antibody reactions (CD9/CD81
>> CD9/CD63 >> CD63/CD81).

These limitations did not seem to occur in nFCM, however, CD63-PE and CD63-
AF488 resulted in 31% and 18% of staining on HT29 sEVs, respectively (Figure 2B). The fact
that suppliers and clones were different between PE and AF488 antibodies could explain
this discrepancy, though it was noticed only for CD63 and on HT29 samples; CD63 staining
efficiencies using PE or AF488-conjugated antibodies were equal on HEK293. Notably,
CD63 protein is reported to have different isoforms deriving from different splicing variants
or post-translational modifications that may have functional or morphological implications
and affect their partnering with other membrane molecules [52]. Therefore, the potential
specificity of certain Ab clones for cell types or conditions must be better understood.
Another possibility aligns with the phenomenon described just above, since CD63 was the
least abundant tetraspanin in this study, AF488 staining may miss events carrying very few
epitopes. Generally, nFCM was able to better discern fluorescently labeled EVs and also
enabled the characterization of multiple surface markers through a single-color fluorescent
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analysis, which is extremely valuable, especially in dedicated high-resolution platforms
that are limited to a few channels for fluorescence detection. Therefore, we can argue that
nFCM is more sensitive and consistent for fluorescent measurements.

For applications where sEV purification is not feasible, or minimal sample processing
is a concern, we questioned whether our protocols for sEV fluorescent labeling could be ap-
plied directly in more complex biological samples such as CCM. Results between purified
sEVs and CCM sEVs were surprisingly similar on nFCM. On the other hand, F-NTA was
more promiscuous—lower fluorescent signal with CFSE in CCM could mean the presence
of many non-EV particles, however, antibody staining gained percentages that were sig-
nificantly higher than those obtained with purified sEVs. Behind this contradiction may
be a reduced antibody washing efficiency, attributed to the richness of CCM. Double and
triple antibody staining experiments further supported this hypothesis, where fluorescence
background was even higher, leading to the conclusion that for background-free F-NTA
measurements, purified material is preferred, or alternative washing procedures should be
used instead of UF. It should be noted that the efficiency of UF washing was reduced when
presented with CCM samples and multiple-antibody staining reactions.

We also assessed the feasibility of a sample over-dilution approach as an alternative
staining protocol that avoids further processing for dye removal. Staining reactions had
been previously optimized, maintaining a fixed range of sEVs (108–109), while titrating both
dyes and antibodies to determine their optimal concentrations (at which a staining plateau
was reached). For dyes, the dilution approach was not feasible for either of the instruments,
as at the optimal dilution for the sample measurement, background fluorescence levels
were still massive. On F-NTA, this problem also persisted when the over-dilution was
applied to anti-tetraspanin antibody staining, confirming the need for a washing step
after optimized staining reactions. Conversely, this protocol could be applied in nFCM,
though it required an elevated concentration of purified sEV input (up to 108 per microliter).
This allowed for staining reactions in lower volumes, minimizing the amount of antibody
while maintaining optimized concentrations. Samples could be directly analyzed after
a 500–1000-fold dilution, without any loss in sEV staining efficiency, with respect to UF
or SEC.

The sample dilution-based protocol also featured as a reference method to evaluate
possible biases introduced by UF or SEC, employed in this study for sEV buffer exchange
and as a benchmark separation method for EV isolation. We confirmed that regardless
of the dye removal method, there were no significant differences between CD9, CD81, or
CD63 subpopulations. In this way, we demonstrated that neither SEC nor UF alters the
composition of sEV subpopulations (Figure 3B). Similar mean and median size values also
supported this claim (Figure 3C,D). Throughout the study, we favored the use of 300 kDa
UF devices, as it is a more practical method than SEC and also confers higher sample
processing throughput.

Overall comparison of washed and unwashed sEV samples proved to be useful in
the early assessment of the efficacy and specificity of sEV staining protocols, including
nucleic acid-specific dyes. The use of RNA-specific dyes for EV characterization has
been reported in earlier works [53–55]. In this study, both SYTO™ RNASelect™ and
Quant-iT™ RiboGreen™ revealed a low abundance of RNA-containing HT29 sEVs. As
the activation of these dyes is dependent on nucleic acid binding, interference caused
by background fluorescence signal seemed unlikely, hence the sample over-dilution ap-
proach was successfully applied. The low percentage of stained events questions not
only the overall amount and accessibility of EV RNA but also the brightness of hereby
employed dyes.

Following the MIFlowCyt-EV guidelines [56], procedural and assay controls, as well
as washing steps, were included in all the experiments. Similarly, staining reactions with
RNA dyes were also subjected to UF. This reduced the percentage of fluorescent events,
leading to the conclusion that RNA staining may not be as specific or stable as with other
dyes and antibodies. Such a decrease in fluorescent events after UF washing raises concerns
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on the possible artifacts generated by dyes, as well as on the nature and strength of nucleic
acid association to EVs. Given that RNA dyes can minimally bind to DNA molecules, the
overall weak fluorescent signal could be justified by a low affinity binding to extravesicular
DNA, which would then be lost upon UF washing. The presence and topology of nucleic
acids on EVs have been the topic of discussion in previous publications [35,36,57–59], which
might pose more critical approaches to assess the true EV nucleic acid content, location,
and their usefulness as biomarkers. It is also possible that fluorescent events are not
sEVs, but rather large individual ribonucleoprotein complexes [35,54,60,61]. This could be
addressed through co-staining experiments with RNA-specific dyes and anti-tetraspanin
antibodies. Although their blank controls show a low presence of fluorescent events,
we cannot exclude the possibility that SYTO and RiboGreen may nonspecifically adsorb
to EVs.

Since nFCM is equipped with two fluorescence channels, it allows for colocalization
analysis. Dual fluorophore labeling proved to be a viable strategy for sEV subpopulation
assessment, using either a combination of two antibodies or one antibody with another
dye, as long as their emission spectra are sufficiently far apart to avoid fluorescence bleed-
through between channels. The downside of this approach lies in its prolonged incubation
time, which may have resulted in lower staining efficiency—HT29 sEVs expressed nearly
40% of CD81 after double-staining, whereas after single-staining CD81 was detected at
65–70% (Figures 2B and 6B). In conclusion, after careful optimization of staining proto-
cols, it is possible to combine multiple fluorophores efficiently, to enable multiparametric
sEV characterization.

4. Materials and Methods
4.1. Cell Culture and sEV Isolation

Cell lines HT29 (ATCC® HTB-38™, Manassas, VA, USA) and HEK293 (ATCC) were
expanded in McCoy’s and DMEM growth media (Euroclone, Pero, Italy), respectively,
supplemented with 10% FBS (Euroclone) and 1% pen/strep (Sigma, St. Louis, MO, USA).
Cells were grown in T75 or T150 Flasks and maintained in a humid atmosphere of 5%
CO2 and at 37 �C. Once expanded to the desired confluence (80%), cells were washed
2 times with 1⇥ PBS and conditioned in a serum-free medium (to avoid serum-derived
confounding particles) for 48–72 h. CCM was harvested and clarified by differential
centrifugation at (1) 300⇥ g for 10 min, (2) 1200⇥ g for 20 min, and (3) 10,000⇥ g for 30 min
at 4 �C. Pre-cleared CCM was directly used for experiments, further processed for EV
purification and isolation, or stored at �80 �C.

For sEV isolation, CCM was concentrated using an Amicon Stirred Cell ultrafiltration
unit (Ultracel 100 kDa Ultrafiltration Discs, Merck Millipore, Burlington, MA, USA). A
maximum volume of 500 mL of CCM was concentrated down to 10 mL for each isolation.
Concentrated CCM was fractionated in size-exclusion chromatography (SEC) columns
(Sepharose CL-4B bed volume 70 mL, GE Healthcare, Chicago, IL, USA), pre-equilibrated
with 1 ⇥ 0.22 µm filtered PBS. Fractions of 1 mL were collected and EV-containing fractions
16 to 40 were pooled (total volume ⇡ 25 mL). SEC-purified sEVs were concentrated
down to 0.5–1 mL by 100 kDa ultrafiltration (Amicon® Ultra-15 Centrifugal Filter Unit,
Merck Millipore).

4.2. Staining Protocols
4.2.1. Staining with Cytoplasmic, Membrane, or RNA-Specific Dyes

To ensure the optimal working concentrations of dye for our platforms, incremental
concentrations were tested on a fixed number of particles (2 ⇥ 109). Dye concentrations
at which the percentage of stained events reached a plateau were henceforth applied.
After determining particle concentration (107 to 108 particles/µL), between 5 ⇥ 108 to
2 ⇥ 109 particles (purified sEVs or CCM) were loaded in each staining reaction with
CellTrace™ CFSE (CFSE; 10 µM; Thermo Fisher Scientific, Waltham, MA, USA), CellTrace™
Far Red (CTR; 15 µM; Thermo Fisher Scientific), CellMask Green (CMG 20⇥; Thermo
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Fisher Scientific) and CellMask Red (CMR 20⇥; Thermo Fisher Scientific), in filtered PBS.
Reactions were incubated for 1.5 h at 37 �C under shaking, protected from light. After
incubation, reaction volumes were brought up to 500 µL with filtered PBS and loaded into
SEC columns (Sepharose CL-4B bed volume 10 mL, GE Healthcare) for the removal of
unbound dye in excess. Fractions of 500 µL were collected and the EV-containing fractions
(7, 8 and 9) were pooled, resulting in a total of 1.5 mL of stained sEV samples, which
were immediately analyzed. SYTO™ RNASelect™ (Syto; Thermo Fisher Scientific) and
Quant-iT™ RiboGreen® (RiboGreen; Thermo Fisher Scientific) were added at 25 µM and
diluted 1:50, respectively. For Syto and RiboGreen, samples were incubated for 1.5 h and
30 min, respectively, both at 37 �C under shaking, protected from light. Afterward, they
were washed 3–4 times with PBS using ultrafiltration centrifugal devices (Nanosep® 300 K,
Pall Corporation, Port Washington, NY, USA; hereinafter referred to as UF) and analyzed.

As the ZetaView PMX-120 NTA instrument (Particle Metrix, Inning am Ammersee,
Germany; in this text referred to as F-NTA) has only one laser (488 nm), red dyes were not
used on this platform due to their longer excitation wavelengths. Furthermore, F-NTA de-
tected 4–5.5 times more total particles than the Flow NanoAnalyzer (model U30, nanoFCM
Inc., Xiamen, China; in this text referred to as nFCM), hence the particle amount and dye
concentration for staining reactions were additionally optimized on this platform. For
F-NTA analysis, 1 ⇥ 109–5.5 ⇥ 109 of particles (purified sEVs or CCM) were incubated with
CFSE (50 µM) and CMG (20⇥ concentrated) for 1.5 h at 37 �C. Afterward, the excess dye
was removed by repeated washing (6–8 times) with 500 µL PBS and UF. Washed samples
were measured in both scatter and fluorescence mode. Titration was also conducted for
Syto (5, 25, and 100 µM per reaction) and RiboGreen (1/20, 1/10, and 1/2 dilution per
reaction), samples were incubated for 1.5 h and 30 min at 37 �C, respectively, after which
only RiboGreen stained samples were washed 8 times with PBS using UF. Samples were
then analyzed in both scatter and fluorescence mode.

In both platforms, unstained samples and blanks (PBS and dye) were used as proce-
dural and assay controls. The number of thyroglobulin (Merck/Sigma-Aldrich) particles
was equivalent to the number of sEVs per staining reaction and the same protocols applied.
Additionally, 20 µg of purified bovine serum albumin (BSA) standards (Thermo Fisher
Scientific) were used in a control reaction of CFSE specificity.

4.2.2. Single Fluorophore Antibody Staining
Optimal working dilutions for antibodies were determined following the same ap-

proach described above. For each staining reaction in nFCM, 2 ⇥ 108–2 ⇥ 109 particles
(purified sEVs or CCM) were incubated with fluorescent primary antibodies for 1 h at
37 �C under shaking, protected from light. Next, PBS was added up to 500 µL, unbound
antibodies were removed by 3 to 4 rounds of UF or SEC and stained samples were charac-
terized. The following fluorescently-labeled primary antibodies were used: Phycoerythrin
(PE)-conjugated mouse anti-human CD9, CD63 and CD81 (dilution 1:10 for all; Exbio,
Vestec, Czech Republic), Alexa Fluor® 488 (AF488)-conjugated mouse anti-human CD9,
CD63 and CD81 (1:500, 1:25 and 1:500, respectively; R&D Systems, Minneapolis, MN, USA),
allophycocyanin (APC)-conjugated mouse anti-human CD9 (1:10; Exbio), Alexa Fluor® 647
(AF647)-conjugated mouse anti-human CD9 (1:10; Exbio). Since PE is quite susceptible to
photobleaching and APC and AF647 require a 600–640 nm excitation wavelength, only
AF488-conjugated anti-human CD9, CD63 and CD81 were used in F-NTA, diluted 1:12.5,
1:12.5, and 1:25, respectively. 1 ⇥ 109 particles (purified sEVs or CCM) were used for
the staining reaction at 37 �C, for 1.5 h. Unbound antibodies were removed by repeated
washing (6–8 times) with 500 µL PBS and UF, prior to analysis.

4.2.3. Multicolor Fluorescence sEV Staining
It is important to avoid the overlap between the emission spectra of dyes to be

used in combination, which results in the detection of false-positive events. With that
in mind, AF488 and PE were combined for dual-color fluorescent labeling experiments
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with antibodies. Between 2 ⇥ 108–2 ⇥ 109 particles were incubated with CD9-AF488 and
CD81-PE at optimal working dilutions indicated in the section above, for 1 h at 37 �C
under shaking, covered from light. Antibody in excess was eliminated by 3 to 4 rounds of
UF or SEC and labeled sEVs directly analyzed on nFCM. To avoid interference of dyes in
the specific binding of antibodies when combining both for sEV double staining, 5 ⇥ 108

to 2 ⇥ 109 particles were firstly labeled with CD9-AF488 for 1 h at 37 �C under shaking,
followed by incubation with CTR (15 µM) for 1 h 30 min at 37 �C under shaking. The
volume of double staining reactions was brought to 500 µL with filtered PBS, unbound
antibodies and dyes were eliminated by SEC, and samples were examined right after. Since
our F-NTA instrument is equipped with only one laser, dual-color labeling was omitted on
this platform.

4.3. nFCM: Instrument Setup and EV Analysis
Conventional flow cytometers are not designed to characterize small nanoparticles

such as sEVs and thus may provide dubious information. For this reason, nFCM, a
dedicated nanoflow cytometry platform, was employed in this study. Our instrument
is equipped with two lasers (488 and 638 nm), three single-photon counting modules
(SPCM) and enables simultaneous detection in three independent channels. Light is first
detected in the SSC channel (bandpass filter: 488/10) and then directed by two dichroic
beam splitters (DicF495; DicF555) towards the green channel (bandpass filter: 525/40)
and finally to the orange/red channel (bandpass filter: 580/40 or 670/30). Before each
experiment, the NanoAnalyzer was aligned using polystyrene QC beads (nanoFCM Inc.).
Size and concentration standard nanospheres (nanoFCM Inc.) were read directly after in
order to calibrate the instrument for sEV analysis. Once nFCM was aligned and calibrated,
sEV samples were diluted in filtered PBS (blank) to the optimal range for measurement
(108 particles/mL). Samples and blanks (200–800 events) were measured for 1 min, applying
a laser power of 15 mW as excitation source, constant pressure of 1 kPa, and at an event
rate between 2500 to 12,000 events/min (as recommended by manufacturers), to avoid
particle swarm detection 14,15. Since SSC was set as the trigger channel, each particle that
generated a signal above the SSC threshold was acquired as an event. For each event that
also generated a signal above thresholds set in the fluorescent channels, the fluorescence
intensity was registered. Thresholds were automatically set for each sample, accounting for
background signal throughout the run (thresholds = average background measurements
+ 2⇥ their standard deviation). Any sample with an SSC threshold 10% higher than the
reference (size standard nanospheres) was excluded from the study. Similarly, strict criteria
were set for the acceptance of fluorescently labeled samples, relying on unstained sEV
controls as a reference for background fluorescence. Empty staining reactions (without
sEVs) were performed as a control for all fluorescent reagents and measured under the
same conditions as complete reactions (with sEVs).

4.4. F-NTA: Instrument Setup and EV Analysis
Particle Metrix ZetaView PMX-120 (software version 8.05.12 SP1) is a nanoparticle

tracking analysis instrument equipped with a 488 nm laser (40 mW of power) and CMOS
camera sensor which enables enumeration, physical characterization, and fluorescence
measurement of particles in suspension. Measurements can be performed in liquid samples
with a minimal volume of 500 µL, containing particles as low as 106. PMX-120 was
set up according to the manufacturer’s instructions. Cell check was performed after
each start-up, followed by camera and laser alignment using 100 nm polystyrene size
standard beads and optimizing profile auto-symmetry. Upon instrument setup, daily
performance was conducted with the same beads in order to assess the accuracy and
precision. Biological samples were then diluted in PBS to reach the optimal particle count
per frame in scatter mode (50–200 particles) and analyzed throughout 11 positions of
the cell, with camera sensitivity 85, shutter speed 100, high video quality (capturing
60 frames) at 30 frames/s (1 cycle), minimal area 10, maximal area 1000 and brightness 25.
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For fluorescence measurements, a 500 nm cut-on long-pass filter was used with camera
sensitivity adjusted to 95 and video quality to low (capturing 15 frames). “Low Bleach”
technology was enabled during acquisition in order to reduce the laser exposure time for
the fluorophore and capture fluorescence signal at its maximum intensity. 11-position
tables and histograms were used in the data analysis.

4.5. Bulk Fluorescence Measurements
After labeling, 200 µL of fluorescent sEV samples were loaded in black 96-well plates

(PerkinElmer, Waltham, MA, USA). Plates were inserted in a fluorometer plate reader
(CLARIOstar Plus; BMG Labtech, Ortenberg, Germany) and for each fluorescence mea-
surement, optimal gain and focal height were adjusted to the brightest well. Raw fluo-
rescent signals of samples were normalized to a blank (PBS) and data was presented as
signal-to-noise.

4.6. Statistical Analysis
Experiments were performed in triplicate unless stated otherwise. All results are

presented as average with SEM. GraphPad Prism 9 (San Diego, CA, USA) and Two-way
ANOVA with Tukey test for multiple comparisons were used to examine inter-batch
(batch #A and batch #B) and cross-platform (nFCM and F-NTA) variability in tetraspanin
expression, as well as the correlation between purified and non-purified samples.

5. Conclusions
This work addresses some of the main benefits and limitations of working with two

different single-nanoparticle profiling platforms. We propose protocols for optimal sEV
characterization on both instruments, but also raise concerns regarding the value of certain
dyes, affinity reagents, or methodologies commonly employed. Additionally, composite
sEVs characterization addressed in our study represents an important information feed for
downstream applications, such as uptake studies, in which the importance of parameters
such as size, aggregation status, maintained integrity of sEVs, as well as surface display
of molecules that actively mediate the cell uptake (e.g., tetraspanins), has been proven
fundamental for correct experimental design (i.e., EV dosage) and results elaboration.
Hereby used analytical protocols consume a very small sample fraction, thus leaving a
majority of well characterized sEV isolates intact for further testing and use. Throughout
this report, we aimed to highlight the aspects and considerations that are often understated
but highly important, where a balance between obtaining trustworthy data and pushing
instruments to operate at the edges of current technological limits must exist. It is fun-
damental to underline that a critical attitude must drive experimental works and reports
aimed at accurately dissecting the EV field, where irrefutable evidence over major topics is
still lacking.
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Abstract 

Intercellular communication is mediated by extracellular vesicles (EVs), as they enclose selectively packaged 
biomolecules that can be horizontally transferred from donor to recipient cells. Because all cells constantly 
generate and recycle EVs, they provide accurate timed snapshots of individual pathophysiological status. 
Although EVs can be isolated from any biofluid, blood plasma circulates through the whole body and it 
potentially transports EVs derived from most organs, making it the biofluid of choice in most studies. Blood 
collection is easy and minimally invasive, yet reproducible procedures to obtain pure bulk EV samples and 
specific EV subtypes from blood are still lacking. Here, we addressed central aspects of EV immunoaffinity 
isolation from simple and complex matrices, such as plasma. Fluorescent EV spiking allowed us to 
demonstrate that target EV subpopulations can be efficiently retrieved from plasma, and that their 
enrichment is dependent not only on complex matrix composition, but also on the EV surface phenotype. 
Additionally, we found that plasma-derived EVs can be captured and detected using a simple protocol, which 
sequentially combines isolation and staining of specific surface markers. Finally, we conducted mRNA 
profiling experiments to prove that distinct EV subpopulations can be captured by directly targeting different 
surface markers. Furthermore, platelet-derived EVs encapsulated mRNA expression patterns that might be 
associated to early-stage lung cancer, which demonstrated that each EV subset conferred a differential 
clinical value, highlighting the advantages of selective isolation. In summary, our EV isolation protocol 
facilitated the extraction of clinically useful information from plasma. Compatible with common downstream 
analytics, it is a readily implementable tool that was tailored to provide a truly translational solution in routine 
clinical workflows, fostering the inclusion of EVs in novel liquid biopsy settings. 

Keywords 

extracellular vesicle; immunoprecipitation; liquid biopsy; enrichment; platelet; plasma; early-stage cancer 

 

Introduction 

Studies focused on EVs have flourished in the last 15 years, accompanied with a persistent concern for 
developing, comparing and evaluating EV isolation or purification methodologies1–11. Most popular 
approaches, such as ultracentrifugation (UC) or size-exclusion chromatography (SEC) rely on physical 
properties to isolate particles, depending on their density or size5,12,13. Despite the major differences between 
UC and SEC, when purifying simple samples such as serum-free cell conditioned medium (CCM), where the 
majority of particles are indeed EVs, both methods recover whole EVs equally well and do not enrich for 
particular surface phenotypes7,13–15. Thus, these methodologies are extremely useful to obtain large batches 
of fairly pure EV samples from cell cultures and enable unbiased characterization of EV subpopulations. 
However, complex biosamples, particularly plasma, are composed of highly dynamic biomolecule amounts 
and plenty of non-vesicular particles, which outnumber actual EVs in several orders of magnitude16,5,17. Since 
the features of some non-vesicular particles and EVs greatly intersect (i.e. size, density or charge), UC and 
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SEC-isolated EVs from complex biosamples contain considerable amounts of contaminants5,7,18–21. Moreover, 
neither isolation approach is readily compatible with routine clinical workflows, which is still an 
underappreciated aspect in studies attempting to harness the potential of EVs for medical diagnostics. As 
research narrows down, the more EVs are recognized as essential players in a variety of key biological events, 
stretching beyond cell communication roles, sometimes even directly promoting disease22–30. In addition, EVs 
circulate in virtually all biofluids22,26,31,32, hence their isolation or delivery can be done with minimal 
invasiveness. All this body of evidence opens the door to novel, high-impact scientific and technological 
developments, which will foster the establishment of precision medicine and next generation disease 
diagnostics and monitoring through liquid biopsies. Briefly, liquid biopsies are defined as the collection of 
blood, and other biofluids, for the analysis of disease-specific markers and signatures. They have been widely 
regarded as a game changer, particularly in oncology and cancer research, holding promise for early disease 
detection33–35. Mainstream liquid biopsy strategies rely on ultra-sensitive analytical techniques to profile 
circulating nucleic acids, often generating large datasets that require dedicated bioinformatics pipelines to 
assure high precision and reproducibility. This opens the question of whether such a strategy should be 
termed ‘biopsy’ at all, given that the origin of harvested material is not selected. EVs bring to the liquid biopsy 
field the promise of selective enrichment and traceable origin, as they carry diverse macromolecular markers 
distinctive of tissue, cell type or condition.  

Most cancer-related EV biomarker studies conducted analytical comparisons of EVs isolated in bulk, from the 
blood of cancer patients and control cohorts. Research has indicated that EV heterogeneity is even more 
pronounced than what had been previously anticipated14,36–42, and consequently, the paradigm is shifting as 
more scientists strive now to enrich for specific subpopulations. Isolation strategies based exclusively on 
physical properties do not enable such enrichment, evidencing the need for methodologies able to target 
and retrieve distinctive phenotypical characteristics of specific EV subpopulations, typically membrane 
proteins or other surface moieties. As such, several affinity-based EV capture approaches have been 
employed, making use of solid surfaces such as chips43–47, or beads coated with antibodies40,48–52, 
aptamers53,54 and even peptides55. Still, many reports describing affinity-based methods for EV isolation fail 
to comprehensively address the key factor of an enrichment strategy, which is the capacity of selecting 
exclusively targeted subpopulations, or simply put – specificity. Besides, research articles seldom include EV 
spike-in models or concerns about the impact biological matrices can have on IP performance. 

In the present study, we report that nano-sized superparamagnetic beads allow for direct, specific and 
complete immunoprecipitation (IP) of EV subpopulations from simple or complex matrices, phosphate-
buffered saline (PBS) and plasma, respectively. Recovered EV subsets could be easily quantified with a 
fluorescence-based immunoassay directly on beads that did not interfere with downstream processing. Due 
to their complex composition, inter-donor biological variation and the lack of standardized harvesting and 
purification methodologies, plasma samples often introduce unknown unwanted variability in downstream 
analytics7,16,17,42,56,57, which can be a major roadblock in translational research. Therefore, we also addressed 
understated aspects of EV IP, namely interactions between different EV phenotypes and complex plasma 
matrix components, which are likely relevant in other affinity-based EV isolation contexts and can 
compromise both recovery and specificity. Together with gene expression profiles of distinct EV 
subpopulations obtained from minimally processed healthy donor plasma, we concluded that IP specificity 
could be sustained across plasma samples from different donors. Moreover, mRNA profiles validated that 
different EV subpopulations were recovered according to the targeted surface marker. Finally, we applied 
this flow to a small clinical cohort of early-stage Non-Small Cell Lung Cancer (NSCLC) patients, providing a 
proof of principle that emphasizes the differential clinical value extracted from distinct EV subsets. Platelet-
derived EVs were identified as potentially important biomarker repositories in early-stage cancer detection.  

Our optimized procedures are simple, quick, scalable and automatable, with the endpoint goal of fitting into 
realistically feasible clinical workflows. Nonetheless, they can also be valuable in research and development 
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settings, when a robust enrichment of particular EV subpopulations is required, or to improve the 
performance of downstream assays that could potentially benefit from this pre-analytical step. 

 

Materials and Methods 

Biological samples and patient consent 

Human plasma samples for assay optimization were obtained from BioIVT (Westbury, NY, US). Whole blood 
was collected in K2 EDTA tubes and within 60min post-collection, platelet-rich plasma (PRP) was obtained by 
centrifugation at 500g for 10min. PRP was further centrifuged at 1500g for 10min to retrieve platelet-poor 
plasma (PPP). A final centrifugation at 1200g for 20min rendered PPP into platelet-free plasma (PFP). All 
plasma experiments were performed with PFP. 

Patient and healthy donor samples (14 vs. 14) included in the nCounter proof of principle liquid biopsy 
experiments derived from a prospective single-center study conducted at the Quiron Salud hospital group 
(Barcelona, Spain). The study was carried out in accordance with the principles of the Declaration of Helsinki 
under an approved protocol of the institutional review board of Quiron Salud hospital group (internal code 
2021/10-ONC-DEX act no. 03/2021). Written informed consent was obtained and documented from all 
patients and healthy controls; samples were de-identified for patient confidentiality. Blood samples (10 mL) 
were collected in Vacutainer tubes (BD, Plymouth, UK). After a first centrifugation step at 120g for 20 min, 
supernatants were transferred to new tubes and immediately submitted to a second centrifugation at 120g 
for 5min. Finally, supernatants were transferred to clean tubes for a third centrifugation at 360g for 20min. 
The resulting PFP was frozen at -80°C and used for subsequent EV IP. 

 

Cell culture and EV purification from cell conditioned media (CCM) 

Human cell lines HT29, A549, 22RV1 (ATCC) and HEK293-pRTS-CA9 (courtesy of prof. Dr. Reinhard Zeidler, 
Helmholtz Zentrum München, Germany) were grown in complete medium supplemented with 10% FBS 
(Euroclone) and 1% pen/strep (Sigma). McCoy’s 5A medium (Invitrogen) was used for HT29, DMEM 
(Euroclone) for HEK293 and A549 and RPMI-1640 (Euroclone) for 22RV1. Cells were expanded in T75 and 
T150 flasks, under a humid atmosphere of 5% CO2 at 37°C. At 70% confluence, cells were washed 2 times 
with 1x PBS and conditioned in serum-free medium for 48-72h. CCM was harvested and pre-cleared by 
differential centrifugation at 300g for 10 minutes, 1200g for 20 minutes, and 10000g for 30 minutes at 4°C. 
Pre-cleared CCM was stored at -80°C. 

For EV purification, pre-cleared CCM was concentrated by ultrafiltration (Amicon® Stirred Cell, Ultracel 
100kDa Ultrafiltration Discs, Merck Millipore), from a maximum volume of 500mL down to 10mL. 
Concentrated CCM was purified by SEC (qEV10 35nm, Izon Science), pre-equilibrated with 1x 0.22µm filtered 
PBS. Briefly, as 10mL of concentrated CCM were loaded in column, the eluate was immediately collected in 
1mL fractions. EV-containing fractions were pooled (16 to 40, pool volume ≈24-25mL) and concentrated 
down to 0,5-1mL by 100kDa ultrafiltration (Amicon® Ultra-15 Centrifugal Filter Unit, Merck Millipore). 
Purified EVs were aliquoted and stored at -80°C. 

 

EV Staining protocols 

To generate traceable and easily quantifiable EV spikes for IP recovery experiments, purified EVs were stained 
with CellTrace™ CFSE (Thermo Fisher Scientific). EV concentration was determined by nano flow cytometry 
(nFCM). Each staining reaction contained 2x109 EVs (108 particles/µL) and was incubated with 10µM CFSE for 
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1h30’ at 37°C. After pooling up to 6 staining reactions, excess CFSE was eliminated by SEC. The volume of 
pooled staining reactions was adjusted with filtered PBS up to 500µL, which were loaded in SEC columns 
(qEVoriginal 35nm, Izon Science) and the eluate immediately collected. The first 3mL were discarded and the 
following 1,5mL collected in a clean tube, according to the EV elution profile. Size and concentration of CFSE-
labelled EVs was analysed by nFCM. CFSE-stained spikes were freshly prepared and measured before each 
experiment. Endogenous staining of 22RV1 EVs was carried out using an amphipathic near infra-red (NIR) 
fluorescent probe (kindly provided by prof. Dr. Donal O'Shea, RCSI, Dublin, Ireland), which is effectively 
internalized by cells, spreads through the cytoplasm and becomes stably incorporated in secreted EVs58. At 
70% of confluence, 22RV1 cells were incubated in complete medium, supplemented with NIR (5µM) for 2h 
at 37°C, under a humid atmosphere of 5% CO2. NIR-supplemented medium was discarded and cells washed 
three times with PBS to eliminate all traces of unincorporated dye. Cells were conditioned in serum-free 
medium for 48-72h and CCM was collected for the purification of NIR-labelled EVs, following the procedures 
described in the section above. EV Surface protein profiling was performed by staining with fluorescently-
tagged primary antibodies. Similarly, 2x109 EVs were incubated with antibodies for 1h at 37°C. Excess 
unbound antibodies were washed off with three rounds of buffer exchange with filtered PBS on 500µL 
ultrafiltration spin columns (Nanosep® 300kDa Centrifugal Devices, Pall Corporation).  

 

Nano flow cytometry: Instrument setup and EV analysis 

We employed a dedicated nFCM platform (Flow NanoAnalyzer, nanoFCM Inc.) that enables single particle 
analysis in sheathed flow, for the characterization of EVs between 40-200nm. This system featured three 
independent single-photon counting modules, which recorded side scatter (trigger channel) and fluorescence 
signals for each particle that crossed the instrument’s interrogation zone and could be excited with a focused 
488nm laser beam. The instrument was aligned and calibrated at each run with size and concentration 
standard beads (nanoFCM Inc.). Samples and blanks (filtered PBS) were read at a constant pressure of 1kPa 
for 1min and at a maximum event rate of 12k events/min to avoid swarm effects59,60 in EV detection. Between 
samples, the instrument was cleaned with 1x cleaning solution (nanoFCM Inc.) and the capillary rinsed with 
ultrapure water. Fluorescence thresholds were set based on unstained EV samples and blanks. Background 
fluorescence stemming from the presence of unbound free dyes resulted in elevated thresholds. Such 
samples were either further washed or excluded from the study, to ensure accurate detection of fluorescent 
events. Dot plots were generated using the NF Profession 1.0 software (nanoFCM Inc.), required also to 
operate the system. On the Y axis, fluorescence intensity was plotted as peak area and on the X axis featured 
the peak height of side scatter (SSC) values. 

 

Bulk fluorescence measurements 

For direct IP readouts, 100µL of bead samples were loaded in black opaque 96-well plates (PerkinElmer) and 
read in a fluorometric plate reader (CLARIOstar Plus, BMG Labtech). Optimal gain and focal height settings 
were adjusted to the brightest wells. A total of 81 fluorescence measurements were acquired throughout 
the entire area of each well (9x9 data point matrix scan). The average value of all measurements was 
considered per well. As beads did not interfere with measurements, nor contribute to background 
fluorescence, raw sample fluorescent signals were normalized to filtered PBS and data is presented as signal-
to-noise (S/N) or as % of input. For indirect IP readouts, 200uL of the IP flow-through were measured in 
parallel with input controls (IPs lacking beads). As described above, settings were adjusted to the brightest 
wells, which in this case were always input controls. Indirect data points were presented as percentage of 
recovered input, determined as: 
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IP reactions and in-column fluorescent staining 

IP reactions were conducted in 0,22µm filtered PBS-BSA 0,1% w/v and plasma, hereon appointed as simple 
and complex matrices, respectively. EV spikes contained between 5x106 and 5x108 particles, to which 
superparamagnetic antibody-conjugated MACS beads (Miltenyi Biotec) were added in excess (1 to 5µL), since 
beads could be accurately quantified by nFCM. As methodologies for correct quantification of true plasma 
EVs are still lacking, we confirmed that the number of beads applied for IPs in complex matrices allowed for 
maximum recovery. 

Streptavidin MACS beads (Miltenyi Biotec) were coated with 2µg of biotinylated antibody per 20µL of beads 
under agitation, for 30min at RT. Antibody-coated streptavidin beads were loaded in magnetized pre-
equilibrated MACS µColumns (Miltenyi Biotec), washed 3x with 200µL of PBS-Tween20 0,1% v/v and 2x with 
400µL of PBS. Columns were removed from the magnet, placed on clean collection tubes and beads eluted 
in 100µL of PBS, with plungers. Concentration was measured by nFCM. For precise comparisons, the number 
of antibody-coated streptavidin MACS beads applied per IP was matched to the number of covalently-
conjugated ones.  

Complete IP reactions were incubated for 1h at RT under agitation. Subsequently, IPs were loaded in 
magnetized pre-equilibrated MACS µColumns, washed 3x with 200µL of PBS-Tween20 0,1% v/v and 2x with 
400µL of PBS. Then, columns were de-magnetized and the beads-EV complex eluted in 100µL of PBS in clean 
collection tubes. Additionally, bead-bound recovered EVs could also be stained with fluorescently-labelled 
primary antibodies, directly inside µColumns. Firstly, antibody master mixes were prepared in PBS, containing 
antibodies at optimized concentrations. Then, 40µL of mix were run through magnetized columns containing 
washed bead samples. Additional 20µL were added to ensure the void volume of columns was flooded in 
antibody staining mix. At this point, columns could be de-magnetized and incubated for 1h at RT, protected 
from light. Stained bead samples were placed back on the magnet and washed 3x with 200µL of PBS-Tween20 
0,1% v/v and 2x with 400µL of PBS. With de-magnetized columns on top of clean collection tubes, stained 
bead samples were eluted in 100µL of PBS. 

 

RNA extraction 

Bead sample volume was adjusted to 250µL with PBS, to which 750µL of TRIzol™ LS (Thermo Fisher Scientific) 
were added. Samples were vortexed for 30s and incubated for 10min at RT. 200µL of chloroform were added, 
tubes shaken for 30s and incubated for 5min at RT. Phases were separated by centrifugation for 15min at 
12000g and 4°C, the aqueous phase was transferred to a clean tube and 2.5µL of RNA-grade glycogen 
(20mg/mL, ThermoFisher Scientific) and 500µL of isopropanol were added. Samples were incubated for 
10min at RT and centrifuged for 10 min at 12000g and 4°C. Supernatants were discarded and 1mL of a 75% 
ethanol solution was added to wash RNA pellets. Tubes were vortexed briefly and centrifuged for 5min at 
7500g and 4°C. Supernatants were discarded and RNA pellets air-dried for 5min. RNA pellets were 
resuspended in 10µL of nuclease-free water. To 10µL of RNA sample, 1µL of DNA digestion buffer and 1µL of 
DNase I (Zymo Research) were added. Samples were mixed, spun down and incubated for 15min at RT. For 
DNase inactivation, EDTA was added at 50mM and samples incubated for 10min at 65°C. RNA samples were 
cooled at RT and stored at -80°C. 

 

Cryogenic transmission electron microscopy (Cryo-TEM) 
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For cryo-sample preparation, 2.3μL of the sample were applied to Quantifoil holey carbon grids (copper Multi 
A, Quantifoil Micro Tools GmbH) that were previously glow discharged. Excess fluid was blotted from the grid 
and plunge frozen in liquid ethane using a FEI Mark IV plunge freezer to achieve sample vitrification. Frozen 
samples were stored in liquid nitrogen until EM imaging in a Philips CM200FEG microscope equipped with a 
TVIPS TemCam-F224HD CCD camera and a Gatan 626 Cryo-Holder. 

 

ddPCR  

One-step ddPCR reaction master mixes were prepared considering a volume of 20µL per sample. Briefly, 
master mixes contained 1x Supermix, 20U/µL of reverse transcriptase and 15mM of DDT (One-Step RT-ddPCR 
Advanced Kit for Probes, BioRad). Gene expression ddPCR reactions were performed in a duplex 
configuration, using commercially available assays to amplify GAPDH and CA9 (Assay IDs: dHsaCPE5031597; 
dHsaCPE5055974, Bio-Rad), containing HEX and FAM-conjugated reporter probes, respectively. Both assays 
were diluted 1:20 in the master mix. For each sample, 5µL of RNA was thoroughly mixed with master mix and 
20µL were transferred to DG8™ Cartridges (Bio-Rad). Positive and no template controls were included in each 
run. Next, 70µL of Droplet Generation Oil (Bio-Rad) were loaded in the cartridge, which was then placed 
inside the QX200™ Droplet Generator (Bio-Rad). Droplets were generated and transferred to 96-well PCR 
plates (suppl). Plates were sealed with heat seal foil (Bio-Rad) on a PX1 PCR Plate Sealer (Bio-Rad) at 180°C 
for 5 sec. Sealed 96-well plates were inserted in a T100 Thermal Cycler (Bio-Rad) and amplification conditions 
set as follows: Reverse transcription was performed at 42°C for 60min, followed by an enzyme activation step 
at 95°C for 10min and 39 cycles of denaturation at 95°C for 30sec and extension at 55°C for 1min, with a 
ramp rate of 3°C/sec. A final step of 98°C for 10min deactivated the enzyme and amplified products were 
kept at 4°C. Droplets were read in a QX200 Droplet Reader (Bio-Rad) and gene expression data analysed in 
QuantaSoft™ Version 1.7 (Bio-Rad). 

 

Magnetic beads and antibodies 

Table 3. Magnetic beads (Miltenyi Biotec) confronted in the study 

Beads Product code 
Streptavidin MicroBeads 130-048-101 

Exosome Isolation Kit CD9, human 130-110-913 

CD61 MicroBeads, human 130-051-101 

Anti-PE MicroBeads UltraPure 130-105-639 

Exosome Isolation Kit Pan, human 130-110-912 

 

Table 4. Primary antibodies (all from Exbio Praha, a.s.) 

Antibody Final concentration (µg/mL) Product code 
Anti-Human CD9 Alexa Fluor® 488 5,2 A4-208-T100 

Anti-Human CD9 PE 4 1P-208-T100 

Anti-Human CD41 PE 2 1P-309-T100 

Mouse IgG1 Isotype Control PE 2 1P-632-C100 

Anti-Human CD9 Biotin stock at 1000 1B-208-C100 

Mouse IgG1 Isotype Control Biotin stock at 1000 1B-632-C100 
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Statistical tests and specificity 

Experimental points were obtained in triplicate, unless stated otherwise. Mean values were plotted with 
standard deviation error bars throughout. Paired t-test comparisons were conducted in Prism 9.1.1 
(GraphPad Software), which was also used for the visualization and presentation of data. 

Specificity was calculated as: 1 − !"#$%&'"	)*!%+*,
%$+#"%  

 

NanoString nCounter sample processing 

DNAse-treated RNA samples were converted to cDNA using the nCounter® Low RNA Input Kit (NanoString 
Technologies), following instructions provided by the supplier. Briefly, cDNA conversion was followed by a 
pre-amplification step, which consisted on 14 cycles of target-specific PCR amplification using the Human 
Immunology V2 Primer Pool (NanoString Technologies), according to the gene expression panel analysed 
later on. Hybridization reactions were prepared using the Reporter CodeSet and Capture ProbeSet regents 
from the nCounter Human Immunology v2 Panel (NanoString Technologies) and carried out for 18h at 65°C. 
This panel includes a total of 594 genes, 579 of them involved in the immune response and 15 commonly 
used reference control genes. It contains also spikes of synthetic DNA targets at varying concentrations and 
8 ERCC RNAs that function as internal positive and negative controls, respectively. Hybridized samples were 
processed in the nCounter® FLEX Analysis System (NanoString Technologies). Data was exported in RCC files 
for further analysis. 

 

Data normalisation and Differential Expression analysis  

Raw data was exported in RCC-formatted files using the nSolver Analysis Software (version 4.0.70, NanoString 
Technologies). Pre-processing, normalisation, and downstream exploratory and differential expression (DE) 
analyses were carried out with R (version 4.0.3). Each single Nanostring run (12 samples per run) was defined 
as one batch. Essentially, NanoStringQCPro (version 1.22.0) package was utilised to import raw RCC files into 
the R environment and to perform an initial assessment of data quality and integrity. More precisely, the 
performance of NanoString standard Imaging, Binding Density, Positive Control Linearity, and Limit of 
Detection quality control metrics was examined for potential outlier samples. Next, samples were subjected 
to various exploratory analyses for thorough data examination. Boxplots, correlation heatmaps, PCA plots, 
and MDS plots (amongst others) were created using the ggplot2 (version 3.3.5), pheatmap (version 1.0.12), 
and ggpubr (version 0.4.0) packages. Moreover, the interquartile range (1.5 IQR rule) was used to detect, 
mark and remove potential outlier samples. Pre-processing of the data was then performed gene and 
sample-wise. In order to remove lowly expressed genes with excess background noise, several filtering steps 
were used. Firstly, the edgeR (version 3.32.1) function filterByExpr was used to remove lowly expressed 
genes. One additional function based on the Negative Control (NC) sequences was also used to filter out 
lowly expressed genes. Specifically, the median value of the 8 NC sequences was calculated for each sample 
and subtracted from the endogenous genes. After the transformation using NC sequences, genes that fell 
below 0 in more than 30% of the samples were removed from further analysis. Assessment of the various 
filtering steps was concluded again by MDS and PCA plots. Normalisation of the raw filtered data and DE 
analysis was attained using the DESeq2 (version 1.30.1) package with default parameters. Standard relative 
log expression (RLE) and PCA plots were used to evaluate the performance of the normalisation before 
proceeding with the differential expression analysis. Finally, fold change and adjusted p-values obtained from 
DE analyses were log2 and log10 transformed, respectively, and results visualised on a volcano plot. A fold 
change of 2 and adjusted p-value of 0,05 were set as DE thresholds.  
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Results 

 

Antibody-conjugated beads outperform antibody-coated streptavidin beads, in simple and complex 
matrices 

Because EVs are small nanoparticles, we reasoned that capture efficiency could be maximized and IP 
reactions better controlled by utilizing similar-sized nano beads, which may bring advantages over larger 
ones61. To date, EV immunoaffinity isolation has been vastly performed with microbeads, typically sized >1 
μm. MACS beads are 50nm superparamagnetic particles that allow for minimal labelling and gentle 
processing of target structures, whether they are carried on cells or EVs. Initially, we evaluated two different 
surface chemistries for their specificity and recovery efficacy. Streptavidin-conjugated beads (MACS-STV) can 
be coated with any biotinylated affinity reagent and thus are a highly versatile system, suitable for direct and 
indirect IP reactions. On the other hand, the supplier also provides ready-to-use, covalently-conjugated beads 
(MACS), coated with correctly oriented antibodies, which is known to improve specificity62. Streptavidin-
biotin systems also allow for correct antibody orientation, though they tend to be more susceptible to non-
specific interactions, when compared to covalently-conjugated antibody bead surfaces. We tested the 
performance of both surface chemistries in the context of EV IP by assessing the recovery of fluorescently-
labelled HEK293 EVs in PBS-BSA, with anti-CD9 and isotype control antibody-coated beads. Isotype-coated 
beads served as negative control to evaluate the specificity of MACS-STV, while anti-CD61-conjugated beads 
(MACS-CD61) played the same role for MACS. CD61 was absent from our cell lines and their EVs, and since it 
represents a cluster of differentiation of the platelet lineage, we deemed it an appropriate negative control 
for cell line-derived EV IPs. To generate traceable EV models, we stained HEK293 EVs with CFSE15 and 
obtained 87,9% of fluorescent particles, as detected by nFCM (Sup. Fig. 1A). We also measured bead 
concentration to assure that the number of beads outnumbered fluorescent EV inputs in this and in the 
following experiments (Sup. Table 1).  

CFSE-stained HEK293 EVs were incubated with beads and fluorescent readouts were acquired for direct 
(beads) and indirect (IP flow-through) estimations of IP recovery. We obtained 44% of specificity with MACS-
STV, regardless of the readout, whereas with MACS, 89% of specificity was observed by direct measurement 
and 75% by indirect measurement (Fig. 1A). Additionally, the fluorescent signal detected in MACS-CD9 beads 
evidenced a 48% recovery of CFSE-HEK293 input, which coincides with an average CD9 expression of 42% in 
these EVs (Sup. Fig. 1B). Considering 5,5% of non-specific pull-down signal by MACS-CD61, we efficiently 
recovered nearly 100% of the CD9 subpopulation. Instead, direct measurements on MACS-STV revealed that 
22,1% and 12,1% of spike was recovered with anti-CD9 and isotype control-coated beads, respectively. This 
indicates that MACS but not MACS-STV, enabled the IP of the entire CD9-positive subpopulation in PBS-BSA.  

Beads, EVs and the IP immune complex formed between them were visually examined by Cryo-TEM. An 
irregular bead structure could be discerned (Fig. 1B-1), contrasting with the circular shape of EVs and their 
well-defined membrane (Fig. 1B-2). IP complexes revealed that several beads can decorate the EV surface, 
which is likely dependent on the number of epitopes available for binding, amongst other factors (Fig. 1B-3).  

Next, we evaluated the suitability of covalently-conjugated and streptavidin beads for EV IP in plasma, which 
is likely the most complex human biofluid. CFSE-labelled HEK293 EVs were spiked in healthy donor plasma 
(donor 6) and IPs conducted as aforementioned. Only direct bead readouts were plotted, since plasma 
emitted a great deal of background fluorescence in the CFSE channel, which compromised indirect readouts. 
Surprisingly, more fluorescent EV spike was recovered by negative control antibodies than with anti-CD9-
coated or conjugated beads (Fig. 1C). Such results would imply the lack of specificity of both bead types in 
the plasma matrix, which was considered true for MACS-STV, where negative control beads were coated with 
a human isotype control antibody. Nevertheless, the negative control for the covalently-conjugated MACS 
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beads was anti-CD61. Even though our spiked EVs did not express CD61, due to its abundance in plasma we 
reasoned that this platelet-related marker could be interacting with fluorescent EV spikes, causing their co-
IP. 

To confirm that the direct fluorescence readout accurately portrayed spike recovery, we extracted RNA from 
MACS-pulled down material (from Fig. 1C) and performed ddPCR for GAPDH and CA9, a stably transfected 
marker expressed in our HEK293 cells, but undetectable in healthy plasma. The expression of both markers 
faithfully correlated with the previously measured fluorescent signal (Fig. 1C-MACS) and CA9 reads confirmed 
the recovery of our spike (Fig. 1D), indicating that fluorescence detected on beads stemmed from CFSE-
labelled HEK293 EVs rather than from potential plasma-derived contaminants. Thus, ddPCR validated direct 
fluorescent measurements as reliable readouts of IP recovery. 

To have a reliable negative control when assessing IP specificity from plasma, we re-tested the IP of CFSE-
labelled HEK293 EVs spiked in plasma with MACS-CD9 against anti-phycoerythrin (PE) coated MACS beads 
(MACS-PE). PE is a commonly employed fluorophore produced by algae, which makes PE-coated beads an 
ideal negative control for IPs in human plasma. Spike recovery was now 4.5x higher with MACS-CD9 than 
with MACS-PE, conferring 78% of specificity to covalently-conjugated MACS beads in this experiment (Fig. 
1E) and confirming our suspicion that CD61 was promoting spike co-IP. 

Intrigued by this CD61-mediated capture of CD61-negative fluorescent spikes in plasma, we evaluated the 
recovery of CFSE-HEK293 EVs from the plasma of a different donor (donor 7), using MACS-CD9, CD61 and PE. 
Remarkably, CD61-mediated co-IP of CFSE spikes was not observed in a different plasma source and both 
negative controls displayed comparable fluorescence signals (Sup. Fig. 1C), indicating that this effect is 
dependent on biological variation. 

In summary, antibody-coated MACS-STV specifically captured EVs only in a simple matrix, though they were 
markedly outperformed by antibody-conjugated MACS beads, which captured the totality of the CD9 subset 
in PBS-BSA and maintained a substantial degree of specificity, even in complex matrices. Therefore, we 
confirmed that the streptavidin-biotin surface chemistry is more prone to non-specific interactions in affinity-
based EV isolation strategies. Importantly, both fluorescence measurement strategies and ddPCR proved to 
be valuable readouts that complemented and validated each other for precise quantifications of IP recovery. 
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Figure 1. Multiple analytics evidence differential recovery of EV subpopulations in simple and complex matrices, between streptavidin-
coated and covalently-conjugated beads. 

(A) CFSE-stained HEK293 EVs were captured from PBS-BSA with MACS-STV and MACS. CD9 was the IP target and ISO/CD61 
negative controls. Recovery was plotted as % of input, obtained using fluorescent signals of samples and input. Fluorescence 
of IP flow-throughs (FT) allowed for an indirect calculation of recovery (yellow), whereas fluorescence on beads provided a 
direct recovery measure (blue). Specificity represents the differences between target and negative controls. 

(B) Cryo-TEM images of triple-coated MACS beads (1), HEK293 EVs (2) and the IP complex formed between both in PBS-BSA 
(3). Respective scale bars are shown on the top right corner of each image. 

(C) S/N ratios of CFSE-stained HEK293 EVs recovered from plasma (donor 6) on MACS-STV and MACS. The IP target was CD9 
and the negative controls ISO/CD61. 

(D) GAPDH and CA9 mRNA copies from MACS CD9 and CD61 used in (C), measured by ddPCR. 

(E) S/N ratios of CFSE-stained HEK293 EVs recovered from plasma (donor 6) on MACS beads coated with anti-CD9 and anti-PE 
antibodies. IP specificity was 78%. 
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Whole EV subpopulations can be efficiently captured from plasma, while spike recovery is dependent 
on EV type and biological variation of complex matrices 

Having selected covalently-conjugated MACS beads due to their superior performance, we aimed at 
optimizing and exploring their capability to capture specific EV subsets from plasma. When we attempted to 
read CFSE-stained spike inputs and IP flow-throughs in plasma, S/N ratios were too low to extract meaningful 
information. Upon light absorption, plasma emits plenty of blue/green autofluorescence, which ultimately 
masked CFSE signal. Because biomolecules absorb and emit almost no NIR light, fluorescent NIR probes are 
a promising tool for in vivo and ex vivo imaging63–65. For this reason, we generated endogenously-labelled NIR 
EVs by feeding 22RV1 cells with a NIR probe, which is internalized and stably latches on to lipidic membranes, 
even after EV secretion58. After SEC purification of 22RV1-NIR CCM, we detected 92% of NIR-fluorescent 
particles and observed a CD9 expression of 20% (Fig. 2A). To understand if the entirety of one EV 
subpopulation could also be retrieved from complex matrices, not only NIR but also CD9-PE-labelled NIR EVs 
were spiked in plasma, followed by IP with anti-CD9 and anti-PE beads. As expected, NIR spikes delivered 
better S/N ratios in plasma with respect to CFSE spikes, which allowed us to reliably measure inputs and 
report both direct and indirect IP readouts. In line with previous plasma experiments, we estimated 87% and 
70% of specificity through indirect and direct readouts, respectively, in the IP of NIR spikes (Fig. 2B). 
Moreover, both readouts indicated a 20% recovery of NIR input, which perfectly matched the proportion of 
CD9-positive 22RV1-NIR EVs, suggesting that the whole CD9 subpopulation of our spike could be retrieved 
from plasma (Fig. 2B). 

Interestingly, the recovery of CD9-PE-labelled NIR EV spike was comparable between CD9 and PE beads. The 
direct bead readout even evidenced a slightly higher mean of 18% for PE over 14% for CD9 (Fig. 2C), hinting 
that CD9 epitopes may be less accessible to MACS-CD9 as anti-CD9-PE had already occupied them. These 
experiments confirm the high efficacy of this IP approach in recovering distinct EV subsets from plasma, 
further highlighting its specificity and flexibility also by indirect capture. 

IP complexes formed in plasma were monitored by Cryo-TEM, where we could observe an abundance of 
beads over EVs, while the size of captured EVs spanned over a wide range (Fig. 2D). Whether EVs were 
recovered from plasma (Fig. 2D-1) or from HEK293-spiked plasma (Fig. 2D-2), IP complexes greatly resembled 
the ones observed after IP in simple matrices (Fig. 1B), demonstrating that true EVs, with intact structure and 
function, can be efficiently retrieved from complex matrices. 

Still, we reckoned that IP reactions would be more efficient in PBS-BSA than in plasma, due to the richness of 
the latter in biomolecules that can hinder affinity interactions. To assess that, we spiked 22RV1-NIR and 
HT29-CFSE in both matrices, performed IP with triple-coated, anti-tetraspanin (CD9, CD63 and CD81) MACS 
beads and read their recovered fluorescence. As anticipated, higher recovery was always obtained in PBS-
BSA. On average, spike recovery was 22% and 52% higher in buffer than in plasma with 22RV1-NIR and HT29-
CFSE, respectively (Fig. 3A). This observation suggested that depending on the identity of EV spikes, different 
interactions between EVs, matrix components and affinity reagents likely occur, affecting IP recovery.  

To evaluate the impact of IP conditions on spike recovery, HT29-CFSE EVs were spiked in plasma from donor 
6 (the same used in aforementioned experiments) and triple-coated MACS incubated for 10, 25 or 60min. 
We confirmed a maximum fluorescence signal at 60min, whilst maintaining specificity (Sup. Fig. 2A). 
Moreover, the same HT29-CFSE spike was equally captured from donor 6 plasma increasingly diluted with 
PBS (Sup. Fig. 2B), showing that matrix dilution did not improve IP performance. 

Having confirmed that IP conditions did not contribute to the variable recovery of different EV spikes, we 
further addressed this aspect by spiking CFSE-labelled EVs from three different cell lines (HT29, HEK293 and 
A549) in PBS-BSA and plasma from a different donor (donor 7), applying triple-coated MACS for IP. This time, 
HT29 EVs were similarly recovered from both matrices, displaying an average fluorescent signal only 4% 
higher in PBS-BSA. The recovery of A549 EVs was 18% greater also in PBS-BSA while surprisingly, 33% more 
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HEK293 spike was captured from plasma (Fig. 3B). In conclusion, these results demonstrate that the surface 
properties of distinct EV subsets can influence on how they are targeted and retrieved by affinity reagents, 
within a given matrix. 

The complexity of plasma samples, exacerbated by consistent inter-individual variation, is one of the major 
factors limiting the clinical use of affinity-based assays. The disparity observed in HT29 EV recovery between 
PBS-BSA and plasma from donors 6 and 7 in two independent experiments (Fig. 3A, B), prompted us to 
estimate the real impact of biological variation on spike IP from complex matrices. 

For this purpose, CFSE-labelled HEK293 and HT29 EVs were spiked in three different plasma sources and 
recovery assessed through direct IP fluorescence readouts. The recovery of HEK293 spike was similar 
between the plasma of donor 5 and 7, but it doubled in donor 8 plasma. Plasma from donor 5 resulted in the 
lowest recovery of HT29 EVs, as this signal tripled in donor 7 and reached its maximum in donor 8 plasma 
(Fig. 3C). Intriguingly, the recovery of HEK293 EVs remained constant in plasma from donors 5 and 7, but it 
tripled for HT29 EVs, further highlighting the weight of EV surface phenotypes in IP efficiency. Taken together, 
these results show how the affinity isolation of EV subpopulations depends both on their intrinsic surface 
characteristics and on the components of the matrix they are carried in. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 62 

 

Figure 2. Intact EV subpopulations spiked in plasma can be completely recovered using antibody-conjugated beads. 

(A) Single-particle analysis of fluorescent 22RV1-NIR EVs by nFCM. The dot plot on the left shows that the majority of 22RV1 
EVs incorporated the NIR fluorophore, whereas the one on the right indicates the CD9-positive subpopulation, determined 
after staining with CD9-PE. Percentages of fluorescent particles were background-corrected (BC) with buffer (PBS). 

(B) IP of 22RV1-NIR EVs spiked in plasma (donor 6). Recovery (% of input) was appreciated indirectly, through the NIR signal of 
IP flow-throughs (FT) and directly, by measuring the fluorescence of NIR EVs captured on beads. 22RV1-NIR EVs were used 
to plot a calibration curve correlating particle numbers with their fluorescent signal, which allowed to present percentages 
of input based on the actual number of particles recovered vs. input particles. Specificity (S) was calculated for both 
readouts. 

(C) IP of 22RV1-NIR-CD9-PE-stained EVs spiked in plasma (donor 6). Recovery, plotted as % of input, was assessed by indirect 
and direct fluorescence readouts.  The NIR signal of 22RV1-NIR-CD9-PE EVs was used to plot a calibration curve, correlating 
particle numbers with their fluorescent signal, which allowed to present percentages of input based on the actual number 
of particles recovered vs. input particles. 

(D) Cryo-TEM images of EVs captured from plasma (1) and plasma spiked with HEK293 EVs (2), using triple-coated beads. 
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Figure 3. IP efficiency is dependent on EV surface properties, complex matrix components and interactions between both. 

(A) Fluorescence S/N ratios were assessed on triple-coated beads upon the IP of 22RV1-NIR and HT29-CFSE spiked in either 
PBS-BSA or plasma (donor 6). Average recovery (S/N) differences between the two matrices are reported in percentage. 

(B) CFSE-labelled EVs were spiked in plasma (donor 7) or in PBS-BSA and recovered using triple-coated beads. Average recovery 
(S/N) differences between the two matrices are reported in percentage. 

(C) CFSE-labelled HEK293 (blue) and HT29 EVs (orange) were spiked in the plasma of 3 different donors and recovered with 
triple-coated beads. CFSE S/N on beads is directly proportional to the amount of captured spike. 
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Multiple surface markers can be directly detected to quantify EV subpopulations captured from 
simple and complex matrices 

After optimization and characterization of our IP strategies employing fluorescently-labelled EV spike-in 
models, we wondered if captured EVs could be stained directly on beads using fluorescently-tagged primary 
antibodies. With the goal of quantitatively detecting EV subpopulations retrieved from plasma, we firstly set 
out to gauge the staining of HT29 EVs with CD9-PE, after IP with triple-coated beads in PBS-BSA. S/N ratios 
obtained on increasing EV numbers could be faithfully represented by simple linear regression (R2 = 0,9992), 
from 1x108 down to 5x106 EVs, which corresponded to a S/N of 7 (Fig. 4A). As such, this approach was 
extremely robust for EV detection and quantification in simple matrices. To understand its applicability in 
plasma, we initially depleted endogenous plasma EVs with triple-coated beads, then delivered our HT29 spike 
to this “EV-depleted plasma” and sequentially performed IP using the same beads. Detection with CD9-PE 
also displayed a linear trend from 1x108 to 1x107 HT29 EVs (R2 = 0,9783), however at the lowest amount of 
spike (5x106), an unexpected sharp increment in S/N ratios was noticed (Fig. 4B). Moreover, CD9-PE S/N ratios 
were substantially larger in plasma-derived bead samples (Fig. 4A, B), which could suggest that either the 
pre-IP depletion step was incomplete, or that the majority of signal stemmed from nonspecific antibody 
binding. 

To address the specificity of fluorescently-labelled primary antibody staining of plasma-derived material on 
beads, we isolated platelet-derived EVs from the plasma of 3 independent donors using anti-CD61-coated 
beads. Detection was done by targeting CD41, a platelet-specific marker that forms a heterodimer with CD61 
known as integrin αIIbβ366,67, while an isotype-matched antibody was used as negative control. Specific CD41 
signal was measured with different intensity across all three plasma samples, always significantly higher than 
respective negative controls, confirming that this bead-based sandwich immunoassay assay can specifically 
detect EV-carried markers retrieved from plasma (Fig. 4C). Through Cryo-TEM we verified that, consistent 
with aforementioned images, CD61 beads clearly enabled the isolation of EV-like structures, suggesting that 
platelet-derived EVs could be efficiently captured from plasma (Fig. 4D). 

Subsequently, we explored the possibility of simultaneously detecting two markers through the double 
staining of platelet EVs, isolated from plasma with anti-CD61 beads. S/N ratios obtained after staining with 
anti-CD41-PE and anti-CD9-AF488 were comparable, regardless of their incubation being conducted in single 
or in combination (Fig. 5A), meaning that staining efficiency and accuracy is maintained as two markers are 
concomitantly detected. 

Finally, we investigated if double staining could provide meaningful information in the analysis of EV 
subpopulations derived from complex samples, using a platelet-derived EVs as paradigmatic example. To do 
so, 1mL of plasma was first heated to 56°C or treated with thrombin (2U) for 8min. Both procedures cause 
the precipitation of fibrinogen from plasma, noticeable by increased opacity or by the polymerization of an 
insoluble clot after 56°C or thrombin treatment, respectively68,69. Insoluble fibrinogen was eliminated by 
centrifugation at 5000g for 5min and the resulting supernatant collected in a clean tube, to which either 
triple-coated MACS or MACS-CD61 were added for EV IP. Since fibrinogen strongly interacts with the 
CD41/CD61 complex on platelets70 (also termed the fibrinogen receptor, required for clot formation), we 
postulated that the effects of such treatments would mostly reflect on the detection of platelet markers, on 
platelet-derived EVs. To verify this, CD9-AF488 and CD41-PE double staining was performed on recovered 
beads after incubation in treated and untreated plasma. 

Treatments did not majorly impact CD9 detection on triple-coated MACS, however on MACS-CD61, a 
significant drop of signal could be appreciated upon plasma pre-heating at 56°C (Fig. 5B). On the other hand, 
a drastic decrease in CD41-PE signal was observed after treatments, on both triple-coated MACS and on 
MACS-CD61 (Fig. 5C). These results confirmed our hypothesis, as mostly platelet-related markers were 
indeed lost upon thrombin or 56°C treatment, indicating that not only fluorescent EV tracers but also 
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endogenous plasma EVs are specifically selected from plasma samples and that multiple EV subpopulations 
from complex samples can be simultaneously detected using this staining protocol. Of note, neither of the 
plasma pre-analytic treatments resulted in increased overall EV recovery. 

Taken together, we establish that a simple incubation step of fluorescently-labelled antibodies with EV-
carrying beads, recovered from simple or complex matrices, enables an accurate detection and quantification 
of multiple surface markers expressed on EV immunoprecipitates. 
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Figure 4. Direct detection and quantification of EV subsets on beads using fluorescently-tagged antibodies. 

(A) Increasing numbers of HT29 EVs captured from PBS-BSA with triple-coated beads were detected by staining IP complexes 
with CD9-PE. PE fluorescence signals highly correlated with the number of spiked and recovered EVs, evidenced by a linear 
trendline (R2 = 0,9992). 

(B) Scalar amounts of HT29 EVs were also spiked in “EV-depleted plasma” (donor 7) and recovered using triple-coated beads, 
which were stained by CD9-PE. A linear trendline proves the correlation between the amount of spike and the S/N obtained 
from CD9-PE from 1x108 to 1x107 EVs (R2 = 0,9783). An outlier mean S/N value at 5x106 spiked EVs is presented in red. 

(C) Platelet-derived EVs were isolated from the plasma of 3 different donors using anti-CD61 beads. Target subpopulations 
(CD41-PE) were detected against a negative control antibody (IgG1k-PE). 

(D) Cryo-TEM image of platelet-derived EVs recovered from plasma with anti-CD61 beads. 
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Figure 5. Double antibody staining on IP complexes allow for meaningful quantification of surface markers on plasma-recovered EVs.  

(A) Platelet EVs isolated from plasma with anti-CD61 beads were stained with CD41-PE and CD9-AF488 in single or double 
staining settings. Fluorescence signal for both markers was equivalent, despite the incubation with 1 or 2 antibodies 
simultaneously. 

(B) Triple-coated or anti-CD61 beads were incubated in untreated, thrombin treated or 56°C heated plasma and double stained 
with CD41-PE and CD9-AF488. Paired t-tests on the S/N ratios obtained with CD9-AF488 revealed a significant drop in CD61 
beads (P = 0,036631), when untreated was compared with the 56°C condition. All the other comparisons were deemed 
non-significant (ns). 

(C) Refers to the same experiment described in (B), although reports CD41-PE measurements. A substantial decrease in CD41-
PE signal was detected upon staining IP complexes obtained with both beads, across treatments. Untreated and thrombin 
from triple-coated and CD61 beads, respectively, are shown as duplicates. 
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Different EV subpopulations carry distinct mRNA biomarkers that can be valuable for liquid biopsy-
based early-stage NSCLC detection  

As any bona fide enrichment strategy depends on its’ specificity, we ultimately sought to provide definitive 
evidence that validated the performance of the IP protocol herein described. To do so, the mRNA content of 
different plasma EV subpopulations recovered either by triple-coated MACS or MACS-CD61 was profiled 
using the nCounter platform. Moreover, to inquire about the utility of our IP strategy in a liquid biopsy 
scenario, these different EV subpopulations were isolated from the plasma of two different cohorts, each 
composed of 14 donors. We measured the expression of 594 transcripts using the nCounter Human 
Immunology v2 Panel. To avoid biased conjectures and guarantee the quality of gene expression reads, we 
developed a dedicated bioinformatics pipeline including the internal standard nCounter QC checks, 
exploratory data analysis (EDA), low-count gene filtering steps, normalization and differential expression (DE) 
analysis. 

Firstly, we questioned whether different EV subpopulations from the same healthy donor samples contained 
distinct mRNA profiles. During EDA on the comparison of healthy donor EVs obtained with triple-coated or 
CD61 beads, PCA revealed that samples seemed to slightly cluster by the number of unnormalized reads and 
group (Sup. Fig. 3A, B, C), but not by batch (Sup. Fig. 3D). However, after examining the unnormalized counts 
per group we could conclude that CD61+ EVs displayed a significantly higher number when compared to CD9, 
CD63 or CD81+ EVs (p=0.00053, Wilcoxon; Sup. Fig. 4A), indicating that the apparent clustering by group 
(defined in this case by IP target) did not actually occur as it was driven by the number of mRNA counts. RLE 
plots demonstrated that optimal sample normalization could be achieved with DESeq2 (Sup. Fig. 3E, left) and 
normalized samples were visually inspected on a PCA plot, which evidenced the two most variable samples 
depicted on RLE plots (Sup. Fig. 3E, right). DESeq2 output four DE genes, one upregulated and three 
downregulated in the dataset obtained with MACS-CD61 over triple-coated MACS (Fig. 6A). Supervised 
hierarchical clustering analysis was performed using the four DE genes and presented on a heatmap (Fig. 6B). 
Altogether, our data supports that depending on the targeted surface markers, we could effectively isolate 
different EV subsets from healthy donor plasma. 

To understand the potential clinical value of each EV subset as biomarker carrier, we confronted our healthy 
cohort against a prospective early-stage NSCLC cohort using the same bioinformatics pipeline. Surprisingly, 
no DE genes were found when comparing EV mRNA obtained from healthy and cancer samples with triple-
coated beads (Fig. 7A). On the other hand, the platelet-derived EV dataset allowed the comparison of healthy 
and early-stage cancer cohorts. As previously observed during EDA, samples only seemed to somewhat 
cluster by the number of unnormalized gene counts, but not by group or batch (Sup Fig. 5A-D). Despite being 
marginally elevated, the average number of unnormalized counts was not significantly higher in the early-
stage NSCLC cohort (p=0.43, Wilcoxon; Sup. Fig. 4B). As before, DESeq2 alone optimally normalized all 
samples (Sup Fig. 5E left). Similarly, on the PCA plots of normalized counts we could appreciate a separation 
of the most variable samples (RLE plots, Sup Fig. 5E left) from the main sample cluster (Sup Fig. 5E right). DE 
analysis with DESeq2 found 47 DE genes, which were evidenced on a volcano plot (Fig. 7B). These results 
suggest that the identified mRNA expression patterns displayed by CD61-positive EVs may effectively allow 
the distinction between healthy and early-stage cancer samples. In summary, our experimental data 
demonstrates that different EV subpopulations can indeed be captured by targeting different surface 
markers, which reflected on their mRNA profiles and disclosed how distinct EVs subsets may confer 
differential clinical values in a liquid biopsy setting. In this case, the identification of 47 putative biomarkers 
for blood-based early-stage NSCLC detection demonstrated that platelet-derived EVs represent an appealing 
biomarker source that warrants extended studies. 
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Figure 6. Differential expression (DE) analysis by DESeq2 between CD61+ and CD9, CD63 or CD81+ EV datasets on the healthy cohort. 

(A) Volcano plot showing DE genes between the two groups. Cutoffs were defined for adjusted pvalues (0.05, Y axis) and log2 
fold change (2, X axis). Upregulated genes and downregulated genes are depicted by green and red circles, respectively. 

(B) Supervised hierarchical clustering heatmap analysis based on the four DE genes discovered by DESeq2, samples and their 
respective group. 
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Figure 7. DE analysis by DESeq2 identified 47 DE genes between healthy and early-stage NSCLC cohorts, using platelet-derived EVs as 
biomarker source. 

(A) Volcano plot showing that no DE genes were found between the two cohorts, based on the triple-coated EV dataset. Cutoffs 
were defined for adjusted pvalues (0.05, Y axis) and log2 fold change (2, X axis).  

(B) Volcano plot showing DE genes between the two cohorts, based on the platelet-derived EV dataset. Cutoffs were defined 
for adjusted pvalues (0.05, Y axis) and log2 fold change (2, X axis). Upregulated genes and downregulated genes are 
depicted by green and red circles, respectively. 
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Discussion 

In the present study, we thoroughly optimized a nanobead-based EV immunoaffinity capture strategy and 
demonstrate that distinct subpopulations can be efficiently isolated and selectively enriched, despite the 
complexity of IP matrices. Antibody-conjugated beads were chosen over streptavidin-coated ones as they 
allowed for superior EV recovery and purity with a simpler protocol, since bead coating steps were not 
required. Target EV subsets were also efficiently recovered through indirect IP markers, conferring more 
flexibility to antibody-conjugated beads, a hallmark characteristic of the streptavidin-biotin system. Routine 
laboratory fluorescence readouts, validated through ddPCR and nFCM, delivered precise estimations of IP 
recovery. Cryo-TEM observation of bead-EV complexes formed in various IP matrices evidenced that actual 
membranous particles were decorated with beads, without noticeable signs of contaminating particles. 
While measuring fluorescent spike recovery between simple and complex matrices, we realized how the 
surface properties of different EVs can greatly impact IP efficiency. Moreover, we verified that not only the 
EV phenotype, but also the composition of biological samples can shape how EVs are retrieved through 
affinity capture. Altogether, the nano-scale trinity formed between EVs, matrix components and affinity 
reagents, comprising all their complex interactions, determined the success of our IP experiments. We 
postulate that the same holds true under many other affinity-based EV enrichment conditions. The recovery 
of endogenous plasma EVs after pre-analytical treatments could be accurately quantified using fluorescently-
tagged primary antibodies, which supported the suitability of this simple detection method. Finally, triple-
coated anti-tetraspanin (CD9, CD63 and CD81) beads and anti-CD61 beads were applied for EV IP in merely 
500µL of human plasma obtained from 14 healthy donors and 14 early-stage NSCLC patients. Gene 
expression profiling of CD9, CD63 or CD81+ and CD61+ (platelet-derived) EVs revealed that each subset 
carried unique mRNA pools, emphasizing the selectivity of our IP approach and the prevalent notion that EV 
subpopulations are highly heterogeneous. More importantly, we provided proof of principle for selective 
human EV enrichment strategies as valuable tools in a real-world clinical liquid biopsy context. In this study, 
platelet-derived EVs better grasped differences between the mRNA pool of healthy and early-stage NSCLC 
samples, when compared to the tetraspanin-positive EV subpopulation. We identified a relationship between 
47 potential biomarkers for early tumour detection in platelet-derived EVs, while strikingly none could be 
found in the tetraspanin-positive subpopulation. 

Platelets have been extensively studied for biomarker discovery and detection, as they quickly respond to 
inflammation and can engulf numerous biomolecules sustaining pathophysiological states. Due to the uptake 
of tumour-shed material, platelets transform into tumour-educated platelets (TEPs) and actively start 
favouring cancer progression through processes extensively reviewed elsewhere71,72. Platelet and TEP-
derived EVs generate a positive feedback loop that amplifies platelet education and contributes to tumour 
growth. These EVs may also participate in metastatic processes as platelets do, however irrefutable evidence 
is still lacking72–74. Such ideas support the significance of platelet-derived EVs as valuable biomarker sources, 
which may actually be more enriched in disease-specific analytes than the actual platelets generating them.  

The endpoint goal of our study lied in assembling a selective EV isolation approach, tailored to comply with 
ideal routine procedures required in clinical liquid biopsy environments. Realistically, it is extremely 
challenging to introduce new techniques into the clinic, as emphasized by Ignatiadis et al., who elegantly 
defined a roadmap for the translation of novel liquid biopsy assays into clinical practice75. Accordingly, we 
demonstrated the analytical validity and set off the clinical validation of our method, which simply required 
500µL of minimally processed PFP, while IP reactions were completed within 1h. The superparamagnetic 
properties of beads can be leveraged for scalability and automation. Immunostaining is conducted directly 
on the bead-EV complex latched inside magnetized columns, which resulted in straightforward and reliable 
surface protein quantification, merely adding one extra hour to the protocol. It is important to stress that the 
detachment of immunocomplexes was not required, as MACS beads did not interfere with fluorescence 
measurements. 



 72 

A similar bead-based MACS immunostaining protocol to profile EV surface markers has been developed14. 
Despite its convincing performance on the analysis of purified EVs, it cannot be directly applied in plasma 
samples. Moreover, this methodology relies on flow cytometry, which is not always straightforward, as 
instruments require precise optimization and frequent maintenance. Additional limitations stem from the 
size detection limit of conventional cytometers, which dictates that large size beads (4,8µm) must be used 
for EV immobilization before fluorescence measurements, rendering the assay semi-quantitative. Also, it is 
likely that the large MACSPlex beads employed in this assay are easily outperformed by their smaller MACS 
beads (50nm) counterpart61, which were used in the present study. Our bulk fluorescence measurements 
obtained with a common plate reader provided the same kind of semi-quantitative information. We opted 
for direct (bead-EV complex) instead of indirect (IP flowthrough) IP readouts as the former was conceptually 
more solid and better represented actual EV recovery. Also, it could be applied regardless of the IP matrix or 
fluorescence of spiked EVs, and enabled in-column staining of the bead-EV complex. 

One limitation in our experiments was the calculation of specificity. IP recovery always increased with the 
amount of spike when using specific antibodies against EV markers, while with negative control antibodies it 
remained relatively stable. Logically, the ratio between the fluorescent signal measured in negative controls 
and targets becomes smaller as the number of EV input increases and consequently, specificity will also 
indirectly increase. In other words, the higher is the EV input, the higher we can expect specificity to be. 
Moreover, since fluorescence does not vary linearly with quantity, this effect should ideally be accounted 
for. Therefore, we propose a less biased way to calculate specificity, based on the experiments depicted in 
Fig. 2, where we performed calibration curves for the fluorescence of NIR spikes. In this way, we could 
convert NIR S/N ratios in number of NIR EVs and were able to directly compare the number of particles 
recovered in both target and negative control beads, with respect to the initial particle number. However, 
this was only possible because the NIR dye was fed to cells, which released a population of 100% 
endogenously-stained EVs. Since exogenous CFSE labelling was conducted on previously purified EV samples, 
the protocol required dye removal steps, which may still leave traces of free dye that can skew fluorescence 
calibration curves. Thus, we avoided this approach when reporting data obtained using CFSE-stained EV 
spikes. 

Instead, antibodies in excess could be efficiently washed off after in-column staining of the bead-EV complex, 
for which we determined a lowest limit of detection (LOD) in the order of 106 HT29 EVs upon anti-CD9-PE 
staining. Since PE is one of the brightest fluorophores available, it is unlikely that the LOD can be further 
extended by simply employing fluorescently-tagged primary antibodies. We want to underline that the LOD 
of this assay is surely influenced by the EV source and amount of target marker displayed, thus it should be 
experimentally confirmed in each particular setting. Spike detection after IP from plasma was accurate down 
to 107 EVs. Lower spike amounts resulted in unrealistic S/N ratios, indicating that in this scenario, co-
precipitated plasma material impeded specific antibody staining. Incomplete upstream depletion of plasma 
EVs might be responsible for this phenomenon, while EV-associated proteins might also circulate as individual 
soluble markers in plasma, which could limit the detection of low abundance EV targets through single 
primary antibody staining. Smaller affinity reagents such as nanobodies could potentially improve detection 
of nanostructures retrieved from plasma. 

Intriguingly, while experimenting with plasma from donor 6, we realized that anti-CD61 beads recovered 
more HEK293 spike than anti-CD9 beads. Our cell-derived EVs did not express CD61, suggesting that CD61-
positive material captured from plasma mediated the co-IP of fluorescent spikes. We confirmed this by 
ddPCR, however the same effect could not be reproduced across plasma donors, hinting that potential 
matrix-dependant CD61-mediated EV co-IP interactions can only occur under certain circumstances. Integrins 
such as CD61 are fundamental regulators of cell communication, forming adhesive complexes that mediate 
extracellular interactions. They are usually found at the EV surface23,76, therefore it is conceivable that 
plasma-derived EVs, together with their associated proteins, can sustain the co-IP of other EV 
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subpopulations. These events are related with an emerging concept in the EV field, named the EV protein 
corona, which comprises proteins that interact and associate at the surface of EVs56,77–79. The dynamic nature 
of the EV protein corona and our limited understanding of its implications make it difficult to propose 
regulators or mediators of these interactions. Still, our observation of spike co-IP through CD61 and the drop 
in platelet markers after plasma treatments to eliminate insoluble fibrinogen, suggest that integrins together 
with extracellular matrix proteins, such as CD61/CD41 (or integrin αIIbβ3) and fibrinogen, are surely potential 
candidates that will help in elucidating the extent of the plasma EV surface interactome. It is important to 
note that despite being an established cluster of differentiation of the platelet lineage, CD61 contributes to 
many additional functions and has been extensively implicated in cancer-promoting events, although further 
investigation is warranted before patients can benefit from CD61-targeted therapies80. 

The data depicted in Fig. 3C revealed to be quite surprising, especially when comparing the signal of both 
CFSE-stained spikes retrieved from the plasma of donors 5 and 7. The recovery of HT29 EVs from donor 7 
plasma was 3-fold higher, however the same was not true for HEK293 EVs. Thus, we can conclude that our 
HT29 spike selectively interacted with certain matrix components present in the plasma of donors 5 and 7, 
which either hampered or boosted its recovery (as observed in Fig. 3B for HEK293), respectively, using triple-
coated beads. As the recovery of HEK293 spike from both plasma matrices was equal, we can state that the 
specific HT29 EV surface marker profile was responsible for this effect. It would be crucial to conduct 
systematic studies aimed at unveiling key surface regulators that mediate interactions between EVs and 
plasma matrix components, in order to improve and take full advantage of selective affinity-based EV 
isolation procedures. Notwithstanding, we also demonstrated that plasma from each single individual can 
differentially impact the success of EV IP. Overall, this can be attributed to the wide variation in biological 
sample composition. Ultimately, we want to underline that both target EVs and the matrix they are 
transported in are critical factors to account for.  

We conducted plasma pre-analytical treatments with two fundamental goals in mind: Primarily, not only to 
prove the specificity of the IP technique but also of the bead-based sandwich immunoassay using 
fluorescently-labelled primary antibodies. Secondarily, to understand if simplification of the plasma matrix 
would increase endogenous plasma EV recovery, which in this case did not occur. In line with this finding, 
neither diluting the plasma matrix and its components in PBS result in increased spike recovery (Sup. Fig.2B). 
However, due to our limited experiments, it is difficult to draw strong conclusions on this frontier and to 
claim whether or not pre-IP plasma processing would overall improve recovery. It is possible that thoroughly 
optimized pre-analytical parameters, from blood collection to EV IP, may benefit the affinity capture of at 
least some specific plasma-derived EVs subpopulations. Nonetheless, biological variability is an extremely 
difficult factor to control, hence it can be challenging to apply pre-analytical protocols that equally fit all 
patients. Further research could shed light on the fundamental plasma components hampering EV IP, 
contributing to minimize or standardize pre-analytical biases. Despite appraising pre-analytical challenges 
and the impact of complex matrix effects on endpoint biomarker detection, we uphold that our method was 
still robust enough to extract clinically relevant information from cancer patient EV samples, using as little as 
500µL of plasma. 

The 47 DE genes identified after profiling platelet-derived EVs from the healthy and early-stage NSCLC pilot 
cohorts, displayed distinct expression patterns among samples. We found pronounced cancer-indicative 
profiles in stage II/III patient samples, which were reflected to a certain extent by some stage I NSCLC 
tumours, confirming that signatures of very early disease onset could be identified (data not shown). It is 
possible that not all patients might have had a detectable disease burden at early cancer development stages 
or instead, cancer could have progressed during the time elapsed post-prospective blood collection, until 
medical diagnosis. It will be critical to exclude the influence of pre-analytical and analytical processes on EV 
expression profiles to assure that true biological variation is observed. Due to the small size of our clinical 
cohorts, we took a conservative approach in this proof of principle study by simply interpreting these hints 
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as remote indications, which will be further addressed in an ongoing, extended clinical prospective cohort 
study. Prospective studies aiming to pinpoint the time frames at which diseased plasma-derived EV profiles 
become detectable in different individuals, while closely monitoring tumour development and progression 
would be extremely valuable. Still, for broad clinical application of this and other novel liquid biopsy 
strategies it is important to ensure that pre-analytical factors do not hamper early disease onset detection 
and that cancer-indicating signatures are not extensively shared with other pathologies.  

Lastly, we hope to encourage more research aimed at dissecting the complex interactions between EVs, 
matrix and affinity reagents. EVs are pivotal biomarker vaults that can be found across easily obtainable 
biofluids. However, identifying and retrieving the most relevant subpopulations remains a central challenge 
in the field. As established by many exceptional reports during the last two decades, liquid biopsies hold the 
key for next-generation diagnostics and precision medicine. Ground-breaking work towards clinical 
implementation will propel the widespread dissemination of liquid biopsy-based tools, which will help to 
routinely guide medical doctors. Scalable and automatable procedures are essential to devise truly 
translational solutions, which meet the standards and expectations of clinical units. 
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Supplementary Material 
 
Supplementary Table 1 

Quantification of bead input and EV spikes used across IP experiments. We assured beads always exceeded the number of EVs, but 
also avoided an overabundance of the former. 

 
 
 
 
 
 
 
 

Figure Beads Target Input (particle number)
CD9 1,84E+09
ISO 1,46E+09
CD9 5,50E+09

CD61 2,46E+09
5,15E+08

CD9 1,61E+09
ISO 1,18E+09
CD9 5,50E+09

CD61 2,46E+09
3,76E+08

CD9 6,05E+09
PE 6,75E+09

4,91E+08
CD9 2,12E+10
PE 3,27E+10

2,82E+08
CD9 2,12E+10
PE 3,27E+10

7,86E+07
1,42E+10
1,83E+08
5,01E+08
1,42E+10
2,00E+08
2,00E+08
2,00E+08
1,42E+10
4,00E+08
4,00E+08

1A

MACS-STV

MACS

Spike: HEK293-CFSE

1C

MACS-STV

MACS

Spike: HEK293-CFSE

MACS CD9 + CD63 + CD81
Spike: HT29-CFSE

Spike: HEK293-CFSE3B

MACS

Spike: HEK293-CFSE
1E

2B
MACS

Spike: 22RV1-NIR

2C
MACS

Spike: 22RV1-NIR + CD9-PE

3A Spike: 22RV1-NIR
MACS CD9 + CD63 + CD81

Spike: HT29-CFSE

Spike: A549-CFSE

3C
MACS CD9 + CD63 + CD81

Spike: HEK293-CFSE
Spike: HT29-CFSE
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Supplementary Figure 1 

(A) Representative nFCM dot plot, showing a single-particle quantification of HEK293 EVs after CFSE staining. After background 
correction (BC), we determined that nearly 88% of EVs incorporated the dye. 

(B) CD9 expression was determined by labelling HEK293 EVs with CD9-PE. Five independent experiments were plotted, 
resulting in a mean value of 42%. 

(C) HEK293-CFSE were spiked in plasma (donor 7) and IP conducted with triple-coated, anti-CD61 and anti-PE beads. 
Experiment performed in duplicate. 
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Supplementary Figure 2 

(A) Triple-coated or anti-PE beads were incubated for 10, 25 or 60 min in plasma (donor 6) spiked with HT29-CFSE EVs. 
Fluorescence signals were read on beads and specificity (S) determined. Highest S/N ratios were obtained at 60min. 
Experiment performed in duplicate. 

(B) HT29-CFSE EVs were spiked in plasma (donor 6) diluted 1:2, 1:5, 1:10 or 1:20 with PBS, whilst maintaining a constant volume 
for IP with triple-coated beads. S/N ratios indicated that a similar recovery was achieved across dilutions. Experiment 
performed in duplicate. 
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Supplementary Figure 3. mRNA profiles of CD61+ and CD9, CD63 or CD81+ EVs obtained from healthy donor plasma: exploratory data 
analysis and normalization 

(A to D) Principal component analysis (PCA) was performed on unnormalized gene counts for exploratory data analysis. Principal 
components PC1 and PC2 are plotted on the X and Y axis, respectively. Different variables are evidenced: 

(A) Gene counts excluding internally-defined nCounter control genes,  

(B) Total read count per sample, 

(C) Sample groups, which in this case represented the antibodies immobilized on IP beads. Triple-coated (CD9, CD63 and CD81) 
or CD61-coated beads, 

(D) Due to a maximum number of 12 slots per nCounter experiment, samples were processed in different batches. Each batch 
represents one individual nCounter run. 

(E) Relative log expression (RLE) plots for visualization of the normalization performance with DESeq2 (left). Normalized count 
data was projected on PC1 and PC2 after PCA (right). Triple-coated and CD61 samples are represented in green and orange, 
respectively. 
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Supplementary Figure 4. 

(A) Box plot evidencing raw counts obtained from healthy donor EV samples using both triple-coated or CD61 beads. Statistical 
analysis demonstrated a statistically significant difference between groups (p = 0.00053) 

(B) Box plot evidencing raw counts obtained from healthy donor and patient EV samples using CD61 beads. No statistically 
significant difference could be found between groups (p = 0.43) 
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Supplementary Figure 5. EDA and normalization of gene expression data comparing two platelet-derived EV datasets obtained from 
healthy donors and early-stage NSCLC patients 

(A to D) Principal component analysis (PCA) was performed on unnormalized gene counts for exploratory data analysis. Principal 
components PC1 and PC2 are plotted on the X and Y axis, respectively. Different variables are evidenced: 

(A) Gene counts excluding internally-defined nCounter control genes,  

(B) Total read count per sample, 

(C) Sample groups representing the two cohorts compared, healthy donors vs. early-stage NSCLC, 

(D) Due to a maximum number of 12 slots per nCounter experiment, samples were processed in different batches. Each batch 
represents one individual nCounter run. 

(E) Relative log expression (RLE) plots for visualization of the normalization performance with DESeq2 (left). Normalized count 
data was projected on PC1 and PC2 after PCA (right). Healthy donor and early-stage NSCLC patient samples are represented 
in green and orange, respectivel 
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General Discussion 
This general discussion aims to provide a broader view of the work herein reported, and to confront 
the main hurdles encountered throughout. As each manuscript presented in the results section 
features its own detailed discussion, for the sake of conciseness redundancy will be avoided. 
Nonetheless, central topics that might have been mentioned before will be further addressed and 
elaborated upon, in light of the experience acquired during the progression of this PhD project 
encompassing current perspectives, needs and future directions of the liquid biopsies and EV fields. 

Part 1: Single vesicle analysis 

The first established premise was: in order to characterize specific EV subsets, there is an absolute 
need for a technique that profiles each single particle contained within samples, essentially a flow 
cytometer suited for nanoparticle analysis. Flow cytometers have been around for a while and have 
become a quite solid and well-established multiparametric technique, both in research and clinical 
laboratories156–158. However, the same is not true for single nanoparticle profiling platforms. In fact, 
such platforms are quite sought after in the EV field, but it was only in the last decade that some 
technological solutions rose up to the expectations of attentive researchers159–165. 

Current views in EV research suggest that each single EV produced by one single cell is not entirely 
equal to another EV produced by the same cell, even though they might have been concomitantly 
generated or the pathways employed for their formation exactly the same153. Furthermore, 
considering that EV preparations from cell cultures are the product of millions of cells, the extent of 
EV heterogeneity is conceivably large. Additionally, external factors influence how each cell interacts 
with their surroundings, which also reflects on alterations at the EV level166. Consequently, it 
becomes clear that characterization of specific EV subsets from whole EV preparations is of utmost 
importance, not only for the applications herein described, but essentially for any researcher working 
in the field. Fortunately, EV heterogeneity is ever more acknowledged, together with the notion that 
bulk, whole EV preparations are not ideal for biomarker discovery or detection, which stimulates the 
development of increasingly robust approaches to enable targeted EV profiling and isolation153. 

Current state-of-the-art techniques for EV analytics have been previously reviewed150,154. Single-
particle analysis platforms, such as nano flow cytometers (nFCM), can estimate particle size, 
concentration or even zeta potential in a label-free manner. However, in order to identify specific 
phenotypical features, EVs must be labelled with affinity reagents, conjugated to high brightness 
fluorochromes. Bright dyes are required to push the faint fluorescent signal obtained after staining 
EV surface markers, which are often present in low abundance. In conclusion, platforms that enable 
label-free and fluorescence-based measurements can not only discriminate EVs from confounding 
contaminant particles, but also identify and quantitatively characterize EV subpopulations of interest.  

Here, the Flow NanoAnalyzer (nanoFCM INC.) was selected to conduct single-vesicle nFCM. As 
any cell flow cytometry platform, it can interrogate particles one by one in a multiparametric fashion. 
Moreover, it performs both label-free and fluorescence measurements, allowing to accurately gauge 
not only the concentration of total particles, but also of labelled subsets (results section, Part 1, Fig 
1 and 2). After careful optimization and validation of staining procedures, even EVs expressing one 
single copy of the protein of interest at their surface can potentially be detected. Side scatter (SSC) 
or fluorescence-triggered measurement settings are adjusted for several well-defined size ranges, 
which enables the generation of narrow particle size histograms to better characterize EVs by size. 
The entire EV size spectrum (30-1000nm) can be covered using this high-sensitivity platform. In 
addition to EVs, nanoparticles of other nature can also be detected, however the LOD of the Flow 
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NanoAnalyzer depends on the refractive index of the materials composing target nanoparticles (i.e. 
LOD silica = 27nm; LOD gold = 7nm)162,164,167. 

Characterization of EV subpopulations stands as the initial line of research in this PhD project. It was 
fundamental to proceed with the subsequent testing and development of fluorescently-labelled EV 
spikes, where staining protocols extensively optimized by nFCM were applied to generate EVs that 
could controllably function as tracer tools, particularly in IP reactions. In this way, IP efficiency and 
specificity was accurately evaluated using a simple, quick, widely available, high-throughput, cost-
efficient, automatable and precise fluorometric readout. The fluorescently-labelled tracer EV spikes 
presented here are well suited to diverse research and development needs, commercial pipelines 
and eventually even clinical diagnostic applications. 

One of the major issues dealt with at this stage was background fluorescence, which caused not 
only the underestimation of fluorescently-labelled events by nFCM, but also an underappreciation of 
EV spike recovery downstream, after IP reactions. Thus, elimination of background fluorescence, or 
of its impact, is a critical challenge that rigorous EV labelling strategies must address. Usually, 
protocols using CFSE or CellTrace dyes to indiscriminately label EVs in a sample, require quite high 
dye concentrations (10 to 25µM) to achieve complete staining160,168–173. Yet, only a small portion is 
actually incorporated in EVs, resulting in massive amounts of free dye in excess. In addition, other 
properties of CFSE, such as molecule size, might hamper the performance of EV purification 
methodologies excess dye elimination. Therefore, CFSE staining reactions reported herein were 
performed using highly concentrated, CCM-derived EV starting material, in order to reduce reaction 
volumes and employ the lowest possible absolute amount of dye, while maintaining its optimal 
concentration (10µM). This approach kept background fluorescence levels at a minimum upon one 
round of SEC purification, abolishing the need for sequential rounds of purification that can ultimately 
cause dramatic EV loss. In contrast to CFSE staining, not only lower amounts of fluorescently-
labelled antibodies were required for complete EV labelling, but also, they could be easily washed 
off upon three to four rounds of UF. Ideally, EV subpopulations should not be differentially affected 
by dye removal techniques. Using an inherently unbiased sample dilution-based approach to bring 
background fluorescence to undetectable levels before nFCM measurements, we demonstrated that 
neither SEC nor UF purification alter the composition of EV subpopulations present in simple 
matrices (results section, Part 1, Fig. 3B). 

Furthermore, it is important to stress that cellular dyes generally used to indiscriminately stain EVs, 
such as CFSE or CellTrace dyes160,168–173, are actually not EV-specific. It is usually hypothesised that 
CFSE preferably stains EVs over other biological particles due to the enzymatic activity occurring at 
the EV lumen. Upon enzymatic cleavage, CFSE reportedly becomes fluorescence and binds to 
nearby protein epitopes, causing its intraluminal retention and rendering only EVs, but not 
confounding particles fluorescent174,175. However, CFSE fluorescence was detected independently 
of its required enzymatic cleavage. Also, CFSE even stained large protein complexes and 
lipoproteins, which are the two main contaminants of EV preps (results section, Part 1, 
supplementary). 

In fact, the prime challenge faced throughout this project is one shared across the field, which has 
to do with the precise identification and quantitative measurement of EVs in biological samples. The 
overabundance of contaminating particles is so overwhelming that not even high sensitivity, state-
of-the-art techniques like nFCM can find the “needle in the haystack”, even after employing the best 
currently available methodologies for EV purification from biological samples145,151. Since 
contaminant particles (large proteins and lipoproteins) obscure the detection of EV-specific markers, 
neither nFCM nor any other state-of-the-art single particle system would allow for reliable and 
accurate plasma-derived EV characterization. One possible solution to circumvent this limitation 
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would be to selectively deplete the major contaminant particles (lipoproteins) through IP. 
Nonetheless, it is highly unlikely that this would completely solve the particle overabundance 
problem, while it is also unclear how it would impact the representation of EV subpopulations. 
Therefore, without methodologies that can actually enrich for EVs derived from complex biological 
samples, it is not feasible to profile the circulating EV subpopulations, which remains a central 
challenge to basic research and development, translational science and even clinical research. 

 

Part 2: EV immunoaffinity isolation for plasma liquid biopsies 

Researchers that might not be entirely familiarized or up to date with the EV field, frequently 
underappreciate the drastic challenge gap between working with cell culture EVs, derived from 
simple matrices such as cell conditioned medium (CCM), and EVs obtained from highly rich 
biological samples (i.e., plasma, serum, urine, saliva, cerebrospinal fluid).  

Thorough characterization of CCM-derived EVs was conducted to understand which ones would be 
better suited as scientific model for each IP experiment. Cultured cell-lines were conditioned in the 
absence of serum to guarantee that CCM was devoid of bovine vesicles and contaminant serum-
derived particles, which co-purify during EV isolation. This aspect deserves some attention during 
experimental designs, as serum starvation induces cellular stress and can influence EV phenotypes 
and properties67,176,177. Since the project was not intensively focused on fundamental biological 
questions, but rather on more technical and translational aspects, producing serum-free CCM was 
critical to assure that the majority of its constituent particles seen by nFCM were truly EVs. 
Additionally, any indiscriminate EV type would have served as model for IP experiments, as long as 
it could be stably and effectively stained with fluorescent dyes or antibodies, and captured using 
affinity reagents.  

In this project, a great deal of attention and experimental work has been dedicated to the selection 
of appropriate affinity reagents. Firstly, it was established that the used methods had to excel in their 
specificity, which should always be considered the most important factor of any enrichment strategy. 
Subsequently, it was envisaged that magnetic properties would be extremely valuable to tackle the 
milestones set beforehand. Hence, the attention was directed towards testing several affinity 
reagents using magnetic beads as support, which provide a high ratio of surface area to volume, 
can quickly react with target analytes, allow for gentle isolation of biological structures and have 
been widely used for biomolecule separation178,179. 

Concretely, due to the nanometric size of EVs, it is conceivable that similar-sized nano beads could 
potentially outperform larger ones (i.e., ≥ 1µm) in EV IP. Absence of multi-point attachment between 
targets, quick binding reactions, maintenance of optical sample properties and zero aggregation are 
important factors enabled by nano-sized beads that can drastically improve IP protocols180. 
Therefore, MACS beads (Miltenyi Biotec), which are approximately 50nm in diameter and do not 
interfere with downstream assays, were chosen for further testing. This is a particularly useful 
feature, since detachment of the EV-bead complex, a rather sensitive and unpredictable procedure, 
is not required. In a recently published study, several affinity-based EV isolation strategies were 
orthogonally compared based on their specificity, efficiency, and purity in human serum181. The 
authors included MACS beads in their analysis, which delivered the highest IP efficiency out of all 
magnetic beads tested, evidenced by the recovery of the classical EV markers CD9, CD63 and 
CD81 on western blot (WB). They also showed by WB and qPCR that MACS beads non-specifically 
captured the lowest levels of common contamination markers in EV isolates181. These observations 
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were in agreement with the results and experience acquired over the course of this project and 
contribute to sustain the conclusions drawn. 

Despite the immense variety of commercially available affinity reagents (particularly magnetic beads) 
claiming to enable selective isolation of pure EV subpopulations, perhaps only a few might be well-
suited for EV subpopulation enrichment studies. Protocols employing magnetic beads coated with 
streptavidin or protein A/G (data not shown) for EV IP might be applicable in simple matrices, 
however, the same does not hold true in complex ones. In fact, covalently-conjugated greatly 
outperformed antibody-coated streptavidin MACS beads in EV IP, especially in plasma but also in 
PBS-BSA (results section, Part 2, Fig. 1A, C). This suggests that covalently-conjugated affinity 
reagents have more potential utility for EV IP, especially from complex matrices, than non-covalent 
ones. Covalent conjugation of affinity reagents can be better controlled and customized, being less 
prone to variations in sample matrix composition and properties. Also, they are more frequently used 
for active epitope targeting than non-covalent-based strategies182. However, it was not possible to 
clearly address the binding capacity and topology of antibody-coated MACS streptavidin, leaving the 
antibody coating step open to further optimization. Despite that, considering that the biotin tag was 
located on the Fc domain of antibodies, they should at least be correctly positioned on streptavidin 
beads, which helps maintaining their functionality. Therefore, it is still up for debate whether 
streptavidin-based EV IP approaches could mimic the performance of solid surfaces coated with 
covalently-conjugated, properly oriented and spaced antibodies. Surprisingly, considering the 
interest of the field in EV-enriching methodologies, systematic studies addressing such technical but 
critical parameters in the light of EV affinity capture, have yet to be conducted. 

Flexibility, a perk which suppliers often claim is enabled by reagents coated with protein A/G or 
streptavidin, could easily be replicated here using beads coated with covalently-conjugated 
antibodies. In this case, phycoerythrin (PE)-conjugated antibodies were employed as primary 
capture reagents binding target EVs. Thus, despite its fluorescence, the PE tag here served then as 
a molecular beacon to pull down the EV-primary antibody complex using anti-PE conjugated beads 
(results section, Part 2, Fig. 2B). For this purpose, since PE is a protein produced by algae, it 
represented the ideal tag as its potential cross reactivity with human biomolecules might be reduced. 
Additionally, it is a widely established fluorophore, many PE-conjugated reagents are commercially 
available and it served as reference dye during nFCM optimization experiments due to its properties. 
As such, PE was also useful to understand EV labelling efficiencies, which directly supported IP 
protocol development. Furthermore, PE fluorescence could be further leveraged to obtain an 
indication of how many antibodies are present per bead, allowing to empirically estimate their binding 
capacity. Therefore, anti-PE and other antibodies targeting commonly employed protein tags, can 
confer flexibility and possibly other benefits to IP protocols. 

Several parameters that must be accounted for proper conjugation of affinity reagents to solid 
supports include conjugation efficiency, correct antibody orientation and enough spacing between 
affinity molecules across the coating surface. These and other aspects maintain the performance of 
affinity reagents after their conjugation to solid surfaces. However, they are usually disregarded, 
even by established manufacturers, which impairs the affinity of even the most specific antibodies. 
Linkers and anti-fouling surface chemistries can sustain and improve the functionality of affinity 
reagents. Altogether, results herein reported showed that even while applying exactly the same bead 
as solid support, bead surface coating determines the surface properties of particles and dictates 
the extent of non-specific interactions (results section, Part 2, Fig. 1A), as extensively reported 
across the literature183–187. 

Nonetheless, co-purified contaminants from plasma and specific EV interactors, located at external 
outer membrane, might obscure target surface moieties, resulting not only in their impaired recovery 
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during IP but also in skewed detection. Difficulties in fluorescence detection might have to do with 
the fluorometric platform, as not all provide the same sensitivity. On several occasions, it was noted 
that high sensitivity fluorimeters were required for the detection of low abundance protein markers. 
Here, fluorescently-labelled primary antibodies were directly applied on the EV-bead complex, 
enabling a straightforward profiling of captured EV subpopulations. However, the LOD of such a 
staining approach can be further improved by signal amplification, which require for instance 
secondary antibodies or even enzymatic signal amplification techniques. 

One of the main difficulties encountered at this stage was the staining of low abundance markers at 
the EV surface, especially in limited amounts of plasma-derived EVs (results section, Part 2, Fig. 
4B). To simulate a clinical scenario, where patient samples are highly valuable and scarce, EVs were 
pulled-down from a low plasma volume – only 500µL. The staining of low spike amounts recovered 
from plasma resulted in unrealistic S/N ratios, which might have been exacerbated by co-precipitated 
plasma material. Even with the experimental model of CCM-derived EVs, the detection of trace 
surface markers was extremely challenging, suggesting that in this context, higher input and signal 
amplification steps, coupled with well optimized staining procedures are necessary. Others have 
previously shared thoughts on similar phenomena74,150,165,169,188–190. 

As seen before, wide variations in complex matrix composition and EV surface phenotypes greatly 
affect affinity interactions, rendering the results of affinity-based approaches unexpected to some 
degree. Thus, finding solutions to specifically capture plasma-derived EVs, with minimal impact from 
inter-donor biological variation remains a critical challenge. However, overcoming it would be crucial 
for the implementation of novel EV-based clinical liquid biopsy assays. With that in mind, pre-
analytical processing steps were one of main focus points of this project. Neither dilution of the 
plasma matrix nor the pre-analytical treatments tested throughout seemed to improve specific EV 
recovery from plasma (results section, Part 2, Sup Fig. 2B, Fig 5B and C). Several failed attempts to 
tackle this issue on the sample pre-processing angle, led to a shift of focus instead towards the 
selection and improvement of IP methods, as much as possible. Large volumes of plasma (100 to 
200mL per donor) from carefully selected donors were acquired to set up our IP approach. By 
utilizing exactly the same controlled plasma lots and samples throughout all optimization 
experiments, potential bias introduced by different complex matrix compositions due to inter-donor 
sample variation, and other pre-analytical factors were systemized. 

Finally, despite all the aforementioned pre-analytical challenges, still it was observed that distinct 
plasma-derived EV subpopulations conferred differential clinical values for liquid biopsy-based 
disease detection. mRNA profiles carried within platelet-derived EVs were clearly distinct between 
healthy and early-stage NSCLC cohorts, representing a proof of principle experiment that output 47 
potential biomarkers indicative of early-stage cancer, under a clinically relevant liquid biopsy setting 
(results section, Part 2, Fig. 7). Platelets are first responders to inflammation and directly contribute 
to orchestrate immune responses, in support of the immune system. Not only can they engulf 
pathogens, but also tumour-shed biomolecules, which results in their transformation into tumour-
educated platelets (TEPs). Together with other effectors, TEPs actively spread malignant 
phenotypes and contribute to cancer progression. As platelet and TEP-generated EVs mediate these 
processes through the horizontal transfer of cancer-promoting biomolecules, they have been 
increasingly considered valuable biomarker sources for liquid biopsies191,192. 

The small-scale proof of principle study herein described was conducted using the Nanostring 
nCounter platform. Direct digital quantification of hundreds of transcripts and proteins can be 
performed in a straightforward, simultaneous and multiplexed fashion, using pre-assembled or 
custom panels193,194. All processes, from EV isolation to data analysis, fit realistically feasible routine 
clinical workflows as they are automatable, require low sample input (500µL) and the turnaround 
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time of the whole assay can be as low as 2 days, while the EV isolation step simply lasts 1h. In fact, 
the nCounter Prosigna assay received FDA approval in 2013 as it could effectively predict then risk 
of breast cancer recurrence, using the 50-gene signature PAM50195–198. Additionally, during the past 
decade the nCounter platform has been extensively employed in both translational and clinical 
research, as well as in companion diagnostics due to its robustness, ease-of-use, sensitivity, 
accuracy and reproducibility199,200. Only recently, Nanostring systems have also been explored for 
its potential use in liquid biopsies195,197, and therefore, it is still a topic awaiting to be further explored. 
The work herein reported contributes to this early body of evidence, which is currently still in its 
infancy.  

As of today, clinically implemented liquid biopsy tests mostly focus on the analysis of CTCs and 
cf/ctDNA201,202,147. Nonetheless, recent achievements have progressively raised attention regarding 
the clinical utility of EVs, which has caused the exponential growth in EV-related publications203,204. 
In 2016 ExosomeDx delivered the world’s first commercial EV-based clinical liquid biopsy test, the 
FDA-approved ExoDxTM Prostate (IntelliScore) (EPI). Using a novel 3-gene signature (ERG, PCA3, 
and SPDEF) researchers profiled urine-derived EVs and were able to predict and manage the 
development high-grade prostate cancer, in a cohort of men over 50 years of age with “grey-zone” 
PSA levels (2 to 10ng/mL), through the assessment of a risk score. EPI accuracy, presented as area 
under the curve (AUC) during independent validation, revealed that it outperformed standard-of-care 
(SOC) assays (AUC EPI: 0.77; AUC SOC: 0.66), while preventing tissue biopsies in 27% of cases, 
which avoided potentially harmful invasive procedures205,206. Three independent, multi-center studies 
including prospective cohorts, further demonstrated that EPI outperformed SOC gold standard 
clinical tests and that it could be used as a companion diagnostics tool for the early detection of 
prostate cancer, avoiding unnecessary tissue biopsies207. 

Despite the hype of biomarker research for clinical translation in oncology, it is challenging to deliver 
commercial, clinical-grade liquid biopsy-based tests. Within this scope, studies that integrate 
carefully curated clinical data of large groups of individuals, representing populations or relevant 
clinical cohorts, are fundamental for robust biomarker validation and assay development and 
implementation. As extensively highlighted throughout this thesis, inter-donor variables and their 
associated pre-existing conditions, as well as sample pre-analytics, can dramatically determine 
biomarker strength in liquid biopsy assays204. Consequently, elimination or standardization of pre-
analytical bias is critical and should be a main focus point when devising liquid biopsy-based 
approaches. As such, not only researchers and developers committed to deliver novel diagnostic 
tests, but also hospital staff members involved in sample collection, handling and storage should 
receive further education and training on relevant topics for liquid biopsies. Consensus, 
standardization, and widespread application of liquid biopsy-based assays will enable better 
informed medical decisions and data integration. It is likely that the conventional model of conducting 
clinical tumour evaluation at each hospital will shift to off-site, centralized units operating at national 
or even international levels, which will be required to truly implement powerful multiparametric 
analyses dealing with large, high dimensional datasets147. 
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Ongoing work and future perspectives 
Further experimental work has been conducted, in addition to what could be reported in this thesis. 
Unfortunately, since some studies and data analysis are not yet complete, it can simply be mentioned 
what has been accomplished so far, as result of ongoing collaborations. 

The Nanostring proof of principle data is currently being further explored to perform sample clustering 
analysis, which will reveal additional expression patterns and molecular signatures of the different 
early stage (stage III to I) samples included in the study. Due to the success of the small-scale proof 
of principle study, this body of work is being further expanded using larger clinical cohorts, as to 
increase the robustness of mRNA profiling and to compare more healthy donors against a 
prospective NSCLC cohort (n = 50 x 2). This time, to understand if the combination of different EV-
carried analytes improves cohort separation, surface protein markers of plasma-derived EVs were 
also measured, immediately after IP and before RNA extraction. Moreover, other biomarker sources, 
such as cfDNA and circular RNA (circRNA), were obtained from the same clinical cohorts to 
understand the unique and/or complementary value of combining multiple liquid biopsy substrates. 
This extended clinical study will elaborate on detection accuracy using machine learning 
classification algorithms, which may reveal additional challenges but still support the inclusion of this 
IP strategy and complementary biomarker sources in future liquid biopsy workflows. Finally, other 
interesting contents of selected EV subpopulations obtained from healthy donor and NSCLC patient 
plasma, such as the small RNA repertoire, are currently being analysed by RNA sequencing (n = 20 
x 2). 

Lastly, robust EV subpopulation isolation and direct multiparametric characterization remains a 
central challenge in the field153. The experimental work herein reported addresses this need by 
enabling specific and efficient enrichment of target EV subpopulations from simple and complex 
matrices, which could be initially profiled directly on solid supports, and further analysed in 
downstream platforms. In addition, this EV IP methodology is compatible with most analytical 
platforms, enabling multiplexed characterization of the several different biomarker sources carried 
within EVs. Upstream interferences introduced by the fluctuating pre-analytical factors, represent the 
main obstacle limiting commercialization and clinical implementation of this and other affinity-based 
EV IP solutions. Within this scope, in depth studies focused on unveiling specific and non-specific 
interactions between complex matrix components and different EV surface phenotypes are highly 
warranted. They will define the real value of circulating EVs and associated proteins as indicators of 
individual (patho)physiological states, and decide whether such analytes can truly propel the 
precision medicine revolution. 

 

 

 

 

 

 

 



 92 

Conclusions 
Overall, the milestones defined for this PhD project were thoroughly assessed. 

Recapitulating the broad objectives of this project, described under the ‘motivations and structure of 
the PhD project’ section, achieved milestones can be highlighted: 

• Obtain comprehensive, clinically relevant information out of individual standardised blood-
based biomarker sources à Platelet-derived EVs isolated from human plasma revealed 
specific mRNA profiles distinctive of early-stage NSCLC. 

• Pinpoint diagnostic synergy between biomarker sources or multiple analytes carried within 
them à EV surface protein markers and respective mRNA profiles are being tested for 
their combinatorial performance for early-stage NSCLC detection, in our extended 
cohort study. Small RNAs contained in platelets and respective platelet-derived EVs 
are being compared by deep RNA sequencing. 

• Identify and validate biomarkers for the detection of stage I-IV NSCLC à So far, mRNA 
profiles of 47 DE genes were identified upon comparison of healthy and early-stage 
NSCLC cohorts. 

• Identify and validate biomarkers for selection of NSCLC patients for treatment à Not directly 
addressed, however, this work paves the way for ever more selective EV isolation 
strategies, which will be useful for the identification of biomarkers also for patient 
stratification. 

• Establish novel bioinformatics tools and protocols for the integrative analysis of multi-source 
liquid biopsy data à Dedicated bioinformatics pipelines, tailored to the data originally 
generated herein, have been developed in collaboration with project partners. 

• Develop blood-based assays and delivering scalable prototypes capable of obtaining 
regulatory approval à IP and detection strategies employed in this work were devised 
to be readily implementable in minimally processed biological samples, tailored to 
facilitate compliance with regulatory and clinical requisites. 

 

… and reviewing our more concrete deliverables: 

5. Testing sample stabilisation and preclearing protocols for maximum recovery of different EV 
subpopulations from blood à After testing several sample pre-analytical protocols, 
improvement of IP methods was prioritized, which allowed to demonstrate that 
fluorescently labelled EV spikes can be efficiently recovered from plasma. 

6. Development of protocols, devices and immunoaffinity reagents for the selection and capture 
of target EV subpopulations containing NSCLC markers, from complex matrices such as 
plasma à Capture of specific EV subpopulations from simple and complex matrices 
was verified using EV spikes. 47 potential mRNA biomarkers of early-stage NSCLC in 
platelet-derived EVs could be identified. 

7. Identification of relevant EV marker profiles holding potential for early-stage cancer detection 
à Yes, as stated above. 
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8. Compilation of analytical solutions for the analysis of multiple co-expressed EV markers à 
Yes, as stated above. 

 

Knowledge on the frontiers of liquid biopsies and EVs has drastically increased over the last 20 
years. This phenomenon has also been evident for the past almost 4 years, since the start of this 
PhD project. Central challenges currently faced by EV researchers were tackled throughout, without 
compromising on the quality of the research output, while attempting to deliver solid evidence to 
support our claims. This work might hopefully encourage more scientists to delve into EV research, 
keeping in mind that critical awareness and thorough EV characterization are essential to accurately 
dissect the field, as well as to elaborate high-impact and long-lasting scientific ideas. The mutable 
and ever-growing knowledge on EVs will potentially shape future perspectives on biomedicine and 
on the next-generation of widespread clinical care practices. 
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