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Abstract 

Small extracellular vesicles (sEVs, <150 nm) contain proteins, lipids and nucleic 

acids encapsulated by a lipid bilayer. sEVs are released by all cell types and are 

present in almost all body fluids. They are known to play an active role in the 

development and protection of the central nervous system (CNS) under both 

physiological and pathological conditions. Their number, size, and molecular 

cargo may be altered in disease and so there is great interest in investigating their 

potential as a source of biomarkers.  

Several aspects of sEVs purification need to be considered prior to investigating 

sEVs in body fluids. Highly abundant background proteins from the body fluid, 

i.e. the blood, need to be depleted to avoid them overwhelming the protein 

signatures of the sEVs. Furthermore, the amount of sEVs proteins is often very 

small and so any sEVs enrichment procedure and protein analysis method 

should maximize yield/limit losses at each step.  

Mass-spectrometry-based proteomics has established itself as the method of 

choice for the identification and characterization of proteins. Sample preparation 

for MS-based proteomics is well established when ample sample is available, but 

when the total amount of protein available is low, i.e. 0.1-3 g of protein extract, 

any losses during the workflow become problematic and adversely affect the 

number of proteins that can be identified and the precision of protein 

quantification. Accordingly, it becomes more difficult to evaluate differences 

between different conditions with small sample sizes, because of the increased 

variability when operating closer to the quantitative limits of the analytical 

technique.  

Advances in liquid chromatography and mass spectrometry equipment (LC-MS) 

have greatly improved over the past decade, and now enable the analysis of low 

sample amounts. However, developments in LC-MS sensitivity needs to be 

matched by parallel improvements in the sample preparation protocols. This is 

particularly true for the characterization of sEVs from body fluids. 



Abstract   

 

 2 

This work sought to give an effective response to the lack of high sensitivity sEVs 

isolation and proteomics procedures through the development of standardized 

workflows. 

The first part of my work (Chapter 2) concerns the development of a proteomics 

procedure for the analysis of sEVs starting from just 50 µl of serum. The sEVs 

isolation methods precipitation (PPT) and size exclusion chromatography (SEC) 

had previously demonstrated sEVs isolation from serum volumes of 200-500 µl. 

PPT and SEC were first compared using 100 µl of serum; the SEC procedure 

identified more proteins and was then scaled down to 50 l. The proteins 

extracted from the sEVs were processed using the Single-Pot, Solid Phase-

enhanced Sample Preparation protocol (SP3), which is based on the use of 

carboxylate coated paramagnetic beads; the SP3 method was further optimized 

to increase the number of identified proteins and reproducibility (the full 

protocol is reported in Annex 1).  

The optimized SEC-based method for sEVs proteome characterization from 50 

µl of serum was then applied to a longitudinal study of serum-sEVs proteome 

changes in a glioblastoma multiforme (GBM) mouse model (Chapter 3). Serum 

was collected at multiple time points: baseline, T1 (pre-symptomatic) and T2 

(post-symptomatic) stages. Data were analyzed by using a linear mixed effect 

model to detect molecular changes during disease progression. The ability to 

analyze sEVs proteins from just 50 µl of serum enabled the sEVs proteome and 

the total serum proteome to be recorded from each individual longitudinal 

serum sample (the maximum amount of blood that may be withdrawn from an 

adult mouse every 14 days is approximately 10% of its total blood volume, which 

corresponds to approximately 70 µl of serum). 

The second part of the work focused on neuron-derived small extracellular 

vesicles (NDsEVs), because they constitute a window into brain pathological 

processes (Chapter 4). NDsEVs were isolated by L1CAM-based 

immunoprecipitation, then their proteins extracted and subject to LC-MS based 

proteomics analysis. The isolation of NDsEVs using immunoprecipitation 

involves the use of detergents which impaired the performance and 

reproducibility of the aggregation-based SP3 procedure. Instead, I investigated 

a new proteomics approach, namely the protein suspension-trapping approach, 
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which is far more tolerant of co-factors because it enables extensive washing of 

the immobilized proteins. I optimized the proteolytic digestion, and used the 

optimized workflow for the characterization of NDsEVs from Parkinson 

Disease’s (PD) plasma. The reproducibility was evaluated by analyzing technical 

and biological replicates, and a gene enrichment analysis was performed to 

assess NDE enrichment. The success of these proof-of-concept experiments now 

form the basis for the drafting of a larger PD-NDsEVs clinical study.   

A tangential aim of the work has been the development of an automated SEC 

workflow using a high-pressure liquid chromatography system for increasing 

throughput and reproducibility, as well as ease-of-access (Chapter 4, §4.3). The 

HPLC-SEC system has demonstrated its capability to isolate sEVs from different 

samples types, including cell culture media, serum, and plasma. This includes 

the isolation and characterization of proteins from sEVs isolated from cortical 

neurons derived from human neuroepithelial stem (NES) cells. The 

characterization of the sEVs proteins from the NES-derived cortical neurons 

generated reference dataset of NDsEVs to compare with the NDsEVs obtained 

by L1CAM-based immunoprecipitation from PD patient’s plasma.  

Altogether, the sEVs isolation and microproteomic strategies developed during 

my PhD represent powerful tools for the proteomics characterization of sEVs 

when a limited sample amount is available. In particular, the longitudinal study 

of serum sEVs from a murine model glioblastoma multiforme is the first 

longitudinal study based on single subject sEVs and enabled the identification of 

candidate biomarkers for early stage detection (prior to symptoms). The method 

is directly applicable to other tumor types and so represents a starting point for 

future longitudinal experiments for the identification of early stage biomarkers. 

Moreover, the L1CAM-based isolation and sEVs proteomics procedure represent 

a highly versatile approach that can be automated and applied to different CNS 

disorders or to the study of sEVs isolated with different antibodies.  

In summary, addressing the limitation of limited sample amount and 

reproducibility, the two strategies described in this thesis constitute an advance 

in the sEVs proteomics field and represent a step forward to the large-scale 

clinical application of sEVs. 
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1.1 Heterogeneity of the extracellular vesicle 

population 

The extracellular space of any multicellular organism contains many different 

components, such as ions, proteins, oligosaccharides and metabolites, which are 

released from all cell types. Since the late 60’s it has been known that a large 

number of membrane limited vesicles are also present [1,2]. The term 

extracellular vesicles (EVs) was first introduced in 2011 [3] and defines vesicle 

types based on their biogenesis and size [4]. The secretion of EVs was initially 

thought to be a method to eliminate material from the cell, however it is now 

accepted that they also play an important role as mediators of cell-to-cell 

communication [5].  

While several different terms have been and continue to be used to describe EVs, 

three predominant classes can be identified (Figure 1.1): (i) exosomes (30-100 

nm), which originate from the fusion of multivesicular bodies (MVB) with the 

plasma membrane; (ii) microvesicles (50 - 1000 nm), which are shed from the 

plasma membrane; (iii) apoptotic bodies (500 nm - 2 µm), which are released by 

blebbing of the plasma membrane during apoptosis [6].  

 

Figure 1.1.  Schematic representation of the three main EV categories: exosomes 

originate from the fusion of multivesicular bodies (MVB) with the plasma 

membrane, microvesicles are released by budding of the plasma membrane, and 

apoptotic bodies originate from blebbing of the apoptotic cell membrane. Figure 
made with Biorender.  
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The existence of a heterogeneous population of EVs that are not fully 

characterized in term of size, density, biogenesis, biological role and surface has 

made it difficult to isolate and characterize specific types of EVs [7,8]. Exomeres, 

smaller non-membranous particles with a diameter <50 nm, were recently 

reported, although their membership to the EV category remains to be confirmed 

[9,10]. 

Exosomes have received a lot of attention in recent years (Figure 1.2). The term 

exosome was first used to define small vesicles (40 - 1000 nm) released from 

cultured cells and containing 5′-nucleotidase activity [11]. This term was then 

formally adopted for small vesicles (30 - 150 nm) of endosomal origin that are 

released during reticulocyte differentiation as a consequence of the fusion of 

MVBs with the plasma membrane [12]. It has been demonstrated that most cell 

types release exosomes through the fusion of MVBs with the cell surface in an 

exocytic manner [13].  

Figure 1.2.  Number of publications about exosomes over the past 20 years. The data 

have been extracted from Clarivate Web of Science  searching for exosomes  as the 
publication topic.  
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Although exosomes have a specific biogenetic pathway, it is difficult to 

demonstrate their biogenesis once the exosomes are outside the cell, for instance 

in the bloodstream. Most methods used for exosome enrichment co-isolate 

different EV subtypes; for this reason, the International Society of Extracellular 

Vesicles (ISEV) released guidelines to clarify EV nomenclature.  

In this thesis the term small extracellular vesicles (sEVs) is used for cell-

derived membrane vesicles of a dimension < 200 nm in accordance with the 

Minimal Information for Studies of Extracellular Vesicles 2018 (MISEV2018) 

guidelines [14].  

1.2. Small extracellular vesicles  

Despite the initial consideration of sEVs as cellular waste, it has been 

demonstrated that they are key players in intercellular communication and 

signal transduction, since their cargo of proteins, lipids and nucleic acids can be 

delivered to target cells. sEVs are released by all cell types, and are present in 

almost all body fluids including saliva [15,16], cerebrospinal fluid [17], blood 

[18,19], urine [20], breast milk [21] and semen [22]. The easy accessibility of 

circulating sEVs and the fact that the sEV cargo is dependent on the cell-of-origin 

and on that cell’s current state (stressed, hypoxic, transformed, differentiated) 

have made sEVs a principal target for prognostic and diagnostic biomarker 

research for a wide range of diseases.  

sEVs are encapsulated by a lipid bilayer and contain proteins, lipids and nucleic 

acids. The sEVs proteins have different functions and location; several 

transmembrane proteins are hallmarks of sEVs: these include the tetraspanins 

(CD9, CD63, CD81, CD82) and the integrins (ITGA, ITGB) [23]. Cytosolic proteins 

are also present in sEV, such as heat shock proteins (HSPA8, HSP90AB1), which 

are involved in antigen binding and presentation, and proteins 

belonging/accessory to the endosomal sorting complexes required for transport 

(ESCRT) machinery (TSG101, ALIX, VPS4A/B), which are required for the 

multivesicular body (MVB) biogenetic pathway of exosomes [14,24]. sEVs also 

contain a variety of RNAs, including coding and non-coding RNA (mRNA, 
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miRNA, lncRNA, tsRNA, Y-RNA1) [25,26]. sEVs affect intercellular 

communication by transferring these functional molecules, which may result in 

transient or persistent phenotypic changes of recipient cells [27].  

Three publicly accessible databases of sEVs cargo have been established, namely 

ExoCarta [28], EVpedia [29] and Vesiclepedia [30]. ExoCarta is an exosome-

specific database that provides data about sEV molecular cargo (lipid, RNA, and 

proteins) that have been identified in sEVs isolated from multiple organisms. The 

Vesiclepedia and EVpedia databases contain molecular features identified in 

different classes of EVs. The ExoCarta database also provides a list of the Top 100 

proteins most commonly identified in sEVs preparations, and which has been 

used here as a quality-control check for the proteomics data [31]. 

1.3. Biological and pathological role of sEVs in the 

central nervous system  

The demonstration that sEVs are important mediators of intercellular 

communication has led to extensive research focused on understanding their 

functional effect, in particular in the central nervous system, where such 

intercellular communication is constant between neurons and glial cells, and 

where the interconnection of cerebro-spinal fluid (CSF) with the other body 

compartments is fundamental [32]. Moreover, sEVs have been shown to be able 

to cross the blood brain barrier and to be stable in peripheral circulation, 

becoming key candidates for easily accessible biomarkers [33].  

In physiological conditions, sEVs help to maintain homeostasis in the central 

nervous system (CNS) by removing protein aggregates and pathological 

material from the nervous system [34]. The release of sEVs by oligodendrocytes 

contributes to the myelination process and protects the axons from oxidative 

stress by the release of enzymes such as catalase and superoxide dismutase [35]. 

                                                      
1 mRNA: messenger RNA. miRNA: microRNA, short non-coding RNAs. lncRNA: long 

non-coding RNA. tsRNA: tRNA-derived small non–coding RNA. Y-RNA: highly 

conserved small non-coding RNA.   
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It was recently demonstrated that sEVs are implicated in neurogenesis, 

synaptogenesis and cell proliferation [36–38].  

The most widely investigated area of sEVs biology concerns their contribution to 

diseases, in particular in the cancer field, in which sEVs released from tumour 

cells have been shown to contribute to tumour growth, metastatic niche 

formation, and regulation of the immune response [39–41].  Tumour derived 

sEVs can activate receptors or change miRNA or RNA expression in the recipient 

cells, and thereby alter their phenotype and/or induce cell proliferation. 

Moreover, sEVs can interact with the surrounding stroma to generate a pro-

tumour microenvironment by promoting angiogenesis [42].  

The role of sEVs has been also investigated in pathologies of the CNS, including 

brain tumours, neurodegenerative diseases and neuropsychiatric disorders [43–

45]. In brain tumours, tumour cell derived sEVs mediate molecular transport 

from tumour cells to the surrounding environment, promoting angiogenesis, 

drug resistance and tumour invasion [31]. sEVs derived from tumours also 

contain oncogenic material such as oncogenic proteins and nucleic acids, which 

once inside the target cells may modify the tumour microenviroment [47]. 

In proteinopathies, sEVs have been shown to play a role in the accumulation of 

unwanted biomolecules. In particular, the disposal of waste material by sEVs 

trafficking occurs when other clearance mechanisms are impaired, such as the 

proteasome machinery or the lysosomal pathway [48]. In such conditions, sEVs 

have been reported to carry aggregated forms of specific proteins, including 

amyloid β-protein, α-synuclein and tau protein. As a consequence of the sEVs 

ability to transfer material to other cells by sEVs internalization, they therefore 

contribute to the severity of diseases such as Alzheimer, Parkinson’s Disease, 

Frontotemporal Dementia and Amyotrophic Lateral Sclerosis [49].  

1.4. Peripheral fluid sEVs for CNS biomarkers 

discovery 

One of the major challenges in clinical neuroscience is the availability of easily 

accessible material for biomarker discovery to enable early detection, patient 
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follow-up and monitoring of disease progression [50]. Despite the difficulties 

related to the lack of standardized protocols for sEVs enrichment and 

characterization, the isolation of sEVs has several advantages over other sources 

of liquid biopsy. First, their high stability due to the presence of a lipidic bilayer 

can protect their cargo from degradation and reduce the cost of short-term 

storage since sEVs are stable at 4°C for 24 h [51]. Second, sEVs can present 

specific surface proteins in common with the cell-of-origin, which allows the 

isolation of origin-specific sEVs [52]. Moreover, the capability of sEVs to cross 

the blood brain barrier, together with the possibility to concentrate them, have 

made the molecular characterization of circulating sEVs a promising tool for 

biomarker discovery studies [53]. The isolation of sEVs from serum, plasma and 

CSF allow their characterization in term of molecular content and the potential 

identification of molecular features (mainly miRNA and proteins) to use as a 

read-out of the CNS condition.  

Skog et al. in 2008 suggested that serum sEVs could represent a potential 

diagnostic tool for brain cancer [54] and the hypothesis was then confirmed in 

further studies; the concentration of plasma sEVs was higher in glioblastoma 

multiforme (GBM) patients with respect to the healthy controls. In the same 

study, 11 sEVs proteins were proposed as a panel for clinical assay, since they 

were overexpressed in GBM and their expression decreased after tumour 

resection [55]. In addition, the quantification of miR-148a levels in serum sEVs 

reported a significant enrichment in GBM patients compared with healthy 

volunteers [56]. In 2015, it was also demonstrated that the sEVs mRNA level of 

DNA-repairing enzymes could predict drug response in GBM patients [57].  

Whereas the potential of sEVs in diagnostics has been explored several times in 

brain cancer, the utilization of sEVs for neurodegenerative disease biomarkers is 

still at the early stage.  

The presence in sEVs of proteins involved in the pathogenesis of 

neurodegenerative disorders such as Amyloid-β protein, APP, tau protein, TDP-

43, and α-synuclein has been reported to be a mechanism of disease spreading 

and progression, moreover it was used as a biomarker [58]. The transactive 

response DNA-binding protein 43 kDa (TDP-43) is a shared hallmark of 

Frontotemporal Dementia and Amyotrophic Lateral Sclerosis; TDP-43 is present 
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in sEVs [59] and has been found to increase longitudinally in ALS patients [60]. 

Amyloid-β precursor protein (APP) catabolism releases amyloid-β protein, a 

hallmark of Alzheimer disease; APP has been identified in sEVs in both in-vitro 

and in-vivo studies [61,62]. Furthermore, the quantification of α-synuclein in 

sEVs isolated from CSF was successful in the discrimination of patients with 

Parkinson’s disease and dementia with Lewy bodies [63].  

All together, these results demonstrate that sEVs isolated from blood or CSF are 

a precious source of information about CNS, which is otherwise highly 

inaccessible.  

1.5. The L1CAM controversy  

The isolation of sEVs from biofluids for CNS biomarker discovery offers 

significant advantages such as the high concentration of sEVs in biofluids, their 

stability, and the ease of concentrating the vesicles. However, the sEVs that are 

circulating in biofluids may originate from many different sources. With the goal 

to efficiently detect molecular changes in circulating EVs that reflect the CNS 

condition, it has been proposed to exploit unique or highly expressed membrane 

proteins of CNS cell types (neuron, astrocyte and endothelial cells) for the 

selective isolation of distinct populations of CNS-derived sEVs.   

In 2014, the groups of Goetzl at the University of California and Zhang at the 

University of Washington developed protocols for the isolation of neuron-

derived sEVs (NDsEV) based on immuno-precipitation of neural cell adhesion 

molecule L1 (L1CAM) [64,65]. These L1CAM workflows have demonstrated that 

blood NDsEVs represent a source of biomarkers, in which ELISA, Western blot, 

or targeted proteomics analysis can be used to follow the level of specific target 

proteins [66,67].  

The analysis of plasma NDsEVs of Alzheimer Disease patients reported higher 

levels of Amyloid-β1-42 in pre-clinical AD patients and even higher in 

symptomatic AD patients. In the same study, the upregulation of tau protein and 

phosphorylated tau protein (p-T181 tau and p-S396 tau) in pre-clinical AD 

patients was also reported, the combination of these three proteins allowed the 

prediction of AD onset with a sensitivity of 96% [65]. Tau protein and 
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hyperphosphorylated tau protein have been identified in NDsEVs isolated from 

plasma and CSF [68]. The analysis of NDsEVs from the plasma of Parkinson 

Disease (PD) patients reported that the concentration of α-synuclein correlated 

well with disease severity, suggesting α- synuclein as an sEV-borne biomarker 

for monitoring PD progression [64].   

The demonstrated potential of L1CAM-based isolation of NDsEVs from 

biofluids to enable the identification of biomarkers of CNS pathologies led to 

enormous interest and research activity. Recent results have questioned the 

specificity of L1CAM for NDsEV. First, L1CAM protein is highly enriched in 

neurons, but it is important to note that according to the human protein atlas [69] 

L1CAM is not unequivocally present on the membrane of neurons and NDsEVs 

and its expression has been also confirmed in several tumoral tissues (melanoma, 

ovarian cancer, pancreatic cancer), kidney tubules and soft tissues [70]. For this 

reason, the isolation of NDsEVs may lead to the co-isolation of vesicles that have 

other origins.  

Then, the group of Professor D. Walt at Brigham and Women’s Hospital in 

Boston, reported that most L1CAM is detected as a free protein in the soluble 

fraction, with much less in the EV fraction [71]. These results were obtained by 

isolating sEVs from human CSF and plasma by size-exclusion and density-

gradient chromatography; a subsequent single molecule array (SIMOA) assay 

reported that L1CAM eluted together with soluble albumin, while the sEVs 

markers tetraspanins CD9, CD63, and CD81 eluted with fractions containing 

larger structures [71]. Further experiments are required to confirm/negate the 

association of L1CAM with NDsEV, and to assess the reproducibility of L1CAM-

based isolation of NDsEV.  

This new study reports that the majority of L1CAM is in its soluble form but does 

not eliminate the possibility of L1CAM in sEVs, nor does it negate previous 

reports in which L1CAM based immunoprecipitation led to the identification of 

neuronal cargo and candidate biomarkers of neurological disease. They do 

however reinforce the demand for critical assessment of new claims, and albeit 

indirectly, have reinvigorated the search for NDsEVs markers.  
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1.6. Factors involved in sEVs isolation  

sEVs are present in all body fluids, thus sEVs can be isolated from cell culture 

media, tissues, biofluids including blood, urine, cerebrospinal fluid and saliva 

[18,72–74]. In all cases, the enrichment of sEVs from the sample of origin is 

fundamental because it allows the sEVs to be concentrated in a smaller volume 

and to remove abundant molecular cofactors (protein aggregates, lipoproteins, 

soluble proteins such as albumin and immunoglobulins).  

Based on the sample type, there are different factors that should be considered 

 cell culture media - the major issue is the cell culture medium itself, which 

needs to be FBS–free to avoid the co-isolation of FBS-sEVs [75].  

 biofluids - Plasma and serum contain numerous lipoproteins, albumin 

and immunoglobulins; milk is rich with fat, which form vesicles; urine 

contains a high concentration of uromodulin; in each case it is required 

to carefully separate the sEVs from these cofactors [76,77]. For blood-

derived sEVs it is also known that age, sex, pregnancy/menopause, 

exercise level, diet, and medication may influence the sEVs molecular 

characteristics [78]. More generic but no less important factors that also 

need to be considered include the available volume, the sample 

preparation procedure, and the sample storage conditions. To isolate 

vesicles from plasma only platelet-free plasma should be used, in order 

to avoid the release of platelet derived sEVs after platelet activation [79].  

 

It is known that the storage conditions may affect the results of sEVs studies since 

the number of vesicles, their aggregation, stability and morphology may vary 

with different storage temperatures or storage time [80].  

For all these reasons the Minimal Information for Studies of Extracellular 

Vesicles (MISEV) were released in 2018, by which researchers were strongly 

encouraged to submit a detailed description of sEVs isolation protocol and 

characterization methodology used for all sEVs studies [81]. To this aim, the EV-

TRACK knowledgebase has been developed, which is an online submission tool 

for comprehensive reporting of EV experimental studies [82].  
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1.7. sEVs isolation strategies  

The choice of the sEVs isolation protocols mainly depends on the downstream 

analysis requirements and the source sample type. Several methods are available 

for sEVs enrichment; all have been designed with the aim to enrich intact sEVs 

with high reproducibility, to remove other vesicle types, and to reduce the levels 

of any contaminants/cofactors. The sEVs enrichment step itself often utilizes the 

sEV's physical properties, including size and density, or their biological 

properties such as antigen expression. The most common sEVs isolation 

methods, described below, are based on differential ultracentrifugation [83], 

density-gradient centrifugation [84,85], size exclusion chromatography [86,87], 

polymer - based precipitation [88,89], immunoaffinity capture [10], and the most 

recent asymmetric flow field-flow fractionation [9] and microfluidics [90].  

1.7.1. Differential ultracentrifugation (dUC)  

dUC is the most common method for sEVs enrichment (80% of sEVs studies) and 

for this reason it has been considered for years the gold standard to which 

alternative methods are compared [91]. During dUC, sEVs can be isolated 

according to their sedimentation rates by a subsequent increase of centrifugation 

forces (up to 200000 g) and durations (2 hours - up to overnight) [92]. dUC is slow 

and characterized by low sEVs recovery [93], vesicle aggregation with 

consequent membrane rupture and loss of sEVs cargo [94]. In addition, it has 

been reported that the yield and purity can differ based on changes in the rotor 

type or centrifuge [95].  

1.7.2. Density gradient centrifugation (DGC)  

DGC has been introduced to achieve higher sEVs purity than with dUC. The 

technique is implemented with a sucrose gradient or OptiPrep velocity gradient 

(iodixanol gradient) to allow the sEVs (density 1.13 - 1.19 g/mL) to migrate to the 

same density medium resulting in further purification of sEVs from other 

cofactors, such as lipoproteins, protein aggregates, abundant soluble proteins. In 

recent studies, sEVs preparation obtained by DGC contained significantly fewer 

contaminants than dUC [96,97].  
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1.7.3. Polymer based precipitation  

Polymer based precipitation is based on the formation of a polymeric network to 

decrease sEVs solubility. There are several commercial kits available including 

ExoQuick, Total Exosomes Isolation and ExoSpin, but home-made solutions of 

polyethylene glycol (PEG) have also been used [98]. The procedure consists of 

the mixing of an appropriate volume of the polymeric solution with the sample; 

after incubation, the precipitated sEVs are recovered by low-speed 

centrifugation. The isolation of sEVs by precipitation is fast, easy to use and low 

cost, but has low specificity as the polymer network also contains protein 

aggregates and soluble proteins. Moreover, the polymer molecules remain in the 

sEVs preparation and can interfere with the following analysis, e.g. by mass 

spectroscopy (MS) based proteomics [99].  

1.7.4. Immunoaffinity capture (IAC)  

IAC is used to isolated sEVs by the binding of an antibody to a sEVs markers, 

such as the tetraspanins CD9, CD63, CD81, CD82, or a marker characteristic for 

the cell-of-origin including L1CAM for neurons [64], EpCAM for epithelial 

tumors [99], and PSMA (specifically bound by TG97) for prostate-cancer derived 

sEVs [100]. Recently, the affinity for the lipid membrane was used for sEVs 

isolation from serum by using TiO2 functionalized beads, which interact with 

phosphate groups, an interaction commonly exploited in phosphoproteomics 

studies [101]. Several studies reported that the IAC isolate sEVs with higher 

purity than dUC, although IAC has to contend with the high reagent cost and 

the need to establish more reliable sEVs markers [102].  

1.7.5. Sequential ultrafiltration  

Sequential ultrafiltration exploits the dimension of sEVs for their isolation. To 

this purpose, the samples are first centrifuged (300 g) to remove cell debris and 

aggregates, which could clog the dialysis membranes used in subsequent steps. 

Then, the sample is filtrated using a 0.2 µm membrane to remove all vesicles and 

aggregates larger than 200 nm. The final step consists in the use of 100 kDa (or 

500 kDa) filters to remove soluble proteins and contaminants while 

concentrating the sEVs on the filter [103]. The main advantage of this method is 
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the possibility to enrich the sEVs from larger volumes within a short time, while 

on the contrary it is not the method of choice when the sample volume is low, 

because of sample losses due to sample-membrane interaction [104]. This 

approach can generate intact and stable sEVs, some of which have been used in 

clinical trials [93].  

1.7.6. Size exclusion chromatography (SEC)  

The method is based on the use of a column packed with a porous resin, in which 

small molecules can pass through the pores and are slowed down during elution 

with respect to larger particles. SEC is well suited for low volume amounts for 

the low adhesion of sEVs on the resin, and anyway the injected sample should 

not be more than 10% of the column resin volume. The elution is typically 

performed in Phosphate Buffered Solution which allow the vesicles to remain 

stable and biologically active after the preparation [105]. 

SEC columns that work in gravitational flow are commercially available in 

different sizes, based on the amount of sample to be loaded (100 µl to 100 mL) 

[106,107]. It is also possible to pack columns in-house using different cut-off 

phases, for example 2% cross-linked agarose (Sepharose CL-2B) [87]. The sEV 

purification can also be automated by using fast protein liquid chromatography 

(FPLC) [86] or high-performance liquid chromatography (HPLC) [108] systems 

equipped with SEC columns. Automated sEVs purification can improve the 

throughput and consistency of sEVs isolation, and thereby increase data 

reproducibility. 

SEC was first used for the separation of proteins from amino acids [109]. In 1983, 

SEC was compared with sUC for the isolation of membrane fragments from cell 

culture media, and was found to lead to minor damage to the fragments structure 

[110]. Then, in 2014, SEC was proposed as a stand-alone method for sEVs 

recovery from body fluids [111]. SEC performed better than dUC for the isolation 

of sEVs from plasma in terms of sEVs yield, purity and reproducibility [112].  
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Figure 1.3. SEC is used to enrich sEVs from biofluids or cell culture media. 

Phosphate-buffered saline is typically used as the mobile phase against a porous 

stationary phase to elute molecules;  larger parti cles elute first, followed by smaller 

vesicles entering and flowing through the pores, resulting in a longer pathway and 
thus a longer elution time. Figure adapted from [112].  

1.7.7. Asymmetric-flow field-flow fractionation (AF4) 

AF4 is a novel separation technique that is based on size. The sEVs 

enrichment takes place in a channel, which is divided in two sub -

channels separated from a membrane permeable only for the solvent. 

The sample is injected and is transported by a laminar flow, a cross -

flow pushes the analyte to the membrane; the size -dependent balance 

between diffusion and cross flow separates particles according to their 

size [113].  
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Figure 1.4.  Schematic representation of the AF4 separation. Smaller particles have 

a higher diffusion coefficient , thereby are subjected to faster streamlines and 

accordingly exit the channel more quickly than larger particles. Figure from [114].  

This technique allowed the identification of a novel extracellular non-

membranous nanoparticle (~ 30 nm diameter) called exomeres [9]. AF4 is not 

particularly well suited to low sample volumes owing to dilution of the sample 

during the separation. 

1.7.8. Microfluidics – based sEVs isolation 

Microfluidics has been applied to separate vesicles based on size, density or 

biochemical properties. It has the significant advantage of low sample volume 

requirements (<<1 mL), but microfluidic devices are often made with materials 

that are incompatible with mass spectrometry, such as polydimethylsiloxane, 

since they lead to a large chemical background due to the presence of 

uncrosslinked oligomers [115,116].  

The microfluidic devices that have been proposed in the past years are mainly 

based on acoustic nanofilters or immunobased isolation. In the first, particles are 

subjected to an acoustic radiation force (ARF); larger particles experience a 

stronger ARF and therefore migrate faster than smaller, thus enabling the 

separation of different sized particles [90,117]. The principle behind the 

immunobased-isolation microfluidic device is similar to a standard ELISA test, 

since the microfluidic channel is functionalized with an antibody. There are 

several commercial chips available such as the ExoChip based on the CD63 

antibody and the ExoSearch Chip which is functionalized with antibodies for 
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multiple sEVs tumour markers namely CA-125, EpCAM and CD24 antibodies 

[118,119]. 

1.8. sEVs characterization 

Due to their remarkable diagnostic and therapeutic potential a detailed 

characterization of sEVs is essential for multiple reasons, including but not 

limited to determining whether the enriched vesicle is indeed an sEV, to define 

sEV subpopulations, to identify molecular features that help explain the sEV 

function, and/or to compare different sEVs isolation methods.  

sEVs size, morphology and concentration can be characterized using biophysical 

approaches that include Transmission Electron Microscopy (TEM), Dynamic 

Light Scattering (DLS), Nanoparticle Tracking Analysis (NTA), Tunable 

Resistive Pulse Sensing (TRPS) and Atomic Force Microscopy (AFM). The 

molecular composition (protein, nucleic acids, lipids, and enzymes) of the sEVs 

can be determined by biochemical techniques including liquid chromatography 

– mass spectrometry (LC-MS), Western blotting, ELISA, qRT-PCR and flow-

cytometry [120,121].  

In general, in sEVs research three aspects are frequently reported: morphology, 

size, and surface markers. For instance, TEM may be used for the 

characterization of sEVs morphology, NTA or DLS to determine the size 

distribution of the isolated sEV, and WB, ELISA, or proteomics for the 

identification of sEVs surface markers or content [122]. Table 1.1 resume the most 

commonly used methods for sEVs characterization with relative advantages and 

disadvantages.   
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Table 1.  Principle, advantages and disadvantages of the most commonly used sEVs 

characterization techniques.  

Technique 
Measured 

parameter 
Principle Advantages Disadvantages Ref. 

Dynamic 

Light 

Scattering 

(DLS) 

Size 

distribution - 

Zeta potential 

Brownian 

motion - 

Stokes - 

Einstein 

equation – 

Laser Doppler 

Electrophoresis 

Easy to use – 

fast – non-

disruptive – no 

pre-treatment 

process 

Low resolution 

– Difficulty to 

measure highly 

heterogeneous 

populations 

[122–

124] 

Tunable 

Resistive 

Pulse 

Sensing 

(TPRS) 

Size 

Distribution - 

Concentration 

Resistive pulse 

event in a 

trans-nanopore 

flow trace 

Single-particle 

measurement 

Pore 

obstruction 

Low-detection 

limit 40-50 nm 

[125–

127] 

Nanoparticle 

Tracking 

Analysis 

(NTA) 

Single particle 

size and 

concentration 

Brownian 

motion - 

Stokes - 

Einstein 

equation 

Real time 

observation – 

possible sEVs 

phenotype 

determination 

based on 

fluorescent 

antibodies 

Need for 

standardization 

among 

available 

instrumentation 

- cleanliness of 

metallised glass 

and vibration 

may influence 

the analysis 

[128–

130] 

Flow 

Cytometry 

Concentration 

– size – 

marker 

detection 

Coulter 

principle, light 

scattering, 

fluorescence 

Low sample 

concentration 

required – 

multi channel 

analysis 

Time 

consuming – 

Low-detection 

limit 300-500 

nm but it can be 

bypassed using 

coupling sEVs 

to beads 

[131,132] 

Transmission 

Electron 

Microscopy 

(TEM) 

Morphology - 

Size – 

Integrity - 

Aggregation 

Scattered 

electron beam 

Nanometre 

resolution, 

ultrastructure 

Expensive, 

need for trained 

operator, not 

suitable for 

large sample 

number, 

protocol 

dependent 

[133,134] 
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Atomic Force 

Microscopy 

(AFM) 

sEVs 3D 

topography 

Size 

Hooke’s law - 

Interaction 

forces between 

the probing tip 

and surface 

Sub-nanometre 

resolution 

Expensive – 

time consuming 

– low 

throughput 

[135–

137] 

Colorimetric 

Assays 

(Bradford, 

micro-BCA) 

sEVs protein 

content 

quantification 

Reaction 

between 

protein and 

reagent – 

optical 

detection 

Quantification 

of the sEVs 

extracted 

protein may aid 

subsequent 

characterization 

(e.g. WB, LC-

MS, miRNA) 

Contaminants 

may interfere 

with the 

reaction – 

sample 

consuming 

[138,139] 

Western Blot 

Detection of 

target 

proteins in 

sEVs 

Antigen-

antibody 

interactions 

Easy detection 

of sEVs 

markers – No 

complex 

instrumentation 

needed 

High protein 

amount 

required - Low 

specificity – 

Low sensitivity 

- risk of cross-

reactivity 

[140–

142] 

Bio 

luminescence 

Quantification 

of sEVs 

carrying a 

defined 

marker 

knock-in of 

luciferase-

fusion sEVs 

markers 

sEVs 

quantification – 

In vivo real 

time imaging – 

evaluation of 

recipient cells 

or tissues 

Requires 

genetic editing 
[143,144] 

Mass 

spectrometry 

– based 

proteomics 

Identification 

and 

quantification 

of sEVs 

proteins 

mass-to-charge 

ratio (m/z) of 

the ionized 

analytes 

Identification of 

large number of 

sEVs proteins – 

Quantitative 

data on protein 

level - Novel 

sEVs marker 

identification 

Need of trained 

operators - 

expensive 

instrumentation 

– complex 

sample 

preparation 

protocols 

[23,145–

147] 

RT-PCR 

Identification 

and 

quantification 

of sEVs 

miRNA or 

mRNA 

Amplification 

using primers 

and PCR 

Amplification, 

quantitative, 

low sample 

volume 

required 

Limited to 

known target 

RNA sequences 

[121,148] 
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1.9. Mass spectrometry - based proteomics 

Proteins are biological macromolecules that consists of an amino acid chain that 

is folded into a three-dimensional structure and act as the main cellular effectors 

via molecular signalling, physical interaction and catalytic activity. The term 

proteomics, in analogy to genomics, refers to the large-scale study of proteins, 

including their identification, quantification and modifications. Traditionally, 

the analysis of protein expression and modification was limited to a few proteins 

at a time by the use of immunoassays, or gel-based methods. The use of mass 

spectrometry (MS) to characterize biological molecules is now a major tool to 

assess sEVs protein composition as well as one of the most comprehensive and 

versatile available methodologies [149]. There are many technical approaches 

available for MS-based proteomics analysis and so a great variety of strategies 

has emerged for the proteomics analysis of sEVs.  

A typical proteomics analysis begins with sample preparation; following protein 

extraction and protein purification, the proteins are enzymatically digested into 

peptides (bottom-up analysis) or analysed in their intact form (top-down 

analysis) [150].  

For cell biology, as well as for sEVs proteomics, the main workflow is based on 

the proteolytic digestion of the protein mixture, followed by peptide analysis 

using nanoscale liquid chromatography (nLC) combined with tandem mass 

spectrometry, in which precursor ions with a certain mass (MS) are fragmented 

to generate structurally informative fragment ions (MS/MS) that can be used for 

peptide identification (see §1.9.6) [151].  
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Figure 1.5.  Example of workflow from sEVs isolation to their proteomics analysis. 

PTM: post-translational modifications.  

Figure 1.5. provides a schematic representation of the workflow from sEVs 

isolation to MS-based sEVs proteomics analysis. The purity of sEVs preparation 

is a critical factor for MS-based sEVs proteomics analysis, and for this reason, the 

sEVs isolation method needs to be carefully chosen (see paragraph 1.7.) and 

optimized to avoid contaminants/cofactors. The following paragraphs give an 

overview of the MS instrumentation and proteomics pipeline that is necessary to 

understand the goals, achievements and challenges of MS-based proteomics 

characterization of sEV.  

1.9.1. Sample preparation  

In proteomics, sample preparation consists of six steps, namely i) protein 

extraction, ii) denaturation, iii) reduction, iv) alkylation, v) digestion, and vi) 

peptide clean-up. Proteins can be extracted by using a lysis buffer containing 

surfactants and organic solvents, which help to disrupt the vesicle membrane 

and to solubilize the proteins. The most commonly used detergent for sample 

lysis and proteome extraction is sodium-dodecyl-sulphate (SDS). Often, the 

addition of lysis buffer to the sEVs preparation is combined with the use of 

physical methods such as ultra-sonication and/or freeze-thaw cycles to increase 

the efficiency of protein extraction.  
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Once proteins are denatured by heating, they are reduced to open all disulphide 

bonds and then alkylated to block the free SH groups and thereby prevent the 

formation of new disulphide bonds (Figure 1.6.). In this way, the protease 

cleavage sites become more accessible to the proteolytic enzyme. The most 

commonly used agents for the reduction and alkylation of protein samples prior 

to digestion are dithiothreitol (DTT) for reduction and iodoacetamide (IAM) or 

iodoacetic acid (IAA) for alkylation [152].  

 

Figure 1.6.  Schematic representation of protein reduction and alkylation.  After 

protein denaturation, DTT is used to break disulphide bonds in proteins.  The 

reduction is then followed by alkylation of the reactive –SH groups (to prevent 
formation of disulphide bond) using IAA (ad apted from [153]).  

Trypsin is the most commonly used proteolytic enzyme and cuts the amino 

acidic chain at the C-terminus of arginine and lysine. Tryptic digestion typically 

creates peptides that are up to ~ 20 amino acids long and with basic residues at 

the C-terminus, which aids their detection as protonated ions during MS 

analysis. Moreover, the digestion of proteins into peptides overcomes the 

difficult handling of intact proteins (solubility, stickiness, poor LC separation, 

difficult MS data interpretation).  

sEVs have large surface areas but small absolute volumes, and thus, a large 

proportion of the total proteins are membrane proteins, which are less soluble 

and accessible to the proteolytic enzyme [154]. Using trypsin, over 20% of 

cleavage sites remain normally undigested, of which the vast majority are 
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lysines, and thus Lys-C, which also cuts at the C-terminus of lysine, is often used 

in combination with trypsin to drive the digestion to completion [155]. The 

resulting mixture of tryptic peptides is then purified by removing salts and 

contaminants through solid-phase silica based octadecyl (C18) resins extraction. 

Particular attention should be given to the potential contaminants that can be 

introduced during sEVs isolation such as lipids (co-isolation), polymeric 

materials (precipitation-based sEVs isolation) and sucrose or other materials 

used for preparing the density gradient in DGC [23].  

Fractionation of the peptide mixture before the LC-MS analysis may be useful to 

reduce the sample complexity; this can be achieved by ion-exchange 

chromatography, hydrophilic interaction liquid chromatography (HILIC), 

affinity chromatography or size exclusion chromatography [156]. Specific 

peptide types can also be enriched for the study of specific post-translational 

modification, e.g. phosphorylation and glycosylation, by using immobilized 

metal affinity chromatography and lectin-binding, respectively. 

A description of the most widely used sample preparation approaches for MS-

based proteomics analysis is available in paragraph 1.10. 

1.9.2. Peptide separation  

The separation of peptides is a necessary step to simplify the high complexity of 

the tryptic peptide sample, and thereby to obtain a deeper proteome coverage. 

Two different approaches are available: I) gel based and II) gel free.  

Two-dimensional polyacrylamide electrophoresis (2D PAGE) has been a widely 

used gel-based method, while liquid chromatography is currently the most 

common gel-free peptide separation technique. In a standard liquid-

chromatography tandem mass experiment (LC-MS/MS), peptides are separated 

on the basis of their hydrophobicity using a C18 - reversed phase (RP) 

chromatographic column. 

Advances in LC methodology include the use of longer columns and smaller 

particle size, thus increasing the surface area of the stationary phase, together 

with the use of flow rate on the order of 100 nl min-1 (nLC) and ultra-high-

pressure regime; these developments have increased the resolution of the LC 
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separation and enabled the analysis of sub microgram of protein digest [157]. 

Due to the high percentage of membrane proteins, a large number of 

hydrophobic peptides are expected to be in the sEVs peptide mixture; for this 

reason, adjustment of the separation gradient in order to better separate these 

peptides may be necessary.  

1.9.3. Peptide ionization  

The ionization of peptides takes place at the interface between the LC system and 

the mass spectrometer. The eluent emerging from the LC enters a thin needle 

that is held at a high potential (2-6 kV) with respect to the mass spectrometer's 

entrance [150]. Charge separation in the emerging eluent occurs due to the strong 

electric field, causing the formation of a Taylor cone (a cone shape deformation 

of the emerging liquid due to the effect of electric field and surface tension). 

When a certain threshold voltage has been reached a jet of highly charged 

droplets emerges, as shown in Figure 1.7.  

Once the droplets are released, the solvent begins to evaporate, which may also 

be aided by heating the needle or by using a counter flow of a drying gas. Solvent 

evaporation causes a decrease of the size of the droplet and thus leads to 

increased charge-density; at high charge densities, the droplet will begin to 

approach the Rayleigh limit (when coulombic repulsion exceeds surface tension) 

[158]. The increased coulomb repulsion between the charges exacerbates any 

deviation from spherical geometry and leads to asymmetric fission and highly 

charged jets that generate smaller, more highly charged, satellite droplets. This 

process continues until each droplet contains on average one peptide. 

Desolvation of these single-ion-in-droplets leads to the generation of multiply-

charged peptide ions. The whole process is referred to as electrospray ionization 

(ESI) [159].  

The charge of the peptide ions generated by ESI is dependent on the number of 

basic residues as well as on the peptide length, the identity and number of post-

translational modifications, and the cofactors/salts present in the solution. ESI is 

the method of choice to interface liquid chromatography with MS. ESI, together 

with matrix-assisted laser desorption ionization (MALDI), are the two 

macromolecular soft ionization techniques that allow the ionization and transfer 
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of peptide/protein ions into the gas phase without extensive degradation, and 

for which Prof. John Fenn and Dr. Koichi Tanaka were jointly awarded with the 

2002 Nobel Prize in Chemistry.  

Figure 1.7.  Electrospray ionization (ESI).  Figure adapted from A. Dahlin –  ESI 
positive mode –  Available under public licence CC BY 4.0 [160]. 

1.9.4. Mass analysers  

MS analysis can be performed using a diverse array of mass analysers, which 

vary in the physical principle of mass separation. For proteomics, the most 

common mass spectrometers are based on quadrupoles, time-of-flight (TOF), 

and/or Fourier transform (FT) type mass analysers. This paragraph will focus on 

the techniques used for the experiments described in this thesis, for further 

information the interest reader is referred to the following reviews: [161–163]. 

The mass analyser separates ions based on their m/z values; often two analysers 

are combined to allow the analysis of both the analyte (MS) and its fragments 

(MS/MS), alternatively ion-trap type mass analysers can perform both the MS 

and the MS/MS analysis [164]. The choice of the mass analyser type depends on 

the proteomics goal; in discovery proteomics, where a high number of proteins 

need to be identified, speed, sensitivity and accuracy are the main parameters to 

consider, whereas in targeted experiments selectivity and sensitivity have 
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priority [157]. Figure 1.8. gives a schematic representation of the mass analysers 

most used in this thesis.  

 

Figure 1.8.  Schematic representations of mass analysers used in this thesis: 

quadrupole, linear ion trap and Orbitrap. Images adapted from [163,165,166] 

The quadrupole mass analyzer is a mass analyzer/ion guide used in many 

modern instruments. It is composed of four parallel electrical rods; opposite rods 

are at the same potential, while the potential difference between adjacent rods is 

given by 2(𝑈 + 𝑉𝑅𝐹 cos𝛺𝑡): U is a fixed DC potential (with respect to the ground), 

VRF is the amplitude of a radio frequency (RF) potential varying harmonically in 

time with angular frequency Ω. Figure 1.8.A shows a schematic of how these 

potentials are applied to the quadrupole rods. If the oscillating RF voltage is high 

enough (which is the case in the stable configurations discussed below), each pair 

of rods will have successively positive and then negative potential; the resulting 

ion oscillations result in complex trajectories dependent on the m/z ratio of the 

ions. 

The motion of ions through a quadrupole is best summarized by using the 

Mathieu parameters and the associated stability diagram, Figure 1.9. The 

abscissa (q, defined in the figure) is determined by VRF, Ω, the field radius of the 

quadrupole r0 (defined as the radius of the circle that touches the inner surface 

of the 4 rods), the charge state of the ion z, the unit of electric charge e, and the 

mass of the ion m (in kilograms). The ordinate (a) is a function that has the same 

form as q but with VRF substituted with the fixed potential difference 2U. As can 

be seen in Figure 1.9, ion motion is stable in the quadrupole only for a range of 

the Mathieu parameters a and q. For a given quadrupole system with fixed RF 

frequency and field radius ion stability is dependent on the m/z of the ion, and 

on the RF and DC potentials.  

When the DC potential, U, is set to zero, for any given RF potential VRF a range 

of ions of different m/z will have stable trajectories and can be transmitted 
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through the quadrupole; in this mode of operation the quadrupole acts as an ion 

guide, and is the basis of beam-type quadrupole instruments (and is that used in 

quadrupole collision cells). The apex of the stability diagram corresponds to a 

combination of RF and DC potentials in which a single m/z ratio has a stable 

trajectory through the quadrupole. In this mode the quadrupole acts as an ion 

filter, and is used extensively to select ions for MS/MS [167].   

The Mathieu equations show that a and q scale with the DC and RF potentials 

respectively, and inversely with the m/z ratio of the ion. Accordingly, different 

ions can be selected by changing the DC and RF voltage; slowly scanning these 

voltages enables a mass spectrum to be recorded by progressively allowing 

different ions through the quadrupole mass analyzer. The mass filter mode is 

widely used in tandem hybrid MS configurations to select for a precursor m/z in 

the first quadrupole followed by precursor ion fragmentation and delivery of the 

fragment ions into a second mass analyser for MS/MS analysis [168].  

Figure 1.9.  The Mathieu stability diagram [169]. Black circles represent the position 

in the diagram (at zero DC potential) for ions with different masses, with ions of 

higher mass represented by larger circles. For higher masses, a  and q  are smaller,  
and vice versa.    

The linear ion-trap (LIT) is based on a quadrupole ion guide (i.e. no DC potential 

component between adjacent rods, sometimes referred to as RF-only) with the 

addition of two end-cap electrodes that create a potential well to axially confine 

the ions inside the LIT [170], Figure 1.8.B. The LIT is used for the sequential 

trapping, isolation, fragmentation, and MS analysis of fragment ions (MSn). 

Inside the LIT the ions oscillate at a secular frequency that is less than the RF 

frequency of the quadrupole. Importantly, this frequency is constant throughout 

the quadrupole LIT and is a function of the RF potential and of the m/z of the ion. 
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By ramping the RF frequency, lighter ions can be made to be radially unstable 

and ejected from the LIT (because they pass the boundary at a=0 of the stability 

diagram in figure 1.8; for more information refer to [169]). In this way, a 

progressively increasing ramp of RF voltage can be used to perform a mass scan 

within the LIT. 

The secular motion of an ion inside the LIT may also be excited by using a 

supplementary RF voltage. Only ions whose secular frequency is identical to that 

of the supplementary field will be excited. In this manner supplementary fields 

can be used to eject unwanted ions, and thereby select a specific precursor ion or 

range of specific precursor ions. Subsequently the secular motion of the 

precursor ion itself can be excited by another supplementary field (in which the 

frequency is now at the secular frequency of the precursor ion); when performed 

in the presence of an inert gas, collisions between the excited higher-kinetic-

energy precursor ion and the inert gas effectively converts the kinetic energy of 

the precursor into internal vibrational energy. Collision-induced dissociation 

(CID) occurs when the internal vibrational energy is sufficient to fragment the 

peptide [171].  The possibility to trap and fragment ions in the LIT allows tandem 

MS in time, which in contrast to tandem MS in space occurs within the same 

mass analyser; in principle it is possible to analyse fragments of fragments 

creating (MS2, MS3, MSn) although the majority of experiments are performed 

with either MS2 or MS3.  

The Orbitrap is the most recent mass analyser, designed by Makarov in 2000 

[172]. The Orbitrap consists of three electrodes; a central spindle-like electrode 

and two outer cup-shaped electrodes facing each other and isolated by a central 

dielectric ring. Ions enter in the volume between the outer and the inner 

electrodes among which the voltage is applied; the ions are trapped by a balance 

of a radial electric field which bends the ions around the central electrode and an 

opposite centrifugal force when the ions are tangentially injected into the 

Orbitrap at high velocity (Figure 1.8.C.). While orbiting around the inner 

electrode, the ions oscillate in the axial direction due to the conical shape of the 

electrodes [164]. The outer electrodes record the image current of these axial 

oscillation with a differential amplifier connected to the two outer-cup electrode 

halves. The resulting time-domain image current signal (transient) is then 

Fourier-transformed into the frequency domain. The angular frequency of the 
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ion harmonic axial oscillations depends only on the m/z ratio; it is thus possible 

to calculate the m/z spectrum from the recorded angular frequency [173]. The 

Orbitrap is the most popular mass analyser in proteomics because of its high 

resolution, high mass accuracy, and high dynamic range, which enable accurate 

analysis of complex and low abundant samples. Hybrid type instruments 

combine different types of mass analysers to enable high speed MS/MS analysis 

[174].  

 

Figure 1.10.  Schematic of the Orbitrap Fusion mass spectrometer. Figure from [175]. 

The Orbitrap Fusion (released in 2013) and the Orbitrap Fusion Lumos (released 

in 2015) represent state-of-the-art technologies in MS-based proteomics. A 

schematic representation of the Orbitrap Fusion, which has been used for all the 

experiments reported in this thesis, is provided in Figure 1.10. The Orbitrap 

Fusion consists of a quadrupole, a dual-pressure LIT, and a high field (high mass 

resolution) Orbitrap [175], connected by ion beam guides among which a ion-

routing multipole; this is an octopole used to transfer (route) ions to the LIT and 

back to the Orbitrap, and is also used for HCD fragmentation. An octopole 

functions almost identically to a quadrupole but it is used exclusively as an ion 

guide [176]. The Orbitrap Fusion configuration allows parallelized operations 

(isolation, fragmentation and detection) for maximizing the amount of 

information that may be obtained from the stream of peptide ions eluting from 

the LC system; ion selection can be performed in the quadrupole and/or the LIT, 
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MS/MS can be performed in the ion-routing multipole and/or in the LIT, and the 

ions (and fragment ions) can be detected in the Orbitrap or the LIT [175]. 

1.9.5. Mass spectrometry detectors 

MS – signal detection with the Orbitrap occurs via the image current detected 

from the outer cup electrodes.  

For the other mass analysers, the most common detection method is the electron 

multiplier (EM) or its brethren, the microchannel plate (MCP), Figure 1.11. The 

EM consists of a concave surface dynode. Ions that originate from the mass 

analyser are accelerated into the entrance to the EM, which is held at a high 

negative potential for the detection of positive ions; the dynode has a negative 

high voltage applied at the entrance, and a positive voltage applied at the 

narrower output. When the ion hits the entrance surface, one or multiple 

secondary electrons are formed, which are then accelerated inside the EM and 

collide again with the surface, resulting in an electron cascade that efficiently 

amplifies the initial ion signal by up to 7 orders of magnitude [177]. The exiting 

current is then measured. 

 

Figure 1.11. A)  Electron multiplication cascade of a continuous dynode electron 

multiplier detector. B) Schematic of a chevron microchannel plate,  wh ich 
essentially consists of thousands of microchannel electron multipliers.   
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1.9.6. Peptide fragmentation  

The fragmentation of peptides is a crucial step of the proteomics experiment. It 

addresses the problem that a single measurement of a peptide ion's m/z is not 

unique, and so is not sufficient for definitive identification. Peptide 

fragmentation is performed to obtain structurally informative fragments. In 

proteomics the MS/MS (or MS2) experiment is used to obtain the amino acid 

sequence of the peptide ion. This peptide ion is often called the “precursor ion” 

and the ions detected in the MS2 spectra are called the “fragment ions”; for a 

deeper characterization, the fragment ions themselves can be further fragmented 

to generate MSn [157]. Figure 1.12. shows the chemical structure of a peptide 

together with the Roepstorff - Fohlmann – Biemann nomenclature for fragment 

ions generated by peptide MS/MS [178].  

Figure 1.12.  Roepstorff  - Fohlman - Biemann nomenclature of the peptide backbone 
fragments observed in peptide fragmentation spectra.  

Collision-induced dissociation (CID) is the most widely applied fragmentation 

method for proteomics analysis; the precursor ion is accelerated by an electric 

field and undergoes one or more collisions with neutral gas molecules (typically 

nitrogen, argon or helium). With each collision part of the ion kinetic energy is 

converted into vibrational energy; the protons localised on the basic side chains 

of the protonated peptide ions can migrate along the backbone with a preference 

for amines. The proximity of a proton to the backbone amino-groups weakens 

the C-N bonds, and results in b- and y-type fragment ions (Figure 1.12.) and/or 

to the loss of small neutral molecules, such as water and/or ammonia or other 

fragments derived from amino acid side chains [179,180]. Trypsin is by far the 

enzyme most frequently used in proteomics; the proteolytic peptides generated 



 Chapter 1 – Proteomics strategies for sEVs analysis  

 

 35 

by trypsin contain a basic N-terminus as well as a basic amino acid (Lys or Arg) 

at the C-terminus. In this manner most peptides contain several basic sites for 

protonation, thereby aiding the production of fragments by CID [181].  

Electron-transfer dissociation (ETD). In ETD, electrons are transferred from a 

gaseous anion (e.g. fluoranthene) to multiply charged peptide/protein cations. 

The neutralization of protons by electron transfer leads to the formation of 

radicals and the local release of internal energy. This results in extensive 

fragmentation along the peptide backbone at N− Cα bonds, resulting in c- and z- 

fragment ions [182]. For larger and more highly charged peptides ETD generates 

a more complete series of ions and thus more extensive sequence information 

than CID; it can even be applied to whole proteins [183]. ETD is also robust for 

the characterization of post-translational modifications (PTMs) because it leaves 

labile PTMs intact, such as phosphorylation, methylation, acetylation, 

glycosylation and sulfation [184]. CID and ETD can also be used 

complementarily to increase peptide sequence coverage [185].  

Another commonly used fragmentation type is the beam-type CID or high-

energy collision dissociation (HCD), characterized by a higher amount of 

energy transfer on a faster time scale [179]. In analogy with CID, HCD generates 

b- and y-type fragment ions. In HCD the increase of kinetic energy occurs prior 

to entering the gas filled collision chamber, via the acceleration of the ions in an 

electric field. HCD is characterized by fewer collisions with the gas (often single 

collision conditions) and shorter fragmentation time frames; typically, several 

tens to hundreds of eV are converted into internal energy. The faster energy 

deposition in HCD has the advantage that fewer side reactions or 

rearrangements occur before fragmentation, resulting in fewer neutral losses and 

fewer losses of PTMs (such as phosphorylation) [186].  

1.9.7. Peptide sequencing and protein identification 

Peptide sequencing is in principle possible, because the mass difference between 

sequential fragment ions of the same series (e.g. the b- fragments produced by 

CID) provides a direct measure of the mass of the amino acid. For instance, the 

mass difference between fragments b2 and b1 in Figure 1.8 would have a mass 

equal to [2C+2H+O+N+R2] in which R2 corresponds to the mass of the amino acid 
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side chain. Such de novo sequencing requires very high sequence coverage. 

However, in tandem MS the sequence coverage is frequently incomplete, there 

may be peaks that do not belong to the main fragments series [157] because of 

side reactions and co-eluting species, and it is not possible to distinguish 

complementary ions, i.e. b- and y-, on the basis of their mass alone. Instead, 

peptides are identified via a statistical comparison with predicted peptide 

MS/MS spectra, in which the peptide fragmentation channels are defined by the 

fragmentation method, and the peptides are derived from curated protein 

databases using the proteolytic cleavage rules of the preotease.  

Many algorithms have been developed to search and match such databases with 

tandem MS spectra data, such as Sequest [187], Mascot [188], X!Tandem [189], 

and Andromeda [190]. On the basis of the protease used for protein digestion, it 

is possible to generate a list of theoretical peptides (in silico digestion). It follows 

that this peptide identification method is limited to samples from organisms that 

have had their genome sequenced, so that all possible peptides are known [157]. 

The masses of the in silico generated peptides are compared to the MS 

experimental masses and only the peptide candidates matching within a given 

mass tolerance (as defined by the mass spectrometer's characteristics) are 

retained; similarly, the masses of the in silico fragmentation are compared with 

the MS/MS spectra and filtered on the basis of the mass tolerance.  

The output of the algorithm is a collection of peptide-spectrum matches (PSMs), 

each reported in terms of a probability/correlation score. When several 

statistically significant peptide identifications originate from the same protein, 

or if the peptide is unique to that protein, then the protein can also be deemed to 

have been identified. The theoretical MS/MS spectra are compared with the 

experimental spectra and a similarity score is calculated [191]. The peptide and 

protein scores are a function of the uniqueness of the association between the 

experimental MS/MS spectrum and that predicted from the peptide, and so the 

score is also influenced by the data quality (mass accuracy, signal-to-noise-ratio) 

as well as the 'purity' of the MS/MS spectrum (side reactions and fragments from 

background/co-eluting species decrease the uniqueness of a match).  

The statistical algorithms used to identify peptides in bottom-up proteomics can 

lead to false-positive matches. The number of false positive can be reduced by 
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employing high accuracy mass analysers or by decreasing the mass tolerance for 

precursor and fragments; the latter however can adversely affect the experiment 

by eliminating true positives. A better method is to control the number of false 

positives by limiting the false discovery rate (FDR). It is now standard practice to 

use a 1% FDR; e.g. for 1000 peptide-spectrum matches (PSM), 10 are expected to 

be false [192]. Several statistical methods have been developed to estimate the 

FDR, the most common approach is to search all spectra against a decoy database 

derived from the original genome but in which the protein sequences have been 

randomized; all the PSMs obtained using the decoy database are considered a false 

discovery. The output of the algorithm used for matching peptide sequences 

with MS spectra is a list of PSMs with a score (s), which can be a cross-correlation, 

a probability, or other similarity metric. The FDR limit is then implemented by 

setting a score threshold such that the ratio of the number of decoy PSMs with 

score ≥ s to the number of target PSM with score ≥ s is 1% or less (Figure 1.13) 

[193].  

 

Figure 1.13.  Distribution of score (s) values for target and decoy PSMs. The score 

threshold is  selected such that the ratio of the number of decoy PSMs wi th score ≥ 
s to the number of target PSM with score ≥ s is 1% or less. Figure from [194].  

1.9.8. Protein quantification  

The quantification of peptides is central to biological studies that compare 

protein expression between different conditions. This is particularly true for 

biomarker research, in which the goal of the experiment may be to identify 
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proteins characteristic of a disease occurrence or of patient prognosis, or which 

will predict whether a patient will respond positively to therapy. 

The signal intensity of a peptide depends on the amount of protein in the sample, 

the accessibility to the protease, the yield of peptide retained after all sample 

processing steps, the peptide ionization efficiency, the peptide transport 

efficiency during mass analysis, and the peptide detection efficiency [157]. There 

are two principal methods used in proteomics to quantify peptides, and which 

reflect the main question of the analysis, these are i) global proteomics, relative 

quantitation, and ii) targeted proteomics, absolute quantitation [150]. The latter 

requires the inclusion of isotopically labelled internal standards, which mimic 

the target proteolytic peptide, but have a slightly different mass to extract the 

absolute amount of one or few proteins of interest.  

Relative quantitative proteomics approaches are used when two or more 

populations/ conditions are to be compared, and can be further classified into 

label-free or label-based approaches.  

In label-free quantification the number of spectral matches (PSM number) or 

the total MS signal intensity of the protein's proteolytic peptides (precursor 

signal intensity) is used as a proxy of the protein amount [156,195]. The main 

advantage of label-free quantification is that no additional steps or reagents are 

required. Moreover, label free analysis allows a theoretically infinite number of 

samples to be compared, in principle. This type of quantification can provide 

robust quantitative relative protein expression values but requires highly 

reproducible workflows to be established, since differences in sample 

preparation, LC chromatographic or MS detection conditions will affect the 

intensities of the detected peptides [196]. Such variation can be reduced by 

applying normalization methods [197].  

Stable isotope labelling techniques enable multiplex detection, i.e. the analysis 

of multiple samples in the same LC-MS/MS run. The idea is that peptides from 

different samples differ only as a result of stable isotope labelling, and therefore 

will behave identically during MS analysis but will be distinguished by their 

different masses. Accordingly, the ratio of the labelled to unlabelled peaks 

provides a direct measure of the relative amount of the peptides in the samples 

[157].  
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Two of the most popular isotopic labeling methods that are used in proteomics 

are stable isotope labelling by amino acids in cell culture (SILAC) [198] and 

Tandem Mass Tags (TMT) [199].  

In SILAC the stable isotopes are introduced into proteins by metabolic labelling 

during cell/plant/animal growth by using a medium containing 13C6-arginine 

and/or 13C6-lysine, so that all tryptic peptides (the protease trypsin cleaves c-

terminally to arginine and lysine) will carry at least one isotopically labelled 

amino acid [198]. The comparison of protein expression between different cells 

is then performed by using different isotopic labels to label the cells from 

different samples (e.g. zero heavy isotopes, 13C6 arg/lys, 13C6.14N1 arg/lys). The 

proteins from the different samples are combined prior to reduction, alkylation, 

and proteolytic digestion, so that all proteins from all samples are processed and 

analysed identically. The mass difference between the peptides with different 

isotopic labels allows their relative quantification. Despite the high 

quantification accuracy, a big limitation of SILAC is that it cannot label many 

clinical samples (with the exception of primary cells) and that it is difficult to 

reach complete labelling of the proteins in non-dividing cells [200].  

TMT is a chemical labelling strategy that is applied after the conversion of 

proteins to their proteolytic peptides. In this manner the labelling can be applied 

to any sample type. The labelling targets primary amines, thus N-termini and 

lysine residues. The TMT reagent is composed of an amine-reactive NHS-ester 

group, a mass normalizer spacer arm, and a mass reporter group. Figure 1.14. 

shows the structure of the 10-plex TMT reagents.  
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Figure 1.14.  TMT 10plex reagents structures and reporter ions. Figure from [202] 

HCD and ETD can be used to fragment the labelled peptides to gain peptide 

sequence information for peptide identification and to release the mass reporter 

groups of the TMT tags. TMT codes the mass reporter groups with different 

combinations of stable isotope labels so that they can be differentiated by the 

mass spectrometer. Today TMT allows the simultaneous comparison of up to 16 

samples (TMT 16-plex) [201]. The isotopic labelling is performed after the 

digestion, so the peptides from all samples undergo the same LC-MS/MS 

conditions as well as the same MS and MS/MS analyses [199].  
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1.10. Sample preparation approaches for bottom-up 

proteomics analysis 

Most proteomics studies of sEVs are based on LC-MS/MS using bottom-up 

proteomics (i.e. the analysis of proteolytic peptides). Sample preparation is a 

crucial step in bottom-up proteomics since it covers all steps from protein 

extraction to protein digestion. However, there is little consensus on a standard 

sample preparation method, principally because it is much more effective to 

select and fine tune the method on the basis of the particular needs of the 

application (e.g. sample type, sample amount) [203], and on the basis of the 

available infrastructure. This section gives an overview of the currently available 

methods for bottom-up proteomics sample preparation along with their relative 

advantages/disadvantages and suitability when only a low sample amount is 

available.  

The in-solution protein digestion (ISD) approach use urea as a lysis buffer and 

solid phase extraction procedures for peptide purification. Urea is a chaotropic 

agent that breaks down the three-dimensional structure of proteins and 

denatures them [204]. However, urea leads to carbamylation and other chemical 

modifications of lysine and arginine residues, which can interfere with trypsin 

digestion (which cleaves c-terminal to lysine and arginine). In addition, urea 

inhibits trypsin activity by enhancing trypsin autolysis through its denaturation. 

Therefore, the protein samples must be diluted prior to enzymatic digestion to 

reduce the concentration of urea [205]. For protein samples characterized by low 

amounts of protein, such dilution steps increase losses due to adsorption during 

sample handling, lower the rate of digestion, and should be avoided when 

possible [206].  

The use of strong ionic surfactants such as sodium deoxycolate (SDC) and 

sodium dodecyl sulphate (SDS) can aid sample lysis and protein extraction. By 

disrupting the hydrophobic interaction, these detergents extract proteins with 

higher yield than urea-based buffers. The disadvantage is the incompatibility of 

some detergents with LC-MS/MS. Several sample preparation approaches have 

been developed which allows the use of detergents and their subsequent 

removal prior to LC-MS/MS analysis [207,208]. 
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1.10.1. 1D SDS page followed by in-gel digestion 

1D SDS page followed by in-gel digestion is a widely used approach for reducing 

the complexity of peptide mixtures and increasing proteome coverage in MS-

based proteomics analysis [209]. The proteins are extracted into an SDS-

containing buffer and heated, then loaded on to the gel and separated by 

electrophoresis. The gel is then stained (e.g. Comassie blue) and visible bands are 

cut, washed and destained. Proteins can be in-gel digested with trypsin [193]. 

Peptides can be further separated by LC prior to MS analysis. SDS-page 

fractionation has the advantages of improving the identification of low 

abundance proteins since it acts as a pre-fractionation steps prior to LC-MS/MS 

analysis [141]. 

1.10.2 Filter-aided sample preparation (FASP)  

FASP is a sample preparation approach developed in 2009 and based on the use 

and subsequent removal of SDS [210]. In FASP, proteins are extracted using 4% 

SDS, the solution is then diluted in 8 M urea to dissociate SDS from the proteins 

and loaded onto a molecular weight cut-off (MWCO) filter. The MWCO filter (3 

or 10 kDa cut off) allows the sample to be concentrated into a microliter volume 

and retain the proteins while removing low molecular weight compounds such 

as SDS, salts, peptides and other impurities.  Alkylation and digestion of the 

proteins occurs on the filter and the peptides are then eluted by centrifugation 

[211]. The use of a urea buffer allows the removal of almost all (≥ 99.9%) SDS 

from the sample [212].  
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Figure 1.15. Schematic representation  of the FASP protocol with eFASP 
modification. Figure adapted from [213].  

The first published FASP protocol struggled with sample losses. However, in 

2014 modifications to the FASP were reported under the name of enhanced FASP 

(eFASP) that improved sensitivity and sample recovery. In eFASP the MWCO 

filters and collection tubes are incubated overnight in MS-grade water, 5% v/v 

TWEEN-20, which reduced protein losses by 300%; a surfactant (0.2% 

deoxycholic) is used during digestion to increase trypsin efficiency (Figure 1.15.) 

[213]. Another improvement of the FASP digestion protocol was reported that 

uses multi-enzyme digestion (MED FASP, first digestion with Lys-C and then 

with Trypsin) [214]. 

1.10.3. Single-Pot Solid Phase-enhanced Sample Preparation (SP3)  

The SP3 protocol was developed by Hughes et al. in 2014 [215]. In SP3 proteins 

and peptides are immobilized on the hydrophilic surface of carboxylate-coated 

paramagnetic beads by a mechanism similar to the hydrophilic interaction 

chromatography (HILIC) [216] and electrostatic repulsion hydrophilic 

interaction chromatography (ERLIC) [217]. Through adjustment of the solution 

pH the protein/peptide interaction with the paramagnetic beads can be modified; 

the addition of an organic solvent to the aqueous solution and the low pH 

facilitates the HILIC binding through a solvation layer, while high pH conditions 
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foster the ERLIC repulsion due to the negatively charged carboxylate group on 

the beads surface.  

Before each clean-up step, the addition of an acidified organic solvent 

(acetonitrile with formic acid) immobilises the proteins/peptides on the beads’ 

solvation layer; the immobilized proteins/peptides can then be washed to 

remove impurities, salts and detergents (up to 10% SDS). After the protein clean-

up, the addition of HEPES at pH 8 liberates the proteins/peptides from the beads 

for in-solution digestion and subsequent peptide clean-up before the peptide 

analysis. During the clean-up steps, the magnetic beads can be concentrated and 

held in the bottom of an Eppendorf tube with a magnet while the 

supernatant/wash solutions are discarded thus enabling all steps to be 

performed in the same tube, thereby minimising sample transfers and losses of 

protein (Figure 1.16.). SP3 is one of the most versatile procedures due to its 

compatibility with various components that are commonly used to facilitate cell 

lysis or protein digestion (e.g. detergents, salts, chaotropes, acids, solvents) and 

quantitative labelling reagents [218,219].  

 

Figure 1.16.  Schematic representation of the SP3 workflow.  

1.10.4. Protein suspension - trapping  

The protein suspension - trapping sample preparation method, like the FASP 

and SP3 approaches described above, allows the use and subsequent removal of 

chaotropes and detergents [220]. After the protein suspension – trapping 

methodology was first reported in 2014, commercial S-TrapTM columns and 96-

well plates became available (Protifi, Huntington, NY) [221]. The S-TrapTM uses 

porous silica as a medium to trap proteins; the immobilized proteins can then be 
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extensively washed and proteolytic digestion is also performed within the pores 

of the S-TrapTM matrix (Figure 1.17.).  

In more detail, proteins are firstly solubilized in 5% SDS and then reduced and 

alkylated while in-solution. The proteins are then acidified with phosphoric acid 

(2.5%) and diluted using a 90% methanol-based buffer. The addition of the buffer 

leads to the formation of a protein particulate suspension, which can then be 

efficiently trapped within the matrix of the S-TrapTM. The S-TrapTM does not trap 

peptides well, so the proteolytic peptides are easily eluted after digestion.  

The pore size of the S-TrapTM, in the submicron range, allows each centrifugation 

cycle to be performed in approximately 1 minute. A key advantage of the S-

TrapTM approach is that it is fast, and the extensive washing means it is 

compatible with many co-factors that are otherwise incompatible with 

alternative microproteomics methods [222]. For instance we found that the 

protein suspension – trapping procedure was far more accommodating than the 

SP3 method to the co-factors used for the immuno-isolation of exosomes, 

Chapter 4. 

 

Figure 1.17.  Schematic representation of the protein suspension -  trapping sample 

preparation approach.  The S-TrapTM spin column is packed with a silica -based 

matrix that enables protein retention and clean -up during the sample preparation 
steps. Figure made with Biorender.  
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1.10.5. In-StageTip (iST) 

iST is a filter-aided sample preparation (FASP)-like method in which stop-and-

go extraction tips (StageTips, a pipette tip with an inserted C18 disc that is usually 

used for a final peptide clean-up before LC-MS/MS) are used as reactors [223]. 

This approach uses the reducing agent tris(2-carboxyethyl)phosphine (TCEP) 

and chloroacetamide for alkylation because they are compatible with LC-MS/MS 

analysis. Accordingly, TCEP and chloroacetamide can be added directly to the 

lysis buffer, and so lysis, denaturation, reduction and alkylation can all be 

performed in the same pipette-tip reactor (Figure 1.18.). In addition, the enclosed 

microreactor reduces the risk of contamination and sample losses during the 

sample preparation process, and thereby enables sub microgram amounts of 

protein to be processed [224].  

 

Figure 1.18 .  Schematic representation of the iST procedure for sample preparation .   

1.10.6 Sample preparation workflows comparison for microproteomics  

Modern LC-MS/MS instruments provide exceptional performance in terms of 

speed and sensitivity (nanoflow and ultrahigh pressure), but have only recently 

begun to be matched by sample preparation methods adapted for limited 

samples amount [224,225]. Sample preparation for MS-based proteomics is well 

established and offers many possibilities when the available sample is not 

limited (> 100 µg protein extract). When such larger amounts of sample are 

available, the proportion of protein losses during sample preparation is low and 

an optimal concentration for the different processing steps can be easily 

maintained [226].  
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The combination of a detergent for protein solubilisation with a clean-up step to 

remove the detergent before digestion, in a way that minimizes sample losses, 

has been central to the development of microproteomics approaches, i.e. 

proteomics methods adapted for the analysis of small samples characterized by 

low amounts of protein. The following paragraphs describe several comparisons 

of microproteomics methods that have been published.  

In the initial report of the SP3 protocol, Hughes et al. compared it with FASP by 

analysing 10 μg of yeast protein extract [215]. Both methods gave similar 

proteome coverage (but SP3 outperforms FASP for lower amounts of total 

protein, see below). The ability of SP3 to process very small samples was 

demonstrated by processing different amounts of HeLa cells (from 500k to 1k 

cells) and on single Drosophila embryos [215]. 

Sielaff et al. compared the performance of the FASP, SP3 and iST protocols for 

processing low-microgram amounts of protein. The results were comparable for 

20 μg total protein, but below 10 μg the number of identified proteins as well as 

the quantitative reproducibility decreased dramatically for the FASP protocol. 

SP3 and iST provided high proteome coverage even in the low-microgram range 

[227], Figure 1.19. 

 

Figure 1.19.   FASP, SP3 and iST were compared by processing different amounts of 

HeLa cell lysate. Figure adapted from Sielaff  M Et al. Evaluation of FASP, SP3, and 

iST Protocols for Proteomic Sample Preparation in the Low Microgram Range. J  
Proteome Res. 2017.  
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Also the FPS proteomics team compared ISD, FASP and SP3, using different 

amounts of cultured HeLa cells (from 1 million down to 5000 cells). The SP3 

protocol proved to be the most suitable for analysing small sample volumes, as 

it provided the largest number of protein identifications and the highest 

digestion efficiency [228].  

 

Figure 1.20.  Identified protein groups from 1e6, 1e5 and 5e3 HeLa cells by using 

in-solution digestion (ISD, yellow circle), FASP (orange circle) and SP3 (cyan  circle) 
approaches. Figure from [228]. 

The Venn diagrams compare the number of proteins identified using the three 

different approaches, their overlap and the unique identifications (Figure 1.20.). 

It can be seen that, for fewer cells, SP3 identified more proteins. It might be 

expected that the best performing procedure would identify all proteins 

identified by the two lesser performing methods, but both ISD and FASP also 

identified a non-negligible number of unique proteins. Such unique protein 

identifications are common in data-dependent LC-MS/MS experiments, and 

arise from the speed of MS/MS data acquisition being insufficient to acquire 

fragment spectra from all precursor ions detected in the MS1 survey scans. 

All experiments reported in this thesis were performed using data-dependent 

acquisition (DDA). Typically, the more intense peptide ions detected in MS1 are 

automatically selected, fragmented, and analyzed in MS2; the stochastic nature 

of peptide ionization leads to variability in ion intensity and thereby to 

variability in which ions are selected for MS/MS. Only those ions that are selected 

for MS/MS can be identified. 
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To overcome this limit, data-independent acquisition (DIA) has been developed, 

in which all precursor ions within a specified m/z range are simultaneously 

subject to MS fragmentation [5,6]. In DIA, the complex MS2 spectra are matched 

with spectral libraries that contain the fragment ion spectra, precursor ion exact 

mass, and its normalized retention time. Despite significant advantages in terms 

of an increased number of identified peptides, increased quantitative precision, 

and greater reproducibility, the experiments generate a very large amount of 

data and thus require expensive computational resources. 

In summary, the field of microproteomics focuses on the analysis of protein 

samples in the low microgram range. Microproteomics methods are 

characterized by minimising sample losses and increasing efficiency during 

proteomics sample preparation. Several microproteomics approaches have been 

developed, among which SP3 and iST have proven to be more efficient than 

FASP when applied to a few micrograms of protein.  

Similar comparisons are available for the protein suspension – trapping protocol 

based on S-TrapTM columns, but which unfortunately do not include the SP3 

method. A comparison using SW480 colon cancer cells reported that the protein 

suspension-trapping method outperformed in-solution digestion and FASP in 

terms of digestion completeness and number of protein identifications [229]. An 

analysis of a 0.5 ml urine sample using the S-trapTM, MStern [230], iST (PreOmics 

kit) and in-solution digestion concluded that the protein suspension – trapping 

resulted in the largest number of identified proteins [231]. However, this may 

reflect the extensive washing capabilities of the S-trapTM and its robustness to 

cofactors/salts, and not necessarily its ability to process low sample amounts, 

because urine is known to contain bilirubin, a factor that is incompatible with 

LC-MS/MS.   
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1.11. sEVs isolation and proteomics analysis: advances, 

challenges, and applications  

All tissues are perfused by blood and lymph; thus proteins, vesicles and soluble 

factors passively or actively enter the circulation at any time; for this reason and 

for its minimally invasive accessibility, blood is a precious source of clinically 

relevant information [232].  

1.11.1. Blood proteomics 

Several circulating blood proteins are routinely used in clinics to detect or to 

monitor pathologies, such as troponin and creatinine kinase for myocardial 

injury, prostate-specific antigen (PSA) [233], carcinoembryonic antigen (CEA) 

and the carbohydrate antigen 19-9 (CA19-9) for tumors. Although current MS-

technologies allow the analysis of extremely low protein amounts, the very high 

complexity of blood hampers biomarker research. This is particularly true for the 

detection of expression changes of low abundant circulating proteins. When 

protein concentrations differ by several orders of magnitude only the most 

abundant proteins are easily detected [234]. In blood, the albumin content is up 

to the 50% of the total proteome and the 22 most abundant proteins make up 99% 

of the total blood proteome, resulting in a dynamic range greater than 10 orders 

of magnitude [235]. Several immunodepletion kits are available to deplete the 

most abundant plasma/serum proteins, and thereby allow lower abundant 

proteins to be detected. For example, the High Select™ Top14 Abundant Protein 

Depletion Spin Columns (Thermo Scientific) use immobilized antibodies to 

remove human serum albumin (HSA), albumin, IgG, IgA, IgM, IgD, IgE, kappa 

and lambda light chains, alpha-1-acidglycoprotein, alpha-1-antitrypsin, alpha-2-

macroglobulin, apolipoprotein A1, fibrinogen, haptoglobin, and transferrin from 

serum and plasma. Lower abundant serum/plasma proteins can be analyzed via 

prefractionation (essentially dividing the high dynamic range across multiple 

fractions) or via targeted enrichment of specific proteins (IP), protein groups (IP, 

lectins for glycoproteins, IMAC for phosphoproteins), or protein-containing 

entities (see paragraph 1.7 for sEVs enrichment strategies). 
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1.11.2. Blood – derived sEVs proteomics  

It has been estimated that sEVs make up only 0.01% of the total blood proteome 

but when enriched and analyzed by LC-MS/MS it is possible to identify and 

quantify their protein content, and thereby report which proteins are altered 

under a variety of pathological conditions [236,237]. In this regard sEVs 

enrichment provides a highly efficient and robust method to circumvent the 

difficulties associated with the very high dynamic range of freely circulating 

blood proteins [238].  

Currently, mass spectrometry is the method of choice for sEVs proteome 

profiling, allowing the identification and quantification of several hundred 

proteins from sEVs derived from body fluids [151]. These achievements have all 

been obtained in the past 20 years; in 1999 the first proteomics dataset of sEVs 

secreted by dendritic cells reported 11 sEVs proteins, identified by gel 

electrophoresis prior to MALDI-MS detection [239]. In 2005 the presence of 

circulating exosome-like vesicles in blood was reported [240]. The large number 

of subsequent sEVs proteomics studies have helped to clarify the involvement of 

sEVs in many pathological processes, and has led to greatly increased attention 

on the potential of blood-derived sEVs as a source of accessible biomarkers 

[45,147].  

Despite the significant advantages of blood as a source of sEVs biomarkers, 

several aspects should be considered prior to undertaking the isolation and the 

MS-analysis of these vesicles. In brief these are: 

 Preparation method - both plasma and serum can be used for sEVs 

investigations, but it should be noted that some sEVs may become 

trapped within the fibrin clot during serum preparation [241], and 

platelet activation during clotting may cause the release of EVs [242]. 

 Blood protein contamination - highly abundant serum/plasma proteins 

may be co-isolated during sEVs enrichment, and can hamper any 

subsequent proteomics analysis because the abundant plasma/serum 

proteins can mask the sEVs proteins. 

 sEVs purity - lipoproteins and protein aggregates can be co-isolated with 

the sEVs when a size-based enrichment is employed, and thereby will 
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compromise any morphological characterization (e.g. TEM, NTA, DLS) 

and/or proteomics analysis [76].  

 Analytical compatibility - some of the methods used to isolate sEVs (e.g. 

DGC or precipitation) require the use of substances (e.g. sucrose, 

polymers) which are incompatible with LC-MS/MS but whose removal 

may lead to sample losses.  

 

For these reasons, the sEVs isolation approach (see paragraph 1.7.) is arguably 

the single most important aspect that will define whether an LC-MS analysis of 

blood-derived sEVs will be successful; in fact, vesicle yield, purity, presence of 

contaminants should be carefully considered before deciding which sEVs 

enrichment methodology will be used. Although, the number of existing 

isolation methods, their possible combinations and differences between available 

commercial products (SEC columns, polymeric solution for precipitation, 

ultracentrifuges) make it difficult to make a universal comparison.  

Karimi et al. investigated the ability of SEC to separate sEVs from lipoprotein 

particles by comparing SEC with combinations of diverse methodologies 

(DGC+SEC and dUC+DGC+SEC); for SEC 1 ml of plasma was used, while the 

combination of DGC+SEC required 12 ml and the combination of 

dUC+DGC+SEC required up to 80 ml. The comparison reported that the 

combination of methods was more able to remove lipoproteins from the sEVs 

preparation but required much more sample [243]. Indeed, the sample volumes 

required for the combined methods are rarely available for clinical 

investigations. More recently, Brennan et al. reported an investigation that 

sought to define the best procedure for sEVs isolation when a low sample volume 

is available [96]. They isolated sEVs from 200 µl of serum using different 

strategies such as dUC, DGC, precipitation (ExoQuick), SEC and their 

combinations [96]. By comparing particle size and number by NTA it was found 

that SEC and precipitation led to the higher particle yield. Moreover, SEC and 

DGC + dUC yielded higher particle number to protein yield ratios, indicating 

less co-isolated blood protein. The western blot analysis of SEC samples also 

reported high quantities of lipoprotein markers indicating the co-isolation of 

lipoproteins, while the combination of SEC+DGC+dUC led to less lipoproteins 

but also to a very low particle yield [96].  
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In 2008, 1D SDS page followed by in-gel digestion (see paragraph 1.10.1.) was 

used for the separation and digestion of sEVs proteins. In this study, the vesicles 

were isolated by a combination of SEC, DGC and dUC from human plasma. The 

MS analysis led to the identification of 66 proteins in total, among which the 

nuclear receptor PPARγ has been identified as a novel component of plasma-

derived exosomes and opened a debate of a new paracrine transfer of nuclear 

receptor through sEVs [244]. Recently, Zhang et al. reported the proteome 

profiling of sEVs isolated by membrane affinity spin columns (exoEasy Maxi Kit) 

from the plasma of ovarian cancer patients; a total of 294 proteins were identified 

from all sEVs samples by 1D SDS page followed by in-gel digestion. The initial 

volume of plasma was not specified, TMT labeling was used for the 

quantification and among the significantly deregulated proteins 4 were 

validated using an ELISA assay [245].   

In 2017 Arbelaiz et al. used dUC to isolate sEVs from 1 ml of human serum, sEVs 

proteins were extracted and digested using the FASP protocol (see 1.10.2); LC-

MS/MS analysis reported the identification of 485 proteins in average in the sEVs 

collected from cholangiocarcinoma (n=43), primary sclerosing cholangitis (n=30), 

hepato-cellular carcinoma (n = 29) patients and healthy subjects (n=32). A 

statistical comparison resulted in several candidate biomarkers with high 

diagnostic value [246]. The FASP protocol was also used to profile the proteome 

of plasma–derived sEVs from patients with osteoporosis, osteopenia, and 

healthy subjects; the vesicles were isolated by SEC from 2 ml of plasma, and LC-

MS/MS analysis led to the reported identification of 2351 proteins and the 

identification of 45 differentially expressed proteins, of which four were further 

verified and proposed as osteoporosis biomarkers (PSMB9, PCBP2, VSIR, and 

AARS) [247]. The high number of proteins identified in this study reflects the 

large volume of plasma used for the analysis, 2 ml (40 × greater than the one used 

here) as well as the fact that it is a cumulative list from 60 patients; the number 

of common proteins among the samples was not reported in this study.  

MED FASP (See 1.10.2) was applied for the analysis of serum sEVs isolated from 

Polycythemia Vera patients (n=9) and healthy control patients (n=9), which led 

to the identification of 624 ± 11 (mean ± SD) proteins from the sEVs isolated from 

500 µl of serum [248].   
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The in-solution digestion of plasma sEVs proteins and subsequent TMT labeling 

led to the identification of 343 proteins from sEVs isolated by precipitation from 

an unspecified amount of plasma collected from HIV-infected and healthy 

subjects [249]. A recent study reported the proteome characterization of plasma 

sEVs isolated by SEC and processed using an in-solution approach, LC-MS/MS 

analysis reported the identification of 2011 proteins from 500 µl of human plasma 

(it should be noted that this number is obtained without following best-practice 

guidelines for reporting proteomics results, as it includes protein isoforms and 

many redundant identifications). The integration of the LC-MS/MS analysis with 

ultrasensitive immunoprofiling of sEVs enabled the identification of Syndecan-1 

as a glioma sEVs biomarker [250].    

The sample preparation procedures used for protein profiling of circulating sEVs 

may also be adapted to investigate post-translational modifications (PTMs). 

PTMs can affect protein structure and consequently its function. The 

identification of specific PTMs in sEVs proteins may help to identify novel 

sorting mechanism and biological effects [251]. The modified peptides are 

present in low abundance with respect to the unmodified protein, and thereby 

are underrepresented by typical MS-based proteomics workflows. To address 

this, PTM enrichment can be performed during the sEVs proteomics sample 

preparation [147]. Firstly, the identification of PTMs requires sample preparation 

procedures that maintain PTM stability, for instance phosphatase or GlcNACase 

inhibitors are used to preserve protein phosphorylation and O-linked N-

acetylglucosamine respectively [252].  

Phosphorylation is one of the most commonly investigated PTMs in sEV. In 2019, 

dUC was used for the isolation of microvesicles and sEVs from 5.5 ml of pooled 

plasma of healthy and breast cancer patients. The sEVs proteome was processed 

using an in-solution approach and phosphopeptides were isolated with metal 

ion affinity chromatography (IMAC). The analysis led to the identification of up 

to 479 phosphoproteins, of which 271 displayed clinically relevant changes in 

level [253]. Other PTMs that have been studied include glycosylation, 

sumoylation and ubiquitination. Further work is needed to establish the 

biological function and clinical potential of sEVs protein PTMs [252].  This is 

particularly true when the amount of sample available is limited. In this 

situation, PTM enrichment would lead to a further reduction of the material 
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available for proteomics analysis, and thus will necessitate the use of extremely 

optimized sample preparation procedures and sensitive LC-MS/MS analysis 

[254].  

1.11.3. Evolution of microproteomics strategies for sEVs analysis  

Proteomics analysis of circulating sEVs are often limited by the small amount of 

available protein. For instance, when sEVs are isolated from low volumes of 

serum/plasma, when specific and/or low abundant sEVs subtypes are isolated 

(e.g. neuron-derived sEVs isolated using the L1CAM antibody), or when sEVs 

proteins PTMs are studied. In these cases, the signal from specific proteins is 

often low and can frequently be below the limit of detection. This is a concern for 

the robust detection of potential biomarkers, which may be present in low 

abundance and therefore easily masked by more abundant species [255]. 

A case in point is a 2018 study that sought to determine the minimal volume of 

plasma needed for proteome profiling of sEVs isolated with dUC [256]. Five 

volumes of plasma (50 μL, 100 μL, 300 μL, 500 μL, and 1 mL) were tested, sEVs 

isolated, proteins extracted using an acid-labile surfactant (which degrades at 

low pH) and digested using a urea–based in-solution digestion protocol. It was 

found that when using 300 μL of plasma the number of identified proteins 

reached a plateau (approximately 248), whereas for 50 μL and 100 μL the number 

of identified sEVs proteins was much lower, 134 and 154, respectively. These 

results are consistent with other studies on circulating sEVs that also report fewer 

identified proteins when only a small amount of sample is available [257].  

The ability of PCR to amplify short segments of DNA has enabled very high-

sensitivity genomics analysis. There is no analogous generic method for 

amplifying proteins. Consequently, the analysis of sEVs proteins is essentially an 

analytical challenge, to extract sufficient protein from the sEVs and to maintain 

sufficient protein/peptide concentration throughout the sample preparation 

procedure in order to identify and quantify them by LC-MS/MS. The 

identification, and more so for accurate quantitation, becomes more difficult with 

small samples because of the increased variability when working near the 

analytical limit [226,254].  
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Fractionation has been used to increase the number of identified proteins, but 

requires higher amounts of proteins because of sample losses and dilution 

during the fractionation process. When the entire amount of protein is a few 

micrograms or lower, fractionation can adversely affect the detection of protein 

species with low abundance [201]. It should also be noted that the quantification 

of small protein amounts itself is also challenging, because the detection limit of 

standard colorimetric methods, such as Bradford and microBCA assay, is often 

insufficient [258]. 

When examining sEVs, the available amount of protein is often limited, 

particularly when seeking to characterize specific sEVs subtypes or sEVs from 

specific organs/cells. It is too easy to rationalize that the combination of recent 

advances in microproteomics sample preparation together with state-of-the-art 

MS-instrumentation could make a difference in the study and characterisation of 

the sEVs proteome. The analytical challenge is to develop reproducible 

quantitative microproteomics methods, because when analysing such small 

samples, the margins for error are very small.  

Thesis aim 

The main objective of this work was the development of high-sensitivity 

microproteomics approaches for sEVs isolation and proteome characterization 

to allow the characterization of circulating sEV. The workflows have been 

developed for specific clinical questions, namely the longitudinal monitoring of 

a mouse model of glioblastoma multiforme, and the specific targeting of neuron-

derived circulating sEVs in Parkinson's Disease patients. Both analyses are 

characterized by samples with extremely small amounts of total protein, and 

therefore with extremely demanding analytical challenges. 
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2.1. Introduction  

As more extensively described in the first half of Chapter 1, EVs are a 

heterogeneous population of vesicles naturally released from cells [1]; they are 

secreted by most cells types, including cancer cells, and are present in nearly all 

body fluids [2,3]. Small extracellular vesicles (sEVs, diameter 30 – 150 nm) are 

the EV subclass that have gained most interest because their molecular cargo (e.g. 

proteins, lipids and nucleic acids) reflect the cell of origin and thus sEVs released 

in pathological conditions (e.g. cancer cell derived sEVs) become of interest for 

disease monitoring studies [4,5]. It is well established that sEVs play a 

fundamental role in intercellular communication processes in both physiological 

and pathological conditions [6–8]. Their ability to cross the blood brain barrier, 

their high concentration in biofluids, and their high stability makes them good 

candidates for the identification of circulating biomarkers [9]. The isolation of 

sEVs from blood represents an opportunity to identify biomarkers in a minimally 

invasive way, for instance for tumour diagnosis and monitoring [10].  

Identification of possible biomarkers, along with investigation of disease 

mechanisms and assessment of therapy response, are usually carried out on 

animal models. Among these xenograft tumour mouse models are widely used 

for the study of disease progression, biomarker discovery and drug testing, on 

account of their shorter lifespan and rapid disease progression [11,12]. The 

increasing requirement to replace, reduce and refine (3Rs) animal research places 

great emphasis on ensuring maximum information content from each 

experiment [13]. The longitudinal analysis of sEVs from individual mice would 

improve data quality through reducing inter individual variability, as well as 

better satisfy the 3Rs animal welfare requirement. The isolation and 

characterization of circulating sEVs in disease mouse models is very challenging 

due to the limited serum/plasma that may be obtained at each time point; for 

instance, the amount of serum that can be drawn from an adult mouse is 75 µl 

every 14 days to preserve the animal welfare and reduce sampling invasiveness 

[14]. 

The proteomics analysis of blood sEVs requires methods that are able to isolate 

them from the high abundant proteins, lipoproteins, protein aggregates and 

soluble factors in blood, while maintaining their integrity [15]. Among the 
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available methods used for sEVs enrichment (see paragraph 1.7.), differential 

ultracentrifugation (dUC) has been the gold-standard for years; in this technique, 

low-speed centrifugation is first used to remove cells and larger vesicles, than a 

longer, higher-speed centrifugation is exploited to pellet the smaller EVs [16]. 

However, the high centrifugal forces involved can lead to sEVs aggregation, 

membrane rupture and altered morphology with subsequent risk of losing 

material, and the sample volume needed for dUC from serum/plasma is typically 

several milliliters [17,18]. Precipitation-based purification (PPT) and size 

exclusion chromatography (SEC) methods have been reported for sEVs 

proteomics studies that use relatively low sample volume [19–21]. Munson et al. 

used precipitation and LC-MS/MS based proteomics to investigate mouse serum 

exosome proteome following asbestos exposure [20], and the analysis led to the 

identification of 376 proteins. This experiment was performed using only 200 µl 

of serum but even this volume is too large for a longitudinal study of mice 

involving multiple time points.   

In the research reported in this chapter, PPT and SEC were compared for the 

sEVs enrichment from 100 µl of mouse serum; the single-pot, solid-phase-

enhanced sample-preparation (SP3) workflow was used to extract and process 

the sEVs proteins for the further LC-MS/MS analysis. The SP3 protocol was 

chosen for the serum sEVs proteomic analysis because of its ability to limit 

sample losses during sample preparation and enabling the analysis of samples 

characterized by proteome amounts in the microgram-submicrogram ranges 

[22–24]. This highly sensitive proteomics approach is based on the interaction 

between proteins and carboxylate-coated paramagnetic beads (see paragraph 

1.10.3 for details on the SP3 mechanism) which allows doing all steps within a 

single pot using a magnet to retain the proteins/peptides while performing 

sequential addition and removal of components that are used to enhance lysis, 

protein solubilisation and digestion (e.g. detergents, salts).  

The comparison reported that SEC led to a larger number of identified sEVs 

proteins than PPT. The proteolytic digestion was then optimized to increase 

proteome coverage and technical reproducibility, enabling the scaling down of 

the procedure to sEVs isolated from 50 µl of serum, i.e. sufficient for its 

application in longitudinal studies on a disease-model mouse. 
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2.2. Results and discussion 

A workflow for the isolation and proteomics analysis of sEVs from low serum 

volumes was developed to enable their longitudinal analysis in individual mice. 

The study design is illustrated in Figure 2.1.  

 

Figure 2.1.  Experimental workflow. Serum is first pre -treated to remove vesicles 

larger than sEVs.  Precipitation (PPT) and size exclusion chromatography (SEC) 

were compared using 100  µl of mouse serum. The SEC procedure was then scaled 

down and optimized for sEVs isolated from 50 µl of serum. Purified sEVs were 

concentrated and lysed on protein concentrator spin filters; then the proteins 

extracted, quantified and digested with a modified SP3 workflow. Peptides were 
analyzed by nLC-MS/MS, and proteins identified with Proteome Discoverer.  

Commercially available mouse serum was first used to compare two methods 

for the isolation of sEVs from low serum volumes using 100 µl of sample; all 

procedures were performed in technical triplicate. The better performing 

methodology was then scaled down further to 50 µl and the proteome digestion 

workflow optimized to increase proteome coverage and attain high technical 

reproducibility. Finally, the workflow was applied to 50 µl aliquots of serum and 

plasma from individual mice (n=3) and the results compared to investigate which 

format performed better. 
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2.2.1. Selection of size exclusion chromatography sEVs fractions 

The SEC isolation method separates sEVs and proteins according to size (see 

paragraph 1.7.6.). For this study, qEVsingle/70 nm columns (IZON) were used; 

these columns have been designed for small sample volumes (<150 µl) and work 

in gravitational flow using phosphate buffered saline (PBS) as elution buffer. The 

commercial resin has a cut-off of 70 nm, which means that larger particles do not 

enter the resin particle pores and are directly eluted after the column void 

volume (1 ml). For particles smaller than 70 nm the elution time decreases with 

their size, allowing their resolution from proteins aggregates and smaller 

proteins. Preliminary experiments were performed to confirm the 

manufacturer's reported SEC elution profile (Figure 2.2.A) [25] and to determine 

which fractions contained the sEVs.  

A 100 µl aliquot of commercial mouse serum was loaded onto the SEC column 

and twenty-five 200 µl fractions collected. These fractions were pooled in order 

to ensure there was sufficient protein content for LC-MS/MS analysis. The four 

pools were selected on the basis of the qEV column elution profile (Fig. 2.2.A 

shows the vesicles elution profile in blue and the protein elution profile in red) 

and were EV-1 (fractions 6 to 8), EV-2 (fractions 9 and 10), PROT-1 (fractions 11-

17), and PROT-2 (fractions 18-25). Note: fractions 1-5 correspond to the column 

void volume. The list of the identified proteins from each pool was compared 

with the proteins contained in the ExoCarta Top 100 database of common sEVs 

proteins [26]. 22 markers of sEVs were identified in sample EV-1, which was 

more than double that of any other SEC pooled-fraction-sample, and which also 

contained the most unique protein identifications (Figure 2.2.B). The sEVs 

markers present in pool EV-1 included integrin family proteins (Itgb1, Itgb2, 

Itgb3, Itga6), tetraspanins (Cd9) and the early endosome antigen-1 (Eea1), and 

they were absent in all other samples. The total protein amount extracted from 

SEC eluate sample EV-1 was smaller than that obtained from EV-2, 3.5 µg and 8 

µg respectively (Table 2.1), but led to a greater number of identified proteins. 

Moreover, nearly all proteins identified from the EV-2 pool were also identified 

from the protein pools PROT-1 and PROT-2, indicating that there was substantial 

co-elution of blood proteins (Figure 2.2.C). In view of the higher purity of the 

sEVs proteins all subsequent SEC experiments were performed using the EV-1 

pool.   
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Figure 2.2.  Size exclusion chromatography elution profiles; LC-MS/MS analysis was 

performed on the four SEC eluted fraction pools: EV -1 (fractions: 6-8),  EV-2 

(fractions: 9-10), PROT-1 (fractions:  11-17), PROT-2 (fractions: 17 –  25). (A) 

qEV/70nm SEC column vesicle elution profile (in blue) and proteins elution profile 

(in red). Each dot represents a fraction of 200 µl; fractions 1 -5 are the column void 

volume, most of the vesicles elute right after the void volume (6 -8) and proteins 

elute in later fractions.  (B) Venn diagram showing the overlap between the 

identified protein groups.  (C) Number of the identified protein groups for each SEC 

elution fraction pool and identified protein groups in common with the ExoCarta 
Top 100 database of common sEVs proteins.  

The protein quantification of the commercial serum reported that in total 4 mg 

of protein are contained in 100 µl of serum, of which only 3,5 µg corresponded 

to EV-1 fraction pool which has been selected for the SEC–based sEVs 

enrichment. The identification in EV-1 of sEVs markers indicate that the removal 

of 99.91% of the total serum proteome facilitate the identification of the sEVs 

proteins, indicating the successful enrichment. 

Trypsin (Try) and Lys-C are the two enzymes used for the proteolytic digestion; 

Try cleaves the peptide bond between the arginine and lysine carboxyl group 

and the amino group of the adjacent amino acid and Lys-C has a high specificity 

for the C-terminus of lysine; any uncut lysine/arginine peptide bond is called a 

missed-cleavage [27]. The proteomics analysis of the SEC pools revealed a 

particular increasing trend of the percentage of 0 missed-cleavage peptides, 

which increased from 58 % for the pool EV-1 to 97.1% for pool PROT-2 (Table 

2.1). This parameter is routinely used to assess proteolytic digestion performance 

and indicated that the proteolytic digestion for the EV-1 pool was incomplete, 
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presumably due to the low amount of protein leading to an overly dilute sample.  

The focus of this experiment was to confirm the performance of the SEC column 

and to identify which fractions/pool contained the sEVs of interest. Nevertheless, 

the results did indicate that further work was necessary to optimize the 

proteomics sample preparation protocol, as is reported in section 2.2.3. 

Table 2.1.  LC-MS/MS proteomics analysis of the SEC elution fraction pools .  

 

 
EV-1 EV-2 Prot-1 Prot-2 

# SEC fractions 6-8 9-10 11-17 17-25 

Extracted protein amount (µg) 3.5 8 2232 1764 

Identified protein groups (# 

IDs) 
177 74 245 180 

0 Missed cleavages 57.98% 80.40% 88.43% 97.12% 

2.2.2. Comparison of sEVs isolation procedures  

The first objective was to establish sEVs purity and its associated protein yield 

from two isolation methods recently reported for serum volumes in the range 

200-500 µl (still appreciably greater than the 50 µl needed for the longitudinal 

analysis of individual mice), namely precipitation (PPT) and size exclusion 

chromatography (SEC). For all experiments, prior to sEVs isolation the serum 

was pre-treated by centrifugation at 4,000 g for 30 minutes at 4°C to remove cell 

debris and the supernatant was then filtered through 0.22 µm spin filters to 

eliminate larger extracellular vesicles. Both procedures were performed in 

triplicate for the comparison.   

The total protein amount that could be extracted from the sEVs was greater for 

those isolated by PPT than by SEC, 523±16 µg and 4±0.58 µg respectively, Figure 

2.3.A. LC-MS/MS proteomics analysis using the SP3 digestion protocol [22,23] 

was performed on 3 µg protein aliquots from each sample. The SEC based 

isolation method led to the identification of more proteins than PPT based 

isolation, 334±28 versus 274±21 protein groups respectively, Figure 2.3.B. A total 

of 572 protein groups were identified, among which 37% were common to both 

datasets, 19% exclusive to PPT-sEV, and 44% exclusive to SEC-sEV, Figure 2.3.C.  
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Figure 2.3.  Comparison of PPT and SEC sEVs isolation methods. Extracted protein 

amount of identified protein groups of SEC - and PPT-sEV. Welch’s test:  *:  p<0.05, 

**: p<0.01, ***: p<0.001. Data are mean ± SD (N=3) (A).  Number of identified protein 

groups of SEC- and PPT-sEV. Data are mean ± SD (N=3) (B). Venn diagram showing 
the overlap of proteins identified from the SEC and PPT preparations (C).  

The lists of identified proteins were compared with the proteins that are expected 

to be present in sEVs preparation (MISEVS 2018 guidelines) [1]. The results 

demonstrated that the sEVs proteins identified by SEC contained a larger 

number of vesicle markers, including membrane proteins (tetraspanins and 

integrins) and cytosolic proteins (Table 2.2.). Proteins associated with other 

intracellular compartments (histones, Cnx, Cycs), characteristic of impure sEVs 

preparation were absent in all datasets, though the presence of serum albumin, 

apolipoproteins and immunoglobulins demonstrated that both SEC and PPT 

procedures did not completely isolate the vesicles from the most abundant serum 

proteins.  

A comparison with the ExoCarta Top 100 [26] databases, which is one of the most 

recognized databases of sEVs markers, also confirmed the higher number of 

markers in the SEC-sEVs preparation, with 25 identified markers versus 14 for 

the PPT-sEVs preparation (Table 2.3). It should be noted that the results reported 

in Table 2.2. and Table 2.3 are conservative, as they were calculated using only 

those proteins identified in all technical replicates; many other sEVs common 

proteins were identified in the SEC-sEVs samples but not in all replicates (e.g., 

Cd9, Itga2, Anxa4, Anxa5, Anxa7, Vamp8); importantly these proteins were absent 

in all PPT-sEVs preparations.  
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Table 2.2.  sEVs markers identified from PPT and SEC preparations.  The table 

reports the proteins expected to be present in sEVs preparations, a guideline of the 

Minimal Information for Studies of Extracellular Vesicles 2018 (MISEV2018) [1]. 

The comparison was performed by string search of the protein names; o nly proteins 

identified in all replicates were used for this comparison. Markers common to both 
PPT and SEC are marked in bold.  

Identified proteins expected to be present in EV (MISEVS 2018) 

Category PPT SEC 

Transmembrane protein 

associated to plasma 

membrane and/or 

endosomes 

- 

MHC class I (H2-

Q10) 

- 

Tetraspanins (Cd82, Cd151) 

MHC class I (H2-K1, H2-

D1) 

Integrins (b1,b2,b3,a6); 

Adam10 

Cytosolic proteins 

recovered in EV 

Anxa2, Hspa8, 

Gapdh 

Ehd-1, Ehd-4, Hspa8, Actc1, 

Tuba1a, Tubb4b, Gapdh, 

Sdcbp 

Adhesion and 

extracellular matrix 

proteins 

Fibronectin, 

Collagen (Col12a1), 

Ahsg, Cd5l 

Lgals3bp 

Tgfb1, Fibronectin, Mfge8, 

Cd5l, Ahsg, Collagen 

(Col1a1, Col1a2) 

Table 2.3.  ExoCarta Top 100 sEVs markers identified from PPT and SEC 

preparations. The table reports the presence of the proteins shared with the 

ExoCarta Top 100 database. The comparison was performed by string search of the 

protein names; only proteins identified in all  replicates were used for this 
comparison. Markers common to both PPT and SEC are marked in bold.  

sEVs isolation method # IDs Gene name 

Precipitation 14 

Thbs1; Anxa2; Hsp90aa1; Hspa8; Msn; 

Ldha; Flna; Hspa5; Alb; Tfrc; Myh9; 

A2m; Lgals3bp; Gapdh 

Size exclusion 

chromatography 
25 

Vcp; Slc3a2; Aldoa; Stom; Ldha; Flna; 

Alb; Tfrc; A2m; Bsg; Thbs1; Sdcbp; 

Itgb1; Itga6; Hspa8; Slc16a1; Atp1a1; 

Tpi1; Prdx2; Rap1b; Myh9; Ywhaz; 

Gapdh; Acly; Ezr 
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To further assess sEVs enrichment, the genome-wide mus musculus dataset was 

used as a reference for a gene–enrichment analysis of all proteins identified with 

each procedure; only gene ontology cellular components terms were used since 

they group the genes on the base of their origin. The analysis demonstrated the 

successful enrichment of the sEVs isolated by SEC: the cellular component term 

'extracellular exosomes' (false discovery rate –FDR– corrected p-value: 5,8 ×10-110) 

was the most enriched term for the SEC-sEVs preparation (Figure 2.4.) but only 

the fourth most enriched for the PPT-sEVs samples, for which the terms 

'extracellular region', 'blood microparticle', and 'extracellular space' exhibited 

higher enrichment (Table 2.4.). The gene-enrichment analysis also reported the 

higher purity of the sEVs isolated by SEC, since the terms ‘high density 

lipoprotein particles’, the ‘immunoglobulin complex’ and the ‘fibrinogen 

complex’ were significantly enriched in the PPT-sEVs preparations, confirming 

the co-isolation of a major number of blood proteins (Figure 2.5.).  
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Figure 2.4.  Gene Enrichment Analysis of proteins identified in serum small  

extracellular vesicles isolated by size exclusion chromatography. The analysis was 

performed using DAVID database v.6.8. The bubble plots report the enriched 

cellular component GO terms, the number of identified genes, and the –Log of the 
FDR adjusted p-values.  

Figure 2.5.  Gene Enrichment Analysis of proteins identified in serum small  

extracellular vesicles isolated by precipitation. The analysis was performed using 

DAVID database v.6.8. The bubble plots report the enriched cellular component GO 

terms with the relative number of identified gene,  and the –Log of the FDR adjusted 
p-values.  
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To fully characterize the isolated sEVs, the size distribution and morphology of 

the sEVs preparations were investigated using dynamic light scattering (DLS) 

and transmission electron microscopy (TEM) respectively. The TEM analysis 

revealed that both SEC and PPT resulted in the isolation of intact vesicles (Figure 

2.6.A), the PPT-EV also included large features that could not be resolved by 

TEM and which were not present in the SEC-EV sample (Figure 2.6.A-insert). 

The DLS measurements (Figure 2.6.B) revealed that the SEC-EV were 

characterized by a single peak, centred at 130 nm hydrodynamic diameter, 

whereas the PTT-EV presented a highly polydisperse distribution with three 

distinct populations, centred at 20 nm, 170 nm and 3350 nm of hydrodynamic 

diameter; the latter in agreement with the large features reported by TEM. The 

small population (20 nm) is indeed consistent with non-vesicular protein 

aggregates, which further supported the LC-MS/MS result that SEC provided 

purer sEVs protein signatures.  

Figure 2.6.  Transmission electron microscopy images at low and high magnification 

of negative staining sEVs obtained by PPT and by SEC (A). Dynamic l ight scattering 

analysis and relative dimension distribution obtained for PPT -sEVs and SEC-sEV. 

Continuous and dotted lines show replicates profiles.  Data are mean (nm) ± SD 
(N=3) (B).  
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2.2.3. Optimization of proteolysis of SEC-EV isolated from 50 µl of serum.  

The comprehensive comparison of the SEC and PPT sEVs isolation methods by 

LC-MS/MS, DLS, and TEM indicated that the SEC-based system provided purer 

sEVs samples with less serum protein background and less aggregation. For this 

reason, we used only the SEC-based sEVs isolation for further experiments.   

The SEC workflow was then scaled–down for serum sEVs isolation and 

proteomics analysis from just 50 µl of mouse serum. These experiments were 

performed using aliquots of the pre-treated commercially available mouse 

serum. Initial tests using 50 µl resulted in the extraction of 2.6±0.26 µg of protein, 

which led to the identification of 222±104 protein groups. Close examination of 

the proteomics data revealed the percentage of zero missed-cleavage peptides 

was 57%, significantly lower than 90% threshold we routinely use to quality-

control the LC-MS/MS measurements, and which is also the probable cause of 

the high variation in the number of identified proteins (Figure 2.7). Among the 

possible reasons for the low digestion efficiency, there are the low amount of 

protein, the highly diluted protein in the extract (a result of the low amount of 

protein) and the presence of a significant number of membrane proteins, since 

membrane proximity can impair the enzyme's access all cleavage sites [28]. In 

fact, sEVs consist of a lipid bilayer and a small cytosol, thus the content of 

membrane proteins may be high with respect to soluble proteins (see also §1.9.1). 

Moreover, EVs also contain a large number of glycosylated proteins [29], which 

have been reported to hinder enzyme access [30]. This rationalization is also 

supported by the SEC elution profile results shown in the Table 2.1, in which the 

percentage of zero-missed-cleavage peptides increases as the EV concentration 

decreases during the SEC elution profile.  

To increase the efficiency of the proteolytic digestion we investigated adding 

supplemental enzymes in the presence of an organic solvent. Specifically, the 

single overnight 18-hour incubation was shortened to 16 hours, after which a 

second digestion step was added using extra enzymes in the presence of 60% 

acetonitrile and the incubation continued for the remaining 2 hours. A detailed 

description is available in Table 2.4.  
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Table 2.4.  Digestion optimization.  

 Conditions Before optimization 
II step – 60 %ACN  

- Try/Lys-C 

I 

step 

Time (hours) 18 16 

Enzyme Try/Lys-C Try/Lys-C 

Enzyme:Protein ratio 1:25 1:25 

Digestion volume (µl) 12 12 

Digestion solution 50 mM HEPES 50 mM HEPES 

II 

step 

Time (hours) 

 

- 

2 

Enzyme Try/Lys-C 

Added enzyme: 

Protein ratio 
1:75 

Digestion volume (µl) 30 

Final digestion 

solution 

60% ACN - 40% 

Hepes 50 mM 

 

The two-step digestion was then performed in technical replicates on 50 µl 

aliquots of mouse serum. The supplemental addition of more trypsin/Lys-C in 

the presence of 60% acetonitrile (enzyme:protein ratio 1:75 in 60% ACN) 

increased the number of protein identifications and reduced variability, with 

277±2 (average±SD) protein groups identified from the sEVs isolated from 50 µl 

of mouse serum. Moreover, the percentage of peptides with 0 missed cleavages 

increased to 89.9% versus the previous 57%, which is indicative of a more 

complete proteolytic digestion. 
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Figure 2.7.  Optimization of digestion of sEVs proteins obtained from 50 µl of serum. 

Number of protein groups and percentage of zero-missed cleavages peptides 

obtained using an 18 h incubation with a Try/Lys -C mixture, and using 

supplemental addition of Try/Lys-C in 60% acetonitrile. Data are  mean ± SD.  

 

Figure 2.8.  Reproducibil ity investigation of the proteolytic digestion of sEVs 

proteins obtained from 50 µl of serum. The graph shows the pairwise analysis of 

replicates for the two conditions (before and after the optimization). The protein 

intensities have been Log2 transformed and the axes of each scatterplot reports the 

intensities of the common proteins among the two replicates. Pearson correlation 

coefficient was then calculated to investigate the linear correlation among 

replicates.   
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The reproducibility of protein quantitation was then investigated by comparing 

the intensities of the detected proteins in multiple replicates. Figure 2.8 shows 

the results as scatter plots. Pairwise analysis of any two replicates for each 

condition showed a Pearson correlation coefficient (r) <0.7 for the procedure 

before the optimization, demonstrating that the initial digestion condition was 

characterized by poor reproducibility. The addition of the supplemental enzyme 

and of the organic solvent greatly improved the reproducibility and increased 

the Pearson correlation coefficient to >0.9  

2.2.4. Serum sEVs analysis from individual mice and comparison with plasma 

sEVs  

The comparison between SEC and PPT isolation procedures and the SP3 

digestion optimization were performed using commercially available mouse 

serum. The SEC-isolation and optimized SP3 digestion methods were then used 

to analyze individual mouse serum samples to evaluate inter-individual 

variability. We also performed the experiment using individual mouse plasma 

samples to determine if using plasma or serum led to any differences in the 

amount/purity of the sEVs samples and their protein signatures. It is known that, 

during the preparation of serum, the fibrin clot incorporates a large number of 

blood proteins [31], and the extracellular vesicles may become trapped within 

this network [32]. Different amounts of fibrin during clotting could thus 

differently affect the number of sEVs that could be isolated from serum. To assess 

if this source of variability had an effect on the analysis of sEVs proteins, the SEC-

based sEVs isolation procedure was applied to 50 µl serum and 50 µl plasma 

samples. Note that blood was collected from individual animals and was not 

pooled for this experiment (n=6), thus the total variability includes both technical 

and biological source of variability.  

sEVs were isolated by SEC and the extracted proteins digested using the two-

step digestion procedure. The number of identified proteins was much more 

variable for the plasma derived sEVs, with 213±4 protein groups identified from 

serum-sEVs and 206±88 from plasma-sEVs, Figure 2.9.A. Protein intensities were 

also more variable for the plasma-sEV. A principal component analysis (PCA) of 

the log2 transformed and median normalized data matrices was used to identify 

the major differences in the sEVs protein signals from serum and plasma. The 
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PCA score plot (Figure 2.9.B) shows that the first component (PC1) explains the 

62.2% of the total variation, and is the more important component separating the 

serum samples from the plasma samples; the differences among the plasma 

replicates were mostly explained by the second principal component (PC2), 

which describes 19% of the total variation. The PCA score plot also shows that 

the serum sEVs samples from different animals were clustered together more 

closely than the plasma sEVs samples, and that one plasma sample is closer to 

the serum samples (considering only the PC1 component). This can be explained 

by the PCA loading plot (Figure 2.9.C.), which represents how strongly each 

protein influences the PC1 and PC2; three proteins were primarily responsible 

for the separation of plasma sEVs from serum sEV, and were all part of the 

fibrinogen family (Fga, Fgb, Fgg), how it could be expected. Thus, the higher 

similarity of one plasma sample with the serum samples can be explained with 

the variable intensity of the fibrinogen proteins.  

 

Figure 2.9 .  Proteomics analysis of sEVs proteins obtained from 50 µl of mouse 

serum (n=3) and plasma (n=3). Number of identified protein groups demonstrates 

greater variability in plasma-derived sEVs (A). PCA score plot clearly separates the 

serum and plasma datasets (B). PCA loading plot show three proteins that 

distinguished the plasma and serum derived sEV; th ey were all f ibrinogen proteins 
(Fga, Fgb  and Fgg) (C).  

Several common markers of sEVs were identified in sEVs isolated from both 

serum and plasma, including proteins of the integrin family (Itgb1, Itga2b, Itgb3, 

Itga2) and the heat shock protein Hspa8. In contrast, proteins belonging to the 

tetraspanins family (Cd9 and Cd81) were only identified in the serum-sEVs 

samples, and Anxa2 only in the plasma-sEVs samples.   
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These results demonstrated that the optimized procedure allowed the 

identification of 213 protein groups from serum of individual animals and led to 

the identification of several markers of sEV. The same optimized procedure 

performed on sEVs isolated from the plasma of individual animals also led to the 

identification of several sEVs proteins but with greater variability in the number 

and intensities of identified protein groups, and which was probably due to the 

high variability of three high abundant blood proteins of the fibrinogen family.  

2.3. Conclusions 

Circulating small extracellular vesicles are widely recognized for their potential 

in non-invasive liquid biopsies for disease detection and monitoring [49–51]. 

Here, a proteomics workflow for the characterization of the sEVs proteome from 

serum volumes as low as 50 µl has been developed and optimized. Despite the 

limited sample amount, 213 proteins were identified with high reproducibility. 

This result shows the improvement in terms of proteins identification and 

volume with respect to previous studies on circulating sEVs; up to now no 

procedures have been reported for the characterization of the proteome of sEVs 

isolated from 50 µl of serum/plasma. One-step density gradient 

ultracentrifugation was recently used for the isolation of sEVs from different 

volumes; when using 300 μL of plasma the number of identified proteins reached 

a plateau (approximately 248), whereas for 50 μL and 100 μL the number of 

identified sEVs proteins was much lower, 134 and 154, respectively [21]. More 

details on recent studies can be found in paragraph 1.11.2. The developed 

procedure led to the identification of several common sEVs markers, but highly 

abundant serum proteins were also identified, indicating that SEC is not able to 

completely purify sEVs from serum. Recent studies have also shown that the 

combination of SEC with other isolation procedure (e.g. DGC) can increase the 

removal of lipoproteins increasing the number of sEVs markers, but several 

millilitres of starting sample are required, which is not compatible with the aim 

of this study [33].   

In summary, the ability of size exclusion chromatography (SEC) and 

precipitation (PPT) based methods were compared for the isolation of sEVs from 

limited volumes of serum. While both SEC and PPT provided intact sEVs, from 
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which proteins could be identified and quantified, those obtained using SEC 

were purer, being characterized by a single size distribution and with protein 

signatures that contained more commonly recognized sEVs biomarkers (e.g. 

tetraspanins, integrins, annexins) and fewer background serum proteins. Further 

optimization of the proteolytic digestion increased the number of identified 

proteins by approximately 50% and significantly increased the reproducibility of 

the method, allowing its application on the characterization of serum sEVs from 

individual animals.  

2.4. Materials and Methods  

A detailed step-by-step protocol followed by a helpful notes section and 

troubleshooting advice is available in Annex 1. 

2.5.1. Materials  

Normal Mouse Serum (10 mL), microBCA protein assay kit, Pierce Concentrator 

3K MWCO 0.5 mL, and Total Exosome Isolation from plasma were purchased 

from Thermo Fisher Scientific (Rockford, IL). Trypsin/Lys-C mix Mass Spec 

grade was purchased from Promega (Madison, WI) and PNGase F PRIME from 

N-Zyme Scientifics (Doylestown, PA). Size exclusion chromatography columns 

(qEV/70 nm single) were purchased from IZON (Christchurch, New Zealand) 

and 0.22 μm centrifugal filters were purchased from Merck (Darmstadt, 

Germany). All other reagents and solvents were purchased from Sigma-Aldrich 

(St. Louis, MO). 

2.5.2. Mouse serum and plasma collection  

The retro-orbital vein was punctured with gentle pressure and twisting motion 

with a needle at the sinus level, blood was collected in 1.5 mL Eppendorf tubes. 

Serum was prepared by allowing the blood to clot at room temperature for 30 

minutes, followed by centrifugation at 2,000 g for 20 minutes at 4°C and 

collecting the supernatant. Approximately 70 µl of serum were obtained from 

each blood sample. Plasma samples were prepared as following: blood was 

collected in a refrigerated 1.5 mL tube containing 5 µl EDTA solution (0.5M, pH 
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8), centrifuged at 2,000 g for 20 minutes at 4°C; the supernatant was then 

collected. Approximately 100 µl of plasma were obtained from each blood 

sample. The serum and plasma samples were then stored at -80°C. 

2.5.3. Sample pre-treatment 

Commercial Normal Mouse Serum (Thermo Fisher Scientific) was used to 

compare sEVs purification procedures and for all optimization steps. Aliquots of 

Normal Mouse Serum (100 µl and 50 µl) were prepared and stored at -20°C until 

use. All other serum and plasma samples were collected as described above. All 

serum and plasma samples used in this study were pre-treated by centrifugation 

at 4,000 g for 30 minutes at 4°C and filtered through 0.22 µm spin filters 

(centrifugation at 16,000 g for 1 minute at 4°C) to remove cell debris and larger 

vesicles, respectively. The removal of vesicles larger than 0.22 µm was confirmed 

using dynamic light scattering analysis (see §2.5.11). Figure 2.10. shows the size 

distribution profiles recorded before and after filtration; it can be seen that the 

peak centered at approximately 500 nm disappeared after filtration. 

Figure 2.10.  Dynamic light scattering analysis of serum (centrifuged at 4,000 g) 

before and after fil tration using a 0.22 µ m filter, demonstrating the effective 

removal of vesicles larger than 200 nm. Continuous and dotted lines show 

replicates profiles.  

2.5.4. Small extracellular vesicles isolation by precipitation 

sEVs purification by precipitation was performed using the Total Exosome 

Isolation reagent. 20 µl of the reagent were added to 100 µl of Normal Mouse 

Serum and mixed by vortexing until a homogeneous solution was obtained. The 
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solution was left to incubate at 4°C for 30 minutes, and then centrifuged at 10,000 

g for 10 minutes at 4°C. The supernatant was discarded and the resulting pellet, 

which contains the vesicles, was suspended in 100 µl phosphate-buffered saline 

(PBS) for downstream analysis. PBS was previously filtered through 0.22 µm 

membrane. 

2.5.5. Small extracellular vesicles isolation by size exclusion chromatography 

SEC columns were equilibrated with PBS (previously filtered with a 0.22 µm 

membrane and sonicated to remove air bubbles). 100 µl of pre-treated serum 

were loaded on to the SEC columns (50 µl serum/plasma mixed with 50 µl of PBS 

for the scaled down procedure). Vesicles were eluted using PBS buffer. Fractions 

of 200 µl were collected. The column void volume corresponds to the first eluted 

milliliter (fractions 1 to 5), followed by sEVs (fractions 6-8) and then proteins. 

Preliminary LC-MS/MS measurements were used to establish a suitable balance 

between a sufficient amount of protein for LC-MS/MS analysis and sEVs purity. 

2.5.5. Ultrafiltration, buffer exchange and on-filter sEVs lysis 

sEV-suspensions obtained by both precipitation (100 µl) and SEC (600 µl) were 

loaded on 3kDa MWCO spin filters. The samples were concentrated and rinsed 

two times with PBS (14,000 g at 4°C). Buffer exchange was than performed by 

three additions (2 × 200 µl then 1 × 100 µl) of an MS-compatible lysis buffer (LB) 

containing 1% sodium dodecyl sulfate (SDS), 5 mM ethylenediaminetetraacetic 

acid (EDTA), 5 mM ethylene glycol-bis(β-amino-ethyl ether)-N,N,N’,N’-

tetraacetic acid (EGTA), 10mM 4-(2-hydroxy-ethyl)-1-piperazineethanesulfonic 

acid (HEPES) pH 8.5 and protease inhibitor (cOmplete, Mini, EDTA-free 

inhibitor Mixture). Note that addition of the lysis buffer and subsequent 

centrifugation steps were performed at 15° C to avoid SDS precipitation. The 

buffer-exchanged samples were then concentrated to a final volume of 50 µl and 

the sEVs lysed on the filter by sonication using a Bioruptor Pico (Diagenode, 

Seraing, Belgium; 10 cycles of 30s ON and 30s OFF, 4°C). The sEV-lysate was 

then recovered and stored at -20°C in 0.5 mL LoBind tubes (Eppendorf) for next 

day LC-MS/MS analysis. 
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2.5.7. sEVs Proteomics sample preparation 

Protein digestion was performed on the sEVs lysate obtained as described above 

using a modified single-pot, solid-phase-enhanced (SP3) sample preparation 

protocol [23,24,34]. It was applied to the sEVs lysate collected from the 3KDa 

filter (approximately 50 µl). The protein extract solution was mixed with 

trifluoroethanol (TFE) in a 1:1 ratio and 2 µl of carboxylate-coated paramagnetic 

beads (100 mg/ml solution of 50% Speedbeads A –GE45152105050250, 1 μm, and 

50% Speedbeads B -GE65152105050250, 0.70-1.10 μm) in 0.5 ml Protein LoBind 

tubes (Eppendorf AG, Hamburg, Germany). To promote a more complete lysis, 

the sample was sonicated for 10 min (30 sec on/off cycles using a Bioruptor Pico; 

Diagenode, Belgium) at 4°C. Proteins were then denatured by incubation at 95°C 

for 5 minutes. Reduction and alkylation were performed by adding 200 mM 

dithiotreithol (DTT, 1 µl each 20 µl LB-TFE solution) for 30 min at 45°C, followed 

by 400 mM iodoacetamide (IAA; same volume of the DTT addition) for 30 min 

at RT in the dark and then quenched with 200 mM DTT (same volume of the 

previous addition of DDT and IAA). Proteins were then immobilized on the 

beads by the addition of 50% acetonitrile (ACN). The bead-bound-proteins were 

rinsed twice with 70% ethanol and once with 100% ACN. The protein-bound-

beads were dried and proteins eluted by the addition of 10 µl 50 mM Hepes pH 

8 and sonicated for 5 min at RT (30 sec on/off cycles). The total protein content in 

each sample was then quantified using 1 µl aliquots and a modified microBCA 

assay [23]. Enzymatic digestion was performed overnight (18h) at 37°C in 12 µl 

by adding Trypsin/Lys-C mixture (1:25 enzyme/protein). Digestion was 

optimized in this work by testing two different digestion conditions (Table 2.4). 

Peptides were then purified by the addition of ACN up to 95% and rinsed with 

100% ACN. Beads were then dried and purified peptides were eluted from the 

beads with a 2% DMSO aqueous solution. Samples were then stored at -20°C for 

downstream LC-MS/MS analysis. 

2.5.8. nLC-MS/MS proteomic analysis of sEV 

LC-MS/MS experiments were performed using an Easy-nLC 1000 coupled to an 

Orbitrap Fusion mass spectrometer (both Thermo Fisher Scientific, Bremen, 

Germany). Purified peptide digests were diluted 1:1 with 10% formic acid prior 

to their injection on an Easy-nLC1000 (Thermo Scientific) coupled to an Orbitrap 
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Fusion (Thermo Scientific). Peptides were separated in reverse phase mode 

online using an EASY-Spray PepMapTM analytical column (ES803: 75 µm × 50 

cm, C18, 2 µm, 100 Å; Thermo Scientific) at a flow rate of 300 nl/min equipped 

with an Acclaim PepMapTM trap column (75 µm × 2 cm, C18, 3 μm, 100 Å; 

Thermo Scientific).  A peptide mixture from bovine serum albumin (Sigma-

Aldrich; St. Louis, MO) was used as a quality control to assess carry-over and to 

test the overall chromatographic performance. A quality control experiment was 

performed after every sEVs analysis. Two different LC gradients were utilized 

to separate the tryptic peptides (Table 2.8.): a 145 min gradient (for PPT/SEC 

comparison and 100-to-50 µl scale down study) and a 75 min gradient (SEC-EV 

optimization and SEC-sEVs from individual serum and plasma).  

Table 2.8.  Liquid chromatography gradient for peptide separation. Buffer A 

consisted of LC-MS grade water with 0.1% formic acid and Buffer B of LC -MS grade 

acetonitrile with 0.1% formic acid .  

Gradient Peptide load 5% B 22% B 32% B 90% B End 

75 min 0,5 µg 0 min 53 min 60 min 66 min 75 min 

145 min 1 µg 0 min 105 min 120 min 130 min 145 min 

 

Peptides were loaded at 800 bar and then separated using one of the above non-

linear gradients. The Orbitrap Fusion Tribrid mass spectrometer operated in 

positive ion mode. The nESI voltage was 2100-2300 V and the ion transfer tube 

temperature was 275 °C. Spectra were acquired in Top Speed mode using a 3-

second cycle time. The MS method consisted in a full mass spectrum in the 

Orbitrap (scan range: 375 to 1500 m/z, 120 K resolution, automatic gain control –

AGC– target of 4×105, max. injection time 100/50 ms for the 75/145 min gradient 

respectively). Monoisotopic precursor selection and a dynamic exclusion of 60s 

were adopted. Ions with charge states from 2+ to 7+ and intensity greater than 5 

×103 were selected for high-energy collision dissociation (HCD, see paragraph 

1.9.6) at 30% normalized collision energy (NCE) using an isolation window of 1.6 

m/z. MS/MS acquisition were performed in the linear ion trap with a rapid scan 

rate, AGC target of 1×104 (2×103 for 145 min gradient) and 35 ms maximum 

injection time (300 ms for 145 min gradient). 
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2.5.9. Protein identification  

Raw data files were processed using Proteome Discoverer 2.1 (Thermo 

Scientific). The LC-MS/MS data were searched against the UniProt mus musculus 

protein database (January 2018, 16945 entries), supplemented with a home-made 

common contaminant database (250 sequences). MS/MS spectra were searched 

with SequestHT search engine [35] using the following settings: 10 ppm 

precursor mass tolerance and 0.6 Da fragment mass tolerance; up to 2 missed 

cleavages; minimum peptide length 7 amino acids; methionine oxidation 

(+15.995 Da) and acetylation (+42.01Da, N termini) as dynamic modifications; 

cysteine carbamidomethylation (+57.021 Da) as fixed modification. The search 

engine results were then filtered for 1% FDR using the Percolator algorithm [36] 

and filtered for a minimum peptide Xcorr score of 1.8. At least one unique 

peptide was required for definitive protein identification.  

2.5.10. Data analysis  

Lists of protein groups identified in the PPT-sEVs and SEC-sEVs datasets were 

compared using Venn diagrams 

(http://bioinformatics.psb.ugent.be/webtools/Venn/). The identified protein 

groups were also compared with the EV markers present in the ExoCarta Top 

100 database and the 2018 guidelines of the International Society of Extracellular 

Vesicles [1] to verify the effectiveness of the sEVs purification methods. This 

comparison was performed by string search of protein names. The results are 

reported as the number of proteins identified that are in common with the 

database (ExoCarta Top 100) and the gene names of the common proteins 

(MISEV2018). 

Gene enrichment analysis of the gene ontology (GO) cellular component term 

was performed using Database for Annotation, Visualization and Integrated 

Discovery (DAVID) v6.8 with the whole mus musculus genome as statistical 

background, and which involves a Fisher's exact test followed by a Benjamini–

Hochberg FDR multiple testing correction [37]. All proteomics data were 

analyzed using Perseus 1.5 software [38], Microsoft Excel, Python, and GraphPad 

Prism v5 (GraphPad Software, La Jolla California USA, www.graphpad.com).  
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Note that, for all analyses missing values were not replaced. Common 

contaminant proteins were eliminated prior to data normalization. Raw protein 

intensities were first Log2-transformed and then median normalized (subtraction 

of the median intensity of each sample's protein intensity from all protein 

intensities, which results in all median intensities being equal to zero).  

Principal component analysis (PCA) was performed using Perseus to investigate 

the principal source of variance between the datasets. PCA is an unsupervised 

analysis widely used in proteomics, which creates combinations of variables so 

that they maximize the variance (variability) in the dataset. The first 

combination, or principal component (PC), is the one describing the maximum 

variability; the second PC describes the second largest source of variability, and 

so on. Each PC is orthogonal to all previous PC's. In this manner, PCA 

determines which combinations of variables are needed to summarize the data 

structure. The score of a sample corresponds to the projection of the original data 

onto the PCs. Score plots are created by plotting the scores of each sample in the 

PC space; essentially, it is a projection of the original data onto the PCA 

dataspace. The Euclidian distance between samples in score plots indicates the 

variation in protein profiles between individual samples, while the loading plots 

show the contribution of individual proteins to each PC [39].   

The Pearson correlation coefficient is commonly used to evaluate the 

reproducibility of proteomics experiments; Perseus software was used to 

calculate the Pearson correlation coefficient using protein intensities values 

among pairs of samples. Statistical significance was determined by mean 

comparisons, using a Student’s t-test (α=0.05) when the data (or residual) was 

normally distributed, verified with the Shapiro-Wilk test, or a Mann-Whitney 

test (α = 0.05) when the data did not exhibit a normal distribution.  

2.5.11. Characterization of sEVs size distribution and morphology  

Transmission Electron Microscopy (TEM) and Dynamic Light Scattering (DLS) 

measurements were performed on the sEVs isolated by SEC and PPT. sEVs were 

purified by SEC/PPT in duplicate from different 100 µl aliquots of serum and 

then concentrated on 3 kDa spin filters. The sEVs samples were then washed 3 
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times (50% PBS/H2O) on the filter to remove any contaminants and decrease salt 

concentrations and stored at -20°C overnight.  

TEM: Samples were prepared using a two-step protocol for negative staining 

[40]. The sEVs suspensions were adsorbed for 30 minutes onto carbon-coated 300 

mesh copper grids (Electron Microscope Science, Hatfield, PA,USA), washed 

three times with pure water, and then stained for 30 seconds with an uranium 

free staining solution [41]. The grids were then paper-drained and directly 

analysed with a Libra 120 Plus transmission electron microscope, operating at 

120 kV and equipped with an in-column omega filter and 16-bit CCD camera 

(Zeiss, Oberkichen, Germany). Samples were analysed with ImageJ software 

(NIH).  

DLS: 50 µl of sEVs suspension were diluted to 1 mL with PBS buffer, mixed well 

and loaded into a polystyrene cuvette. Each sample was analysed in triplicate at 

25°C using a Zetasizer Nano S (ZEN 1600, Malvern Instruments Ltd, UK) and a 

scattering angle detection of 173°. The instrument was calibrated using polymer 

latex spheres (Malvern).   

DATA AVAILABILITY  

All relevant experimental data on sEVs isolation and characterization are 

available from the EV-TRACK knowledgebase (EV-TRACK ID: EV190099) [42]. 

The mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) 

via the PRIDE partner repository [43] with the dataset identifier PXD016473. 

Identified protein groups datasets and deregulated proteins list can be 

downloaded from https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7686310/.  

 

 

 

 



 Chapter 2 – sEVs isolation and proteomics analysis  
 

 

 109 

References 

1.  Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; 

Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.; Atkin-Smith, G.K.; et al. 

Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a 

position statement of the International Society for Extracellular Vesicles and 

update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750, 

doi:10.1080/20013078.2018.1535750. 

2.  Théry, C.; Zitvogel, L.; Amigorena, S. Exosomes: Composition, biogenesis and 

function. Nat Rev Immunol 2002, 2, 569–579, doi:10.1038/nri855. 

3.  Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and 

friends. J. Cell Biol. 2013, 200, 373–383, doi:10.1083/jcb.201211138. 

4.  Kalra, H.; Drummen, G.; Mathivanan, S. Focus on Extracellular Vesicles: 

Introducing the Next Small Big Thing. Int. J. Mol. Sci. 2016, 17, 170, 

doi:10.3390/ijms17020170. 

5.  Yuan, L.; Li, J.-Y. Exosomes in Parkinson’s Disease: Current Perspectives and 

Future Challenges. ACS Chem. Neurosci. 2019, 10, 964–972, 

doi:10.1021/acschemneuro.8b00469. 

6.  An, T.; Qin, S.; Xu, Y.; Tang, Y.; Huang, Y.; Situ, B.; Inal, J.M.; Zheng, L. Exosomes 

serve as tumour markers for personalized diagnostics owing to their important 

role in cancer metastasis. J. Extracell. Vesicles 2015, 4, 27522, 

doi:10.3402/jev.v4.27522. 

7.  György, B.; Szabó, T.G.; Pásztói, M.; Pál, Z.; Misják, P.; Aradi, B.; László, V.; 

Pállinger, É.; Pap, E.; Kittel, Á.; et al. Membrane vesicles, current state-of-the-art: 

emerging role of extracellular vesicles. Cell. Mol. Life Sci. 2011, 68, 2667–2688, 

doi:10.1007/s00018-011-0689-3. 

8.  Roy, S.; Hochberg, F.H.; Jones, P.S. Extracellular vesicles: the growth as 

diagnostics and therapeutics; a survey. J. Extracell. Vesicles 2018, 7, 1438720, 

doi:10.1080/20013078.2018.1438720. 

9.  Müller Bark, J.; Kulasinghe, A.; Chua, B.; Day, B.W.; Punyadeera, C. Circulating 

biomarkers in patients with glioblastoma. Br. J. Cancer 2020, 122, 295–305, 

doi:10.1038/s41416-019-0603-6. 



Chapter 2 – sEVs isolation and proteomics analysis  
 

 110 

10.  Lässer, C. Exosomes in diagnostic and therapeutic applications: Biomarker, 

vaccine and RNA interference delivery vehicle. Expert Opin Biol Th 2015, 15, 103–

117, doi:10.1517/14712598.2015.977250. 

11.  Rosenthal, N.; Brown, S. The mouse ascending: perspectives for human-disease 

models. Nat. Cell Biol. 2007, 9, 993–999, doi:10.1038/ncb437. 

12.  Cekanova, M.; Rathore, K. Animal models and therapeutic molecular targets of 

cancer: utility and limitations. Drug Des. Devel. Ther. 2014, 8, 1911, 

doi:10.2147/DDDT.S49584. 

13.  Prescott, M.J.; Lidster, K. Improving quality of science through better animal 

welfare: the NC3Rs strategy. Lab Anim. (NY). 2017, 46, 152–156, 

doi:10.1038/laban.1217. 

14.  Animal Research Advisory Committee - Office of Animal Care Guidelines for 

Blood Collection in Mice and Rats Available online: 

https://oacu.oir.nih.gov/sites/default/files/uploads/arac-

guidelines/b2_blood_collection_in_mice_and_rats.pdf (accessed on Jun 15, 2020). 

15.  Li, P.; Kaslan, M.; Lee, S.H.; Yao, J.; Gao, Z. Progress in exosome isolation 

techniques. Theranostics 2017, 7, 789–804, doi:10.7150/thno.18133. 

16.  Gardiner, C.; Vizio, D. Di; Sahoo, S.; Théry, C.; Witwer, K.W.; Wauben, M.; Hill, 

A.F. Techniques used for the isolation and characterization of extracellular 

vesicles: Results of a worldwide survey. J. Extracell. Vesicles 2016, 5, 

doi:10.3402/jev.v5.32945. 

17.  Ramirez, M.I.; Amorim, M.G.; Gadelha, C.; Milic, I.; Welsh, J.A.; Freitas, V.M.; 

Nawaz, M.; Akbar, N.; Couch, Y.; Makin, L.; et al. Technical challenges of working 

with extracellular vesicles. Nanoscale 2018, 10, 881–906, doi.10.1039/C7NR08360B. 

18.  Kim, J.; Tan, Z.; Lubman, D.M. Exosome enrichment of human serum using 

multiple cycles of centrifugation. Electrophoresis 2015, 2017–2026, 

doi:10.1002/elps.201500131. 

19.  de Menezes-Neto, A.; Sáez, M.J.; Lozano-Ramos, I.; Segui-Barber, J.; Martin-

Jaular, L.; Ullate, J.M.E.; Fernandez-Becerra, C.; Borrás, F.E.; del Portillo, H.A. 

Size-exclusion chromatography as a stand-alone methodology identifies novel 

markers in mass spectrometry analyses of plasma-derived vesicles from healthy 



 Chapter 2 – sEVs isolation and proteomics analysis  
 

 

 111 

individuals. J. Extracell. Vesicles 2015, 4, doi:10.3402/jev.v4.27378. 

20.  Munson, P.; Lam, Y.W.; MacPherson, M.; Beuschel, S.; Shukla, A. Mouse serum 

exosomal proteomic signature in response to asbestos exposure. J. Cell. Biochem. 

2018, 119, 6266–6273, doi:10.1002/jcb.26863. 

21.  Smolarz, M.; Pietrowska, M.; Matysiak, N.; Mielańczyk, Ł.; Widłak, P. Proteome 

Profiling of Exosomes Purified from a Small Amount of Human Serum: The 

Problem of Co-Purified Serum Components. Proteomes 2019, 7, 18, 

doi:10.3390/proteomes7020018. 

22.  Hughes, C.S.; Foehr, S.; Garfield, D.A.; Furlong, E.E.; Steinmetz, L.M.; Krijgsveld, 

J. Ultrasensitive proteome analysis using paramagnetic bead technology. Mol. 

Syst. Biol. 2014, 10, 757, doi:10.15252/msb.20145625. 

23.  de Graaf, E.L.; Pellegrini, D.; McDonnell, L.A. Set of Novel Automated 

Quantitative Microproteomics Protocols for Small Sample Amounts and Its 

Application to Kidney Tissue Substructures. J. Proteome Res. 2016, 15, 4722–4730, 

doi:10.1021/acs.jproteome.6b00889. 

24.  Hughes, C.S.; Moggridge, S.; Müller, T.; Sorensen, P.H.; Morin, G.B.; Krijgsveld, 

J. Single-pot, solid-phase-enhanced sample preparation for proteomics 

experiments. Nat. Protoc. 2019, 14, 68–85, doi:10.1038/s41596-018-0082-x. 

25.  IZON qEVsingle_Technical_Note Available online: https://www.schaefer-

tec.it/sites/default/files/qEVsingle_Technical_Note.pdf. 

26.  Keerthikumar, S.; Chisanga, D.; Ariyaratne, D.; Al Saffar, H.; Anand, S.; Zhao, K.; 

Samuel, M.; Pathan, M.; Jois, M.; Chilamkurti, N.; et al. ExoCarta: A Web-Based 

Compendium of Exosomal Cargo. J. Mol. Biol. 2016, 428, 688–692, 

doi:10.1016/j.jmb.2015.09.019. 

27.  Siepen, J.A.; Keevil, E.J.; Knight, D.; Hubbard, S.J. Prediction of missed cleavage 

sites in tryptic peptides aids protein identification in proteomics. J. Proteome Res. 

2007, 6, 399–408, doi:10.1021/pr060507u. 

28.  Choi, D.; Montermini, L.; Kim, D.-K.; Meehan, B.; Roth, F.P.; Rak, J. The Impact of 

Oncogenic EGFRvIII on the Proteome of Extracellular Vesicles Released from 

Glioblastoma Cells. Mol. Cell. Proteomics 2018, 17, 1948–1964, 

doi:10.1074/mcp.RA118.000644. 



Chapter 2 – sEVs isolation and proteomics analysis  
 

 112 

29.  Rosa-Fernandes, L.; Rocha, V.B.; Carregari, V.C.; Urbani, A.; Palmisano, G. A 

Perspective on Extracellular Vesicles Proteomics. Front. Chem. 2017, 5, 102, 

doi:10.3389/fchem.2017.00102. 

30.  Goettig, P. Effects of Glycosylation on the Enzymatic Activity and Mechanisms of 

Proteases. Int. J. Mol. Sci. 2016, 17, 1969, doi:10.3390/ijms17121969. 

31.  Talens, S.; Leebeek, F.W.G.; Demmers, J.A.A.; Rijken, D.C. Identification of Fibrin 

Clot-Bound Plasma Proteins. PLoS One 2012, 7, e41966, 

doi:10.1371/journal.pone.0041966. 

32.  Stachowicz, A.; Siudut, J.; Suski, M.; Olszanecki, R.; Korbut, R.; Undas, A.; 

Wiśniewski, J.R. Optimization of quantitative proteomic analysis of clots 

generated from plasma of patients with venous thromboembolism. Clin. 

Proteomics 2017, 14, 38, doi:10.1186/s12014-017-9173-x. 

33.  Karimi, N.; Cvjetkovic, A.; Jang, S.C.; Crescitelli, R.; Hosseinpour Feizi, M.A.; 

Nieuwland, R.; Lötvall, J.; Lässer, C. Detailed analysis of the plasma extracellular 

vesicle proteome after separation from lipoproteins. Cell. Mol. Life Sci. 2018, 75, 

2873–2886, doi:10.1007/s00018-018-2773-4. 

34.  Pellegrini, D.; del Grosso, A.; Angella, L.; Giordano, N.; Dilillo, M.; Tonazzini, I.; 

Caleo, M.; Cecchini, M.; McDonnell, L.A. Quantitative Microproteomics Based 

Characterization of the Central and Peripheral Nervous System of a Mouse Model 

of Krabbe Disease. Mol. Cell. Proteomics 2019, 18, 1227–1241, 

doi:10.1074/mcp.RA118.001267. 

35.  Eng, J.K.; McCormack, A.L.; Yates, J.R. An approach to correlate tandem mass 

spectral data of peptides with amino acid sequences in a protein database. J. Am. 

Soc. Mass Spectrom. 1994, 5, 976–989, doi:10.1016/1044-0305(94)80016-2. 

36.  Brosch, M.; Yu, L.; Hubbard, T.; Choudhary, J. Accurate and sensitive peptide 

identification with mascot percolator. J. Proteome Res. 2009, 8, 3176–3181, 

doi:10.1021/pr800982s. 

37.  Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis 

of large gene lists using DAVID bioinformatics resources. Nat. Protoc. 2009, 4, 44–

57, doi:10.1038/nprot.2008.211. 

38.  Tyanova, S.; Temu, T.; Sinitcyn, P.; Carlson, A.; Hein, M.Y.; Geiger, T.; Mann, M.; 



 Chapter 2 – sEVs isolation and proteomics analysis  
 

 

 113 

Cox, J. The Perseus computational platform for comprehensive analysis of 

(prote)omics data. Nat. Methods 2016, 13, 731–740, doi:10.1038/nmeth.3901. 

39.  Ivosev, G.; Burton, L.; Bonner, R. Dimensionality reduction and visualization in 

principal component analysis. Anal. Chem. 2008, 80, 4933–4944, 

doi:10.1021/ac800110w. 

40.  Forzan, M.; Maan, S.; Mazzei, M.; Belaganahalli, M.N.; Bonuccelli, L.; Calamari, 

M.; Carrozza, M.L.; Cappello, V.; Di Luca, M.; Bandecchi, P.; et al. Generation of 

virus like particles for epizootic hemorrhagic disease virus. Res. Vet. Sci. 2016, 107, 

116–122, doi:10.1016/j.rvsc.2016.05.013. 

41.  Moscardini, A.; Di Pietro, S.; Signore, G.; Parlanti, P.; Santi, M.; Gemmi, M.; 

Cappello, V. Uranium-free X solution: a new generation contrast agent for 

biological samples ultrastructure. Sci. Rep. 2020, 10, 11540, doi:10.1038/s41598-

020-68405-4. 

42.  Van Deun, J.; Mestdagh, P.; Agostinis, P.; Akay, Ö.; Anand, S.; Anckaert, J.; 

Martinez, Z.A.; Baetens, T.; Beghein, E.; Bertier, L.; et al. EV-TRACK: transparent 

reporting and centralizing knowledge in extracellular vesicle research. Nat. 

Methods 2017, 14, 228–232, doi:10.1038/nmeth.4185. 

43.  Vizcaíno, J.A.; Côté, R.G.; Csordas, A.; Dianes, J.A.; Fabregat, A.; Foster, J.M.; 

Griss, J.; Alpi, E.; Birim, M.; Contell, J.; et al. The Proteomics Identifications 

(PRIDE) database and associated tools: status in 2013. Nucleic Acids Res. 2012, 41, 

D1063–D1069, doi:10.1093/nar/gks1262. 

 

 

 



 

 

 

  



 

 115 

 

Chapter 3 
 

Microproteomics strategies for 

longitudinal biomarker discovery in 

mouse models 

 

 

 

 

ABOUT 

The experiments of this chapter have been published as Anastasi, F . et al. ,  

“Proteomics analysis of serum small extracellular vesicles for the longitudinal 

study of a glioblastoma multiforme mouse model ” .  Sci. Rep. 10, 20498 (2020) ; and 

Greco, F. et al . ,  “Longitudinal Bottom-Up Proteomics of Serum, Serum Extracellular 

Vesicles, and Cerebrospinal Fluid Reveals Candidate Biomarkers for Early 

Detection of Glioblastoma in a Murine Model ” .  Molecules 26, 5992 (2021).  

This work was performed with the support of Regione Toscana under Grant PAR 

FAS 2007-2013—  “Gliomics: proteomics/genomics/me tabolomics for the 

identification of biomarkers and the development of an ultrasensitive sensing 

platform for peripheral body fluids:  applied to glioblastoma multiforme’’, and 

Fondazione Pisa grant RST 148/16—"Nanobiomarker: nanotechnology for tumour 

molecular fingerprinting and early diagnosis’’.  

Contribution :  I performed all the work related to small extracellular vesicles, from 

their isolation to data analysis and interpretation of the results.  L. F. Pardini (FPS) 

analyzed the cerebrospinal fluid samples , F. Greco (FPS) analyzed the serum 

proteome and wrote the Matlab code for the LME analysis. The group  of M. Caleo 

at CNR Pisa performed all  the work with animals, including motor tests  and sample 

collection.  



Chapter 3 – Longitudinal biomarker discovery in mouse models 

 116 

3.1. Introduction   

Glioblastoma Multiforme (GBM, World Health Organization (WHO) grade IV 

astrocytoma) is the most frequent and malignant primary tumour of the brain, 

and has one of the lowest 5-year survival rates of all human cancers, with a 

median survival of just 15 months [1–4]. In most types of tumour, the patient’s 

outcome correlates with tumour stage and earlier treatment, but for GBM the 

diagnosis is often late, once symptoms are already manifest [5], thus the absence 

of GBM early stage patient samples (e.g. biopsies, biofluids) has hampered the 

search for early detection biomarkers. For this reason, on account of their shorter 

lifespan and rapid disease progression [6,7], animal models represent a 

fundamental resource for the investigation of GBM biomarker discovery and 

therapy monitoring [8,9].  

The increasing requirements to replace, reduce and refine (3Rs) animal research 

places great emphasis on ensuring maximum information content from each 

experiment [10]. Longitudinal measurements of individual animals reduce the 

impact of inter-individual variability by examining the molecular changes for 

each subject, rather than comparing populations of animals for each time point. 

Such studies would improve data quality through reducing inter-individual 

variability, as well as better satisfy the 3Rs animal welfare requirement.  

Despite its advantages, the longitudinal analysis of biofluids in rodent models is 

challenging owing to the limited sample volume that may be obtained at each 

time point. The amount of biofluid that may be withdrawn is determined by the 

weight of the animal and the recovery time between collections, to preserve 

animal welfare and reduce sampling invasiveness [11]; for instance about 75 µl 

of serum may be obtained every 14 days for adult mice [12]. Highly sensitive 

approaches for the molecular characterization of the samples obtained from each 

time point, from each individual animal, are needed for this type of analysis.  

In this chapter, a set of microproteomics procedures are reported for the 

longitudinal proteomics analysis of serum, small extracellular vesicles isolated 

from serum (serum-sEVs) and cerebrospinal fluid. The proteomics workflows 

were specifically developed for the analysis of small sample volumes to enable 

the longitudinal monitoring of individual subjects and were applied for the 

investigation of early stage biomarkers in a GBM mouse model. Motor tests were 
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used to define a pre-symptomatic and an advanced stage of the disease; serum, 

serum-sEV, and CSF samples were obtained from each animal at each stage.  

The size exclusion chromatography – based workflow described in Chapter 2 

was used for the characterization of serum-sEV proteins using just 50 µl of serum 

from each longitudinal sample. The low volume needed for the serum-sEV 

analysis allowed the total serum proteome to be recorded from the same 

longitudinal serum samples using 15 µL of serum (total serum volume collected 

was usually around 70 µl). The analysis of the serum proteome must contend 

with the high dynamic range of protein concentrations [13]. In order to increase 

proteome coverage, I used a sodium deoxycholate (SDC)-based proteomics 

workflow, which included immunodepletion of highly abundant proteins, and 

sample fractionation. 

The same proteomics workflow used for the proteomics analysis of sEV was 

applied to the proteomics characterization of CSF, for which typically <5 µL were 

available at each time point from an individual animal, and corresponded to less 

than 2 µg of protein.  

The longitudinal proteomics datasets were analyzed using a linear mixed effects 

(LME) model to identify longitudinal changes in expression [14] with respect to 

the baseline, which enabled the detection of molecular changes before the onset 

of symptoms. While the focus of the experiments reported here concerned early 

detection of GBM, the set of proteomics workflows could also be applied to other 

disease mouse models for biomarker research, therapy follow-up and/or disease 

monitoring.  

Note: In this chapter, the methods and results related to the datasets of serum 

and CSF are briefly described; the main objective is to present the impact of the 

serum-sEV protocol (Chapter 2 and Annex 1) application to longitudinal studies. 

The results have been presented together to demonstrate that the integration of 

the three workflows on the same animal enabled the extraction of as much 

information as possible, thus satisfying the 3Rs requirements and conserving the 

inter-subject variability information since the pooling of many sample together 

was not needed.  
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3.2. Results and discussion 

3.2.1. Tumor inoculation and pre-symptomatic stage definition 

Glioblastoma multiforme (GBM) was induced through the inoculation of GL261 

cells, a frequently used murine glioma model, into the primary motor cortex, 

located in the frontal lobe [15], which is also the brain region with the most 

common occurrence of gliomas [16]. The choice of injecting GL261 cells into the 

motor cortex was also due to the availability of motor tests; the loss of motor 

function during tumour growth means that motor function deficits can be used 

as a proxy for tumour growth, and thereby allow for non-invasive monitoring of 

tumour development. In this work, the grip strength test and the fall latency test 

were used to measure motor function (see the Materials and Methods section 

3.4.2.). The results of these tests displayed a significant deterioration of grip 

strength starting from day 5 with respect to naïve mice test (Figure 3.1.A) and 

the fall latency resulted in impaired motor functions of GBM-mice starting from 

day 15 and statistically significant at day 19, with respect to naïve animals (Figure 

3.1.B).  

These results were similar to previous motor test performed on the same 

syngeneic mouse model [17]. Based on these considerations, the pre-

symptomatic stage was defined at 12 days post tumour inoculation when the 

onset of motor symptoms had begun but they were not completely manifest, 

whereas the symptomatic stage was defined as 21 days post inoculation. This 

temporal evolution is also in accordance with a previous evaluation of the 

tumour mass volume at the same pre-symptomatic and symptomatic stages of 

tumour progression for the mouse model used in this study, which confirmed 

that tumour growth occurred predominantly between 14- and 23-days post-

inoculation [16]. Blood and CSF withdrawal was performed 15 days prior to 

inoculation (baseline), 12 days and 21 days afterwards (T1 and T2 respectively). 

Serum was directly prepared from blood before the sample storage at -80°C.  
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Figure 3.1.  Motor tests and assessment of tumor progression.  (A) Grip strength test;  

GBM mice (red line,  n = 6) displayed a significant deterioration of grip strength 

starting from day 5 with respect to naïve mice (blue line, n = 9). (B) Fal l latency;  

both groups showed an increase of their motor performance until day 12 due to the 

learning component of this motor task. However, from day 15 after tumor induction 

the GBM mice (red line, n = 6) exhibited worse performance, indicative of 

significant motor dysfunction with respect to naïve animals. Data are expressed as 

mean ± SEM. * p <0.05, ** p < 0.01, *** p <0.001 using a two -way repeated measures 
ANOVA with Holm-Sidak post hoc correction.  

3.2.2. Longitudinal analysis of serum sEV 

The workflow developed for the proteome profiling of sEVs from low serum 

volumes was applied to the serum samples collected from the GBM mouse 

model (n=4). The three different time points when blood was collected were 

denominated: GBM-B (baseline), GBM-T1 (pre-symptomatic stage) and GBM-T2 

(symptomatic phase). Blood was also collected from three naïve mice. Serum was 

prepared and stored; before sEV isolation, the serum was treated by removing 

larger vesicles and cell debris (0.2 µm filtration). sEVs were isolated by size 
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exclusion chromatography (see Chapter 1, section 1.7.6), concentrated and lysed 

to extract the proteins. A modified SP3 protocol, which included a supplemental 

digestion step, was then used for the proteomics sample preparation (see 

Chapter 2 and Annex 1 for details). The resulting peptide samples were then 

analysed by nLC-MS/MS. The low volume of biofluid available at each time point 

from each animal, and specifically the low amount of proteins that could be 

extracted, led to variable protein signals and so the proteomics data was prone 

to missing values. Here, a match-between-runs method was used to align LC-

MS/MS datasets and transfer identifications between experimental runs, and 

thereby reduce the number of missing values. 

The procedure enabled the extraction of 1,7 ± 0,5 µg (mean± SD) of sEV proteins. 

In total, 274 protein groups were identified and quantified. To assess differences 

in the serum sEV profile principal component analysis (PCA) was used; 

identified protein groups were first filtered by eliminating serum albumin and 

immunoglobulins, serum protein that have a high and variable abundance. The 

protein intensities were then Log2 transformed and normalized by median 

subtraction (see Materials and Methods, section 3.4.10.).  

Figure 3.2.  The PCA score plot shows separation of the serum-sEVs longitudinal 

samples on PC1 and PC2. The plot shows that  the GBM-baseline time-points are 

quite close to the control animals (green and black respectively), and they are in a 

different region than the GBM-T1 and GBM-T2 time points (blue and red 
respectively).  
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Although PC1 (24.9% of the variability) separated the GBM-mouse-sEV samples 

(GBM-T1 and GBM-T2) from those of the healthy animals (GBM-baseline and 

naïve), indicating that the principal difference in sEV protein cargo was related 

to GBM, the PCA score plot was quite scattered and one GBM-T1 sample was an 

outlier, see Figure 3.2. 

Gene enrichment analysis of the gene ontology (GO) cellular component term 

was performed using the mus musculus genome as background (Figure 3.3). The 

analysis revealed that the following GO cellular components were all enriched: 

blood microparticles (count: 68, p-value: 5,4 × 10-93); extracellular region (count: 

139, p-value: 3.7 × 10-83), extracellular exosomes (count: 153, p-value: 6,3 ×10-73). 

Of note, the gene ontology was performed using all the identified proteins, prior 

the removal of serum albumin and immunoglobulins.  

Figure 3.3.  Gene Ontology Enrichment Analysis of proteins identified in small 

extracellular vesicles isolated from the GBM mouse model serum (n=274). The 

analysis was performed using DAVID database v.6.8. The bubble plots report the 

enriched cellular component GO terms, the number of identified genes, and the –
Log of the FDR adjusted p-values of the Fisher's exact test.  
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The 274 proteins included 25 sEV markers annotated in the ExoCarta Top 100 

database, among which the most common are Anxa2, Hspa8, Itgb1, Itga6, Gapdh, 

A2m, Thbs1. These results show that the procedure is able to efficiently enrich 

sEV and identify common sEV proteins from small volumes of serum. The 

presence of serum albumin, apolipoproteins and immunoglobulins within the 

identified protein groups demonstrated that the method did not completely 

isolate the sEVs from highly abundant serum proteins.  

2.2.3. Longitudinal sampling better resolves sEV molecular changes 

A comparison of the abundances of the sEV proteins from symptomatic GBM 

(T2) mice with those from control animals, using a Student’ t-test, resulted in 16 

protein groups with a p-value < 0.05 (Table 3.1), but which were no longer 

significant after FDR correction. This analysis compares mean protein intensity 

and the variability of that intensity for each class.  

The longitudinal GBM data was then analyzed using a linear mixed-effects 

model (LME), in which the model was individually fitted to each protein to 

compare protein intensities during GBM progression (see Materials and 

Methods, section 3.4.11.). The longitudinal sampling of each animal enables the 

changes in protein expression to be better differentiated from the significant 

inter-subject variability encountered in this study, since it includes an effect for 

each time-point and a variable intercept for each mouse, i.e. the baseline level for 

each mouse is allowed to vary but the changes associated with disease 

progression could be consistent. The LME model was fitted only if at least 3 

baselines, 3 T1 and 3 T2 had valid values for each protein.  
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Table 3.1.  Comparison between Control and GBM -T2 sEV identified proteins. The 
table reports the t -test p-values and relative corrected p-values (Benjamini-
Hochberg correction) of identified proteins with a p-value <0.05.  

Protein IDs Protein name p-value 
FDR corrected 

p-value 

Q80YX1 Tenascin 0.026 0.344 

Q02105 
Complement C1q subcomponent 

subunit C 
0.047 0.344 

O08677 Kininogen-1 0.027 0.344 

P97290 Plasma protease C1 inhibitor 0.037 0.344 

Q60841 Reelin 0.020 0.344 

Q9DBB9 Carboxypeptidase N subunit 2 0.042 0.344 

P62984 
Ubiquitin-60S ribosomal protein 

L40 
0.044 0.344 

P11087 Collagen alpha-1(I) chain 0.013 0.344 

O70362 
Phosphatidylinositol-glycan-

specific phospholipase D 
0.038 0.344 

Q9Z1R3 Apolipoprotein M 0.039 0.344 

Q07968 Coagulation factor XIII B chain 0.002 0.295 

Q8VDD5 Myosin-9 0.004 0.295 

Q9JJN5 Carboxypeptidase N catalytic chain 0.009 0.295 

Q07235 Glia-derived nexin 0.020 0.295 

P21956 Lactadherin 0.035 0.295 

Q64514 Tripeptidyl-peptidase 2 0.017 0.295 
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The analysis of the sEV dataset led to the identification 25 significantly 

deregulated protein groups. The proteins that exhibited a statistically significant 

time effect (at T1 and/or T2) with respect to the baseline are reported in Figure 

3.4. with their relative p-value and the regression coefficients for time points T1 

and T2; the regression coefficient represents the fold change compared to the 

baseline. Note that since the data were Log2 transformed during data pre-

processing, the regression coefficients can be considered as fold changes with 

respect to the baseline.  

The proteomics data of the deregulated proteins such as Uniprot accession 

number, number of matched MS/MS spectra, protein sequence coverage, the 

number of peptides univocally associated with the protein, and molecular 

weight (MW) are available in Table 3.2.  
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Figure 3.4.  Linear mixed effect analysis  of the serum-sEV longitudinal analysis 

dataset. List of the significantly deregulated proteins with relative p-values and 

regression coefficients. The regression coefficients (GBM -T1 in blue and GBM-T2 in 

red) represent the fold change compared to the bas eline and are plotted with their  
confidence interval of 95%.  
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Table 3.2.  Proteomics data of the 25 significantly deregulated proteins identified 

in the longitudinal analysis of the GBM mouse model.  
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A significant proportion, 20 out of 25, of the significantly deregulated proteins 

are annotated as glycoproteins (KW-0325); it is well known that sEV-proteome is 

highly glycosylated [18], glycans play a major role in sEV cellular recognition 

and in the uptake of sEV by recipient cells [19,20].  

Among the 25 proteins, Lrp1, Cpn1, Mhy9, and Tln1 are associated to the plasma 

membrane (GO0098590). The low-density lipoprotein receptor-related protein 1 

(Lrp1) positively regulates tau protein uptake and spread between neurons [21], 

and the tau protein is a known mediator of microtubule-dependent migration of 

glioblastoma cells [22]. Myosin IIA (Myh9) is involved in cell migration and is 

required for tumour invasion and metastasis [23,24]. Talin-1 (Tln1) has 

previously been reported in neuroblastoma derived exosomes [25], is highly 

expressed in glioma tissues [26,27] and promotes the motility of glioma cells [28]. 

Thbs1, Itga2b and Tfrc belong to the external side of plasma membrane 

(GO0009897). Thrombospondin (Thbs1) is involved in the tumour 

microenvironment and is known to be more highly expressed in glioblastoma 

[29,30]. Moreover, Thbs1 was found to be upregulated in hypoxic GBM-exosomes 

[31]. Transferrin receptor protein 1 (Tfrc, CD71), is known to be expressed on the 

surface of neuroblastoma exosomes [25], and has been reported as a marker for 

radio-resistant GBM cells [32]. Angpt1, Vtn, Vcan and Lamb1 are known mediators 

of cell adhesion (GO0007155), and are all glycoproteins that likely contribute to 

sEV-interaction and cellular uptake.  

Moreover, Itga2b, Vtn, Lamb1, Thbs1 and Angpt1 are positive regulators of cell 

proliferation, angiogenesis, and cell survival through the extracellular activation 

of the PI3K-Akt pathway, and were found to be significantly increased during 

GBM progression. Fig. 3.4. shows that some of the deregulated proteins (Apoc4, 

C1ra, C1sa, Lrp1, Itih1, Apoc3, Angpt1, Itga2b, Itih3, Vcan) were found to be 

significantly deregulated at both T1 and T2, meaning that protein changes were 

also detected at a pre-symptomatic stage.   

These results demonstrate that the combination of size exclusion 

chromatography for the serum-sEV isolation with the SP3 bottom-up proteomics 

enabled the longitudinal analysis of sEV proteins in individual mouse models of 

GBM, and enabled the identification of proteins associated with tumor 
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development and the identification of candidate biomarkers for the pre-

symptomatic stage.   

3.2.4. Longitudinal analysis of serum from a mouse model of glioblastoma 

multiforme 

The scaling down of the serum-sEV procedure to 50 µl enabled the parallel 

analysis of the total serum proteins of the same GBM mouse model serum 

samples. To address the high dynamic range of blood protein concentration, a 

proteomics workflow that included the immunodepletion of highly abundant 

proteins (e.g. serum albumin, serotransferrin and immunoglobulins) was 

developed and enabled the analysis of just 15 µL of serum. The 

immunodepletion of highly abundant proteins, followed by an SDC-based 

sample preparation protocol and the high-pH fractionation after the tandem 

mass tag (TMT) labeling allowed the identification of 612 protein groups. These 

results are in-line with other studies involving greater serum amounts and 

extensive immunodepletion and fractionation [33]. The longitudinal serum data 

was analyzed using the same LME model used for the sEV dataset, which was 

individually fitted to each protein to compare protein intensities during GBM 

progression. The model was fitted to the Log2 transformed and normalized 

intensities. Figure 3.5. shows the 17 protein groups that were found to be 

significantly deregulated during GBM progression in at least one time-point with 

respect to the baseline.  
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Figure 3.5.  Linear mixed effect analysis of the serum (in orange) and CSF (in green) 

longitudinal analysis datasets . List of the significantly deregulated proteins with 

relative p-values and regression coefficients. The regression coefficients (GBM -T1 

in blue and GBM-T2 in red) represent the fold change compared to the base line and 
are plotted with their confidence interval of 95%.  
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3.2.5. Longitudinal analysis of cerebrospinal fluid from a mouse model of 

glioblastoma multiforme 

The single-pot-solid-phase-enhanced (SP3) sample preparation protocol that was 

used for the sEV proteomics analysis was adapted and used to analyze the 

cerebrospinal fluid from the same GBM mouse model. Mouse CSF proteomics is 

usually limited by the low sample amount [34] and by the presence of highly 

abundant proteins [35]; in the case of longitudinal studies, the CSF volume that 

can be collect each time is reduced even further because of issues related to 

sampling invasiveness. From individual mice, only around 5 µL were available 

for each time point and corresponded to less than 2 µg of proteins. To increase 

the depth of coverage of the CSF proteome, a pooled sample was prepared by 

pooling five CSF peptide samples collected from mice not included in this 

research (two BL, one T1, two T2). The pooled sample was then subject to high 

pH fractionation; the results from the fractionated-pooled-sample were then 

used as a reference for match-between-runs (See Materials and Methods § 3.4.9.). 

921 proteins were identified with a sufficient number of valid values for the 

application of the linear mixed effect model. Figure 3.5. shows the three protein 

groups that exhibited a significant change in level during GBM progression, with 

respect to the baseline.  

3.2.6. Candidate early biomarker of Glioblastoma Multiforme revealed from 

serum-sEV, serum and CSF 

The longitudinal analysis of serum, serum-sEV and CSF led to the identification 

of 44 proteins that exhibited at least one significant temporal change with respect 

to the baseline. 35 out of the 44 showed a significant deregulation at the pre-

symptomatic stage and most of them have the same effect at the two time points 

with respect to the baseline (e.g. if T1 is down regulated T2 is down regulated as 

well, or vice versa) indicating that some changes may temporally correlate with 

tumor growth.  

Among the 35 proteins that can be considered for further evaluation as 

circulating early-stage biomarkers for GBM, some have previously been 

proposed as diagnostic or prognostic biomarkers. Of attention, Alpha-2-HS-

glycoprotein (Ahsg or fetuin) and Gelsolin (Gsn) were downregulated in serum 
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at both the pre-symptomatic and symptomatic stages. Low serum alpha-2-HS-

glycoprotein levels have been reported to correlate with a shorter survival time 

in GBM patients [36], and decreased serum gelsolin levels have also been 

reported in GBM patients while its tissue expression decreased with grade in 

astrocytomas [37]. Angiopoietin-1 (Angpt1), versican core protein (Vcan) and the 

prolow-density lipoprotein receptor-related protein 1 (Lrp1) have been found 

upregulated at both T1 and T2 in the sEV. Angpt1 is involved in vessel 

stabilization [38] and modulate aberrant vessel development in GBM [39], 

moreover was one of the main serum proteins that helped to distinguish healthy 

subjects from glioma patients [40]. Vcan, a large chondroitin sulfate protein, has 

been reported many times as involved in glioma [41], and its upregulation is 

characteristics of both the tumor stroma and at the advancing edge of the tumor 

[42]. A study demonstrated that Vcan secreted from glioma promotes tumor 

expansion through glioma-associated microglia/macrophage TLR2 signaling 

[43]. Lrp1 has an increased expression in glioma and its knockdown greatly 

decreased U87 cell (human GBM cell line) migration and invasion [44].  

3.3. Conclusions 

The combination of the three microproteomics strategies presented here enable 

the investigation of pre-symptomatic and symptomatic changes in the 

abundance of proteins from serum, serum sEVs and CSF from individual 

animals.  

The three methodologies have been applied to a GBM mouse model to identify 

early stage biomarkers. Motor tests were used to temporally define disease 

progression, selecting a pre-symptomatic stage and a symptomatic stage; blood 

and CSF were withdrawn 15 days before glioma injection (baseline) and 12 and 

21 days after the tumor inoculation, corresponding to the pre-symptomatic stage 

(T1) and symptomatic stage (T2) respectively.   

The low volume of biofluids available from each animal at each time point means 

that microproteomics strategies are needed to prepare the samples for the LC-

MS analysis. Recent advances in LC-MS equipment have greatly improved in 

volume requirements and sensitivity, and now enable the analysis of low sample 



Chapter 3 – Longitudinal biomarker discovery in mouse models 

 132 

amounts [45,46]. However, developments in LC-MS instrumentation need to be 

followed by parallel improvements in sensitive sample preparation protocols. 

The scaling-down of the serum-sEV workflow to 50 µL (Chapter 2 and Annex 1) 

enabled the serum proteome and the serum sEV proteome to be measured from 

serum samples obtained from individual mice (total serum volume that could be 

collected at each time point was approximately 70 µl). 

The three sample types were analyzed using three different workflows; to 

analyze the serum proteome, the immunodepletion of the most abundant 

proteins was needed to increase the identification efficiency, then a SDC-based 

protocol coupled with TMT labeling was used for sample preparation and LC-

MS analysis. To profile the proteome of sEVs, the vesicles were enriched from 

serum by size exclusion chromatography which removes about the 99.9% of the 

total proteome (50 µl of serum contains about 3 mg of protein, serum sEV 

isolated from 50 µl contains about 1.7 µg, see Chapter 2), then a modified SP3 

protocol was used to process the sEV proteins. For CSF the 5 µl were directly 

processed using a modified SP3 protocol. The limited amount of proteome 

samples to be analyzed by LC-MS means that the quantitative proteomics data 

can be prone to missing values because of the stochastic nature of data dependent 

acquisition. Here match-between-runs was used to reduce the severity of this 

effect for the serum sEV and CSF datasets, but data independent methods could 

help reduce missing values further [47–49].  

A linear mixed effect model was applied for the longitudinal analysis of the three 

datasets, the model allowed the identification of 25 deregulated proteins from 

serum sEV, 17 from serum and 3 from the CSF.  Among the three workflows, the 

longitudinal analysis of serum-sEV reported the most numerous dataset of 

deregulated proteins indicating that this approach gives an important 

contribution to the strategies of serum and CSF proteome profiling.  

To date, no biomarker has been established for the earlier diagnosis of GBM, 

without which it is not possible to establish if earlier detection may aid patient 

outcome. These longitudinal experiments revealed 35 proteins with a significant 

deregulation at the pre-symptomatic stage, suggesting that GBM systemic effects 

can be detected before the onset of motor symptoms. Further experiments will 

be performed incrementing the number of mice and including the blood 
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collection at different time points in the control mice as well, in order to confirm 

the obtained results. Among the deregulated proteins, Alpha-2-HS-glycoprotein 

(Ahsg), Gelsolin (Gsn), Angiopoietin-1 (Angpt1), versican core protein (Vcan) and 

the prolow-density lipoprotein receptor-related protein 1 (Lrp1) have previously 

been reported as candidate diagnostic or prognostic biomarkers and should be 

considered for further validation. Moreover, the methods reported can be 

directly applied to other disease models, for the longitudinal studies for early 

stage biomarker discovery but also for disease monitoring and clinical trials 

follow-up. 

3.4. Materials and Methods 

3.4.1. Mice and tumor induction  

Cells of the murine glioma GL261 cell line were grown as specified by Vannini et 

al. [50]. Adult C57BL/6J mice were bred at the CNR Institute of Neuroscience 

animal facility and housed in a 12-hour light/dark cycle, with food and water 

available ad libitum. All experimental procedures were performed in conformity 

to the European Communities Council Directive 86/609/EEC and were approved 

by the Italian Ministry of Health (DLSG 26/2014 Authorization No. 260/2016-PR). 

After administration of tramadol (intraperitoneal injection, ip; 10 mg/kg), a 

mixture of ketamine and xylazine was used as anaesthesia (ip; 100/10 mg/kg 

body weight). The tumour was induced by stereotaxically guided injection of 

40,000 GL261 cells (20,000 cells/1 μl Tris HCl solution) into the primary motor 

cortex (1.75 mm lateral and 0.5 mm anterior to bregma). Body temperature was 

constantly monitored with a rectal probe and maintained at 37.0°C with a 

thermostatic electric blanket during the surgery. An oxygen mask was placed in 

front of the animal’s mouth to aid respiration. The GL261 cell solution was slowly 

delivered at a depth of 0.8–0.9 mm from the pial surface. To prevent dehydration, 

a subcutaneous injection of saline (0.9% NaCl, 1 ml) was delivered at the end of 

the procedure. 
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3.4.2. Motor tests 

The grip strength test and Rotarod test were used to monitor the motor 

capabilities of naïve and glioma-bearing mice, as previously described [17]. Each 

animal performed the tests prior to GL261 injection (baseline measurement) and 

after glioma inoculation, specifically: 5, 7, 9, 12, 15, 17, 19 and 21 days post 

injection. All tests were performed during the same time interval each day (2:00– 

5:00 pm; light phase) to exclude any influence of circadian rhythms. Statistical 

analysis was performed using GraphPad Prism v5. 

Grip strength test: the animal was placed over a base plate, in front of a grasping 

bar (trapezoid-shaped). The bar is linked to a force transducer connected to a 

Peak Amplifier (Ugo Basile S.R.L., Gemonio, Italy). When pulled by the tail, the 

animal instinctively grasps at the bar, until the pulling force overcomes their grip 

strength. The peak amplifier registers the peak pull-force achieved by the 

forelimbs when the animal loses its grip on the grasping bar. Three trials per day 

were performed for each animal and the average was calculated. All 

experimental values were normalized to each animal’s baseline performance 

[17]. 

Rotarod test: mice were placed on a drum rotating at a baseline speed of 4 rpm 

(Ugo Basile S.R.L., Gemonio, Italy). The rotation speed of the drum increased 

linearly from 4 to 40 rpm during a 10-minute observation period. An automated 

unit recorded the time each mouse spent on the Rotarod before falling. Each trial 

ended when the mouse fell from the apparatus or when 10 minutes had elapsed. 

Five consecutive trials for each mouse, with an interval of 5 minutes between 

trials, were performed. Averaged fall latency was calculated for each animal. The 

apparatus was cleaned after each animal test with 10% ethanol to prevent the 

accumulation of olfactory cues. All experimental values were normalized to each 

animal’s baseline performance [17].  

3.4.3. Mouse blood sampling and serum preparation  

Mice were anesthetized with isoflurane and the retro-orbital vein was punctured 

with gentle pressure and twisting motion with a needle at the sinus level. Blood 

was collected in 1.5 mL Eppendorf tubes at three different time points: GBM-

baseline (15 days before GL261 injection), GBM-T1 (12 days after tumour 
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induction) and GBM-T2 (21 days after GL261 implantation). T1 is the pre-

symptomatic stage and T2 the post-symptomatic stage of the disease [17]. Serum 

was prepared by allowing the blood to clot at room temperature for 30 minutes, 

followed by centrifugation at 2,000 g for 20 minutes at 4°C and collecting the 

supernatant. Approximately 70 µl of serum were obtained from each blood 

sample. The serum samples were then stored at -80°C. 

3.4.4. Mouse cerebrospinal fluid collection 

For CSF withdrawal, the mice received ketamine/xylazine anesthesia (ip; 100/10 

mg/kg body weight) and were placed in a stereotaxic apparatus; CSF was slowly 

collected from lateral ventricles (coordinates from bregma: 1 mm lateral, 0.8 mm 

posterior, depth of 2 mm) using a Hamilton syringe and stored at -80°C. During 

CSF withdrawal, body temperature was monitored with a rectal probe and 

maintained at 37.0°C with a thermostat-controlled electric blanket; an oxygen 

mask was placed in front of the animal to facilitate breathing and a subcutaneous 

injection of saline (0.9 % NaCl, 1 mL) was delivered at the end of the procedure 

to prevent dehydration. 

3.4.5. Serum sEV proteomics sample preparation  

See the method described in Chapter 2 and the step-by-step procedure described 

in Annex 1.  

3.4.6. Serum proteomics sample preparation 

Agilent MOUSE-3 spin cartridge were used to deplete albumin, serotransferrin 

and IgGs from 15 μL of serum. The depletion buffer was then exchanged to an 

SDC based lysis buffer (0.4% SDC, 100mM TRIS, pH 8.5 and a tablet of protease 

inhibitor) using a Vivaspin 500 3kDa MWCO spin filter. Proteins were reduced 

and alkylated with 1mM TCEP and 4mM CAA. Samples were then digested with 

1:50 Lys-C for 4 h at 37°C followed by 1:25 trypsin for 18 h at 37°C. SDC was 

precipitated with two 12 µL aliquots of 10% FA followed by 20 min 

centrifugation at 21,000 g. The AssayMAP Bravo liquid handler robot (Agilent) 

equipped with C18 cartridges and vacuum dried was used for desalting. 
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The digested peptides were labeled with TMT 10plex reagents (see Chapter 1, 

section 1.9.8.) using an AssayMAP Bravo system [51]. Briefly, 10 µg peptides 

were suspended in a labeling buffer, and on-column labeled with a 1:15 peptide-

to-TMT ratio in a two-step reaction. After the quenching with 2 µL 4% 

hydroxylamine solution, the samples were incubated at RT for 10 min.  Two 

channels of each 10-plex set were used to label a pooled sample, which served as 

a reference to normalize protein intensities across different LC runs [52].  

The 10-plex TMT sets were mixed and then fractionated on RPS cartridges using 

an automated protocol on the AssayMAP BRAVO. Seven fractions (10 mM 

NH4OH in LC-MS grade water, pH 10 with 0%, 12%, 18%, 24%, 30%, 36%, and 

80% of ACN) were collected and vacuum-dried, then suspended in 10% FA. 

Fractions 0 and 5 and fractions 1 and 6 were pooled before injection. 

Approximately 1.5 μg of peptides were analyzed by LC-MS.  

3.4.7. CSF proteomics sample preparation  

CSF samples were processed with the same SP3 workflow used for serum 

extracellular vesicles [53] (see Chapter 2 and Annex1). 15 µL of the SP3 lysis 

buffer was added to 5 µL of CSF sample, the sample was then diluted 1:1 with 

TFE. 2 µL of the SP3 beads suspension was added and protein reduction, 

alkylation, cleanup and quantification were carried out as described for the 

serum-sEV. Proteins were digested in a single overnight step (18 h, trypsin/Lys-

C digestion, 1:25 enzyme/protein). After peptide cleanup, the peptides were 

eluted from beads with 2% DMSO solution, diluted 1:1 with 10% formic acid and 

injected into the nLC-MS/MS system. Five CSF peptide samples (two BL, one T1 

and two T2) were pooled, fractionated, and analyzed together with the 

longitudinal samples using the MaxQuant match-between-runs (MBR) 

algorithm (see Materials and Methods § 3.4.9.) to increase proteome coverage.  In 

more detail, the pooled sample was subjected to high pH fractionation using an 

AssayMAP BRAVO liquid handling robot equipped with RPS cartridges; the 

fractions correspond to isocratic elutions using 10 mM NH4OH in LC-MS grade 

water, pH 10, with 0%, 12%, 18%, 24%, 30%, 36%, and 80% of ACN. Each fraction 

and the individual longitudinal samples were then analyzed by LC-MS.  
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3.4.8. LC-MS proteomic analysis of serum-sEV, serum and CSF 

An EASY-nLC 1000 (Thermo Scientific) equipped with an Acclaim PepMap 100 

pre-column (2 cm x 75 μm, C18, 3 μm, 100 Å; Thermo Scientific) were used for 

the LC-MS analysis of all samples. Peptides were separated at a flow rate of 300 

nl/min using an EASY-Spray analytical column (ES803: 50 cm x 75 µm, C18, 2 

µm, 100 Å; Thermo Scientific) and analyzed using an Orbitrap Fusion mass 

spectrometer (see Chapter 1, section 1.9.4). A peptide mixture from bovine serum 

albumin (BSA; Sigma-Aldrich; St. Louis, MO) was used as a quality control to 

assess carry-over and to test the overall chromatographic performance after 

every analysis.  

Serum-sEV: A 75 min LC gradient was used to separate the tryptic peptides:  

Table 3.3. Liquid chromatography gradient for  serum-sEV peptide 

separation 

Gradient 5% B 5% B 22% B 32% B 90% B End 

75 min 0 min 1 min 53 min 60 min 66 min 75 min 

Buffer A consisted of LC-MS grade water with 0.1% formic acid and Buffer B of 

LC-MS grade acetonitrile with 0.1% formic acid. The Orbitrap Fusion Tribrid 

mass spectrometer was operated in positive ion mode. The nESI voltage was 

2100-2300 V and the ion transfer tube temperature was 275 °C. Mass 

spectrometry data were acquired using a data dependent acquisition method 

that relies on a MS1 survey scan (Orbitrap mass analyzer) with a resolution of 

120000 full width at half-maximum (FWHM), a mass range of 375-1500 m/z, a 

maximum injection time of 100 ms and an automatic gain control (AGC) target 

of 4×105 ions. The precursor ions (intensity greater than 5 × 103) were selected 

from the MS1 survey scan using a Top speed method with a 3 sec cycle time. 

Peptides were selected with a quadrupole isolation window of 1.6 m/z, and ions 

(charge states from 2+ to 7+) fragmented using high-energy collision dissociation 

(HCD), with 32 % normalized collision energy (NCE). MS2 spectra were acquired 

in the linear ion trap with a rapid scan rate, using an AGC target of 1×104 and a 

maximum injection time of 35 ms. Dynamic exclusion with an exclusion duration 

of 60 sec and a mass tolerance of 10 ppm was enabled.  
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Serum: A 140 min LC gradient was used to separate the tryptic peptides:  

Table 3.4.  Liquid chromatography gradient for serum peptide separation  

Gradient 8% B 8% B 25% B 35% B 90% B End 

140 min 0 min 1 min 105 min 120 min 130 min 140 min 

Buffer A consisted of LC-MS grade water with 0.1% formic acid and Buffer B of 

LC-MS grade acetonitrile with 0.1% formic acid. 

The MS2 spectra used for peptide identification were acquired in the linear ion 

trap (mass range 375-1500 m/z, AGC target 5 × 103, maximum injection time 125 

ms) after collision-induced dissociation (35% normalized collision energy). MS3 

spectra were used for reporter-ion-quantification, and were acquired in the 

Orbitrap (mass range 100-500 m/z, AGC target 1 × 105, maximum injection time 

150 ms) after top-eight multinotch isolation and HCD fragmentation (50% NCE). 

CSF: A 145 min LC gradient was used to separate the tryptic peptides:  

Table 3.5 . Liquid chromatography gradient for CSF peptide separation 

Gradient 5% B 5% B 22% B 32% B 95% B End 

145 min 0 min 1 min 105 min 120 min 130 min 145 min 

Buffer A consisted of LC-MS grade water with 0.1% formic acid and Buffer B of 

LC-MS grade acetonitrile with 0.1% formic acid. 

Peptides were analyzed using a data dependent acquisition method that relies 

on a MS1 survey scan (Orbitrap mass analyzer) with a resolution of 120000 

FWHM, a mass range of 375-1500 m/z, a maximum injection time of 100 ms and 

an AGC target of 4 × 105. Ions were selected and fragmented (quadrupole 

selection, 1.6 m/z isolation window, HCD fragmentation, NCE 27%) and 

analysed in the ion trap (rapid mode, AGC target 2.0 × 103, maximum injection 

time 300 ms). 
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3.4.9. LC-MS/MS data analysis: protein identification 

Serum-sEV and CSF: MaxQuant software (version 1.6.3.4) [54,55] was used for 

the identification of the serum-sEV proteins and CSF proteins. MS/MS spectra 

were searched against the SwissProt Mus Musculus database (Uniprot, 

11/06/2019, 17021 entries) supplemented with an in-house common contaminant 

database (250 sequences). Andromeda search engine was used with the 

following settings: trypsin digestion; up to 2 missed cleavages; cysteine 

carbamidomethylation as fixed modification; methionine oxidation and protein 

N-term acetylation as variable modifications; mass tolerance 20 ppm and 4.5 

ppm for the first and main search respectively. The FDR-controlled MaxQuant’s 

match-between-runs (MBR) algorithm was used (retention-time alignment of 0.7 

min) to increase proteome coverage. The MBR transfers peptide identifications 

between runs based on m/z, charge state and retention time after a retention time 

alignment of runs [55]. The LC-MS/MS data from the sEVs of three healthy mice 

were added to the longitudinal sEVs datasets, and the LC-MS/MS data from the 

fractionated pooled-CSF sample was added to the CSF longitudinal datasets, to 

increase the runs available for matching. Peptides were filtered to a minimum 

length of 7 amino acids and 1% FDR. Quantification was performed only on 

proteins identified with at least one unique peptide. Raw intensities extracted 

from MaxQuant were used to compare sEV and CSF protein levels. Highly 

variable serum proteins (serum albumin and IgGs) were filtered out from the 

sEV dataset, since their intensity is likely to depend on the sEV isolation 

efficiency. Protein intensities were log2 transformed prior to further analysis. 

Serum: Raw data were analyzed using Proteome Discoverer (v.2.1, Thermo 

Scientific) and searched against the SwissProt Mus Musculus database (Uniprot, 

11/06/2019, 17021 entries). An in-house contaminant database was added to the 

search (250 entries). Searches were performed using a precursor mass tolerance 

of 10 ppm and an FDR of 0.01. A maximum of two missed cleavages were 

allowed. Methionine oxidation (+15.995 Da) and acetylation (+42.01 Da, protein 

N-terminus) were set as dynamic modifications while carbamidomethylation of 

cysteine (+57.021 Da) and TMT 10plex of peptide N-terminus and lysines 

(+229.163 Da) were set as static modifications. Protein Groups were filtered by 

eliminating contaminants, serum albumin, serotransferrin and IgGs, whose 

intensities may depend on the depletion efficiency. Master protein intensities 
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were exported to Excel and normalized  using an in-house coded script according 

to Xiao et al. [52]. All the columns of each set were normalized to the same sum 

(average sum of the set). The average of the intensities of each protein in the two 

reference channels of each set was used to perform an inter-set normalization. 

Protein intensities were log2 transformed prior to further analysis. 

3.4.10. Serum sEV-data analysis  

The lists of protein groups identified in the serum-sEV datasets were compared 

with the EV markers present in the ExoCarta Top 100 database [56,57] to verify 

the effectiveness of the sEV purification methods. This comparison was 

performed by string search of the protein names.  

Gene enrichment analysis of the gene ontology (GO) cellular component term 

was performed using Database for Annotation, Visualization and Integrated 

Discovery (DAVID) v6.8 with the whole mus musculus genome as statistical 

background, and which involves a Fisher's exact test followed by a Benjamini–

Hochberg (BH) FDR multiple testing correction [58]. Python was used for the 

graphical representation of the gene enrichment analysis.  

Principal component analysis (PCA) was performed using Perseus 1.5 software 

[59] to investigate the principal source of variance in the dataset (see Chapter 2, 

section 2.5.10 for more details). Common contaminant proteins were eliminated 

prior to data transformation and normalization. Raw protein intensities were 

Log2 transformed and median normalized (subtraction of the median intensity 

of each sample's protein intensity from all protein intensities, which results in all 

median intensities being equal to zero). Note that for these analyses missing 

values were not replaced. 

Statistical significance of the differences in proteins contents between T2 and 

Naïve groups was determined by mean comparisons, using a Student’s t-test 

(α=0.05); the normal distribution of the data (or residual) was verified with the 

Shapiro-Wilk test, and p-value were corrected to an FDR of 0.05 using the BH 

method. GraphPad Prism v5 for Windows (GraphPad Software, La Jolla 

California USA, www.graphpad.com) and Matlab (ver. R2016a, The MathWorks 

Inc: Natick, MA, USA, 2010) were used.  
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3.4.11. Longitudinal data analysis  

An ANOVA test could not be used for the comparison between the three 

different time points, because the samples were not independent (longitudinal 

analyses explicitly concern the time dependence of the signals). A linear mixed 

effect (LME) model was applied for the analysis of longitudinal changes in 

protein intensities and Matlab was used for model fitting. The time-effect was set 

as a fixed categorical variable with three levels (GBM-baseline, GBM-T1 and 

GBM-T2). A random intercept for each mouse was added to the model, to 

account for inter-individual variability of each protein at baseline. This model is 

robust to missing values [60,61] and is thus suitable for proteomics data, for 

which missing values of low abundance proteins for some samples are common. 

For this reason, the LME model is often utilized for longitudinal studies [62,63], 

and was recently used for a longitudinal study of CSF-sEVs in amyotrophic 

lateral sclerosis [64]. Both the residuals and the random effects of the model 

should be normally distributed (Shapiro-Wilk test, α=0.05), the model was fitted 

for each protein of the dataset if the number of valid values matched the chosen 

conditions and if both the residuals and random effects were normally 

distributed.  

The sEVs dataset consisted in 10 points from four mice, the LME model was fitted 

only if at least three baselines, three T1, and three T2 had valid values for the 

protein. The serum dataset consisted in 18 points corresponding to the baseline, 

T1, and T2 time points measured from six mice; the LME model was individually 

fitted to each protein, under the condition that at least four valid values were 

present for each time point. Five mice were used to estimate time point effects 

for CSF. Three mice missed the T2 point, while one mouse missed both baseline 

and T1, so the model was fitted only for proteins with valid values for all 

samples. 
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The LME model equation is: 

y
k,j

=(β
0
+ ν0,k)+ β

1,j
τj+εk,j 

 

in which the intensity of the protein (y
k,j
) for the mouse k at the time point j (BL, 

T1, or T2) can be described by a time-independent contribution (β0 + ν0,k), a time-

dependent contribution β1,j τj  and the model residuals εk,j. The time-independent 

contribution consists of the average background intensity of the protein, β0, 

which is constant for all mice and all time points, as well as a mouse specific shift 

in baseline concentration ν0,k that is random (so the average of ν0,k for a large 

number of animals should be zero). In the model, the fit parameters are the 

random effect (ν0,k) and the “regression coefficient” β1,j which characterizes the 

changes that occur at the presymptomatic and symptomatic stages, categorical 

times depicted here as T1 and T2 respectively (β1,j exist only for j=T1, T2). The 

model was tested for significant effects and the p-values were corrected to an 

FDR of 0.05 using the BH method. Significant time point effects were plotted with 

their confidence interval at 95%. 

DATA AVAILABILITY  

The mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) 

via the PRIDE partner repository [65] with the dataset identifier PXD016473. 

Identified protein groups datasets and deregulated proteins list can be 

downloaded from https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7686310/. 

The mass spectrometry data of serum and CSF datasets are available under 

request.  
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“Proteomics Profiling of Neuron-Derived Small Extracellular Vesicles from Human Plasma: 

Enabling Single-Subject Analysis”. Int. J. Mol. Sci. 2021, 22, 2951.  

Contribution: I performed all the proteomics sample preparation, digestion optimization, LC-MS 

and the data analysis of this chapter, together with the SEC-HPLC method development and 

isolation of sEVs derived from cultured human neurons. The plasma collection and purification of 

plasma NDsEVs by L1CAM immunoplate, with relative morphological analysis and miR-155 

quantification, has been carried out by the group of R.D.Carratore at the CNR Pisa. The group of 

M.T.Dell’Anno at FPS provided the human neuron culture media.  
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4.1. Introduction 

Parkinson’s disease (PD) is a neurological disorder characterized by the 

progressive loss of nigral dopaminergic neurons and subsequent dopamine 

deficiency, which eventually results in motor symptoms and cognitive 

impairment [1,2]. PD early diagnosis is challenging because of the late onset of 

symptoms, therefore reliable biomarkers are needed for earlier diagnosis and 

treatment as well as disease monitoring [3]. Many circulating markers for PD 

have been reported: the level of α-synuclein (α-syn) in cerebrospinal fluid (CSF) 

was found to be lower in PD patients than in controls [4]; similarly the levels of 

phosphorylated α-syn and total α-syn in patient plasma have been investigated 

for patient diagnosis [5]. Other proteins have been proposed, including PARK7 

and its isoforms in plasma [6], Apolipoprotein 1 in plasma [7], Amyloid β1-42 

and the tau protein in CSF [8]. However, CSF analysis requires invasive sample 

collection and for plasma it has been reported that platelet contamination or 

variation in haemolysis may confound the reliable quantification of blood 

PARK7 and α-synuclein levels [9,10], thus further studies are needed to validate 

these markers.  

In the CNS, sEVs are involved in intercellular communication, neuronal 

plasticity and myelin regeneration in both physiological and pathological 

conditions (see Chapter 1, section 1.3.) [11–13]. The lipid bilayer of the outer 

membrane of sEVs makes them stable for longer periods of time and prevents 

degradation of their molecular content [14]. Moreover, sEVs can cross the blood–

brain barrier and therefore represent an accessible source of central nervous 

system (CNS) biomarkers [15]. It has been demonstrated that sEVs can transport 

pathogenic proteins associated with PD [16], and their molecular content has 

been shown to correlate with PD onset and progression [17]. Recently, the 

successful isolation of neuron-derived sEVs (NDsEVs) was demonstrated using 

neuronal antigens such as neural cell adhesion molecule L1 (L1CAM) [18]. The 

development of L1CAM immuno-precipitation protocols for the isolation of 

NDsEVs was pioneered by the groups of Goetzl at the University of California 

and Zhang at the University of Washington [19,20]. Their protocols involve the 

use of biotinylated anti-L1CAM antibodies and a streptavidin resin, or the prior 

immobilization of the anti-L1CAM antibody onto M-270 epoxy beads followed 
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by incubation with the sample. These L1CAM workflows have demonstrated 

that NDsEVs represent a source of biomarkers, in which ELISA, western blot or 

targeted proteomics analysis has been used to follow the levels of specific target 

proteins (α-synuclein, tau protein, DJ-1, Aβ42) [3,21–23]. 

The low concentration of NDsEVs in peripheral biofluids and the limited amount 

of protein within sEVs constitute a formidable analytical challenge, requiring 

high sensitivity NDsEVs isolation, proteomics sample preparation and LC-MS 

methods. Jiang and colleagues recently performed a longitudinal study of 

neuronal sEVs isolated by L1CAM from serum and found that the combination 

of α-synuclein and clusterin levels differentiated PD from other proteinopathies 

and from multiple system atrophy. The same group has reported the 

identification of 512 proteins using NDsEVs pooled from multiple patients [24]. 

The ability to characterize the NDsEVs proteome from individual patients is a 

necessary step for the identification of new biomarkers, and to explore the full 

potential of NDsEVs for personalized medicine.  

In light of these considerations, here we report the development of a rapid and 

cost-effective workflow for the isolation of NDsEVs from the plasma of 

individual PD patients (PD-NDsEV) followed by their comprehensive 

proteomics analysis. PD-NDsEVs were isolated from plasma using an 

immunoplate coated with an anti-L1CAM antibody. Morphological 

characterization of the isolated NDsEVs confirmed the efficient isolation of 

vesicles consistent with exosomes. The single-pot solid-phase-enhanced sample-

preparation protocol (SP3, see Chapter 2 and 3) [25] was used to generate the 

proteolytic peptides from the NDsEVs samples, which were then analysed by 

LC-MS/MS analysis to identify and quantify the NDsEVs proteins. SP3 is a well-

established technique used within FPS, but is sensitive to detergents and 

contaminants. Initial results obtained using the SP3 method were highly 

variable, presumably due to the detergents and cofactors used during elution of 

the NDsEVs from the immunoplate. S-TrapTM columns were used to test the 

protein suspension-trapping proteomics protocol [26] (see Chapter 1, § 1.10.4) 

and after an optimization of the digestion conditions this protocol provided the 

performance necessary for the characterization of the NDsEVs proteome from 

individual patients. 
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To investigate the specificity of the NDsEVs isolation method we compared the 

protein profiles obtained from plasma NDsEVs with those obtained from sEVs 

isolated from the supernatant of cultured human neurons established in vitro 

from the differentiation of human neuroepithelial stem (NES) cells. Since NES 

cell derived neurons were not obtained through reprogramming techniques they 

preserve the transcriptional and epigenetic profile of their corresponding 

counterpart in vivo [27] and, for this reason, the sEVs collected from this platform 

represent a good reference for the comparison with NDsEVs isolated from 

patient plasma to gauge NDsEVs specificity. 

The isolation of NDsEVs from plasma and their proteomics analysis enabled the 

identification of many proteins shared with the NES-cell reference database; 

these were also annotated as having elevated neural expression in the Human 

Brain Proteome database, included 23 proteins belonging to the KEGG 

Parkinson’s Disease pathway (HSA05012), and several circulating biomarkers.  

4.2. Neuron-derived sEVs proteomics analysis from 

individual Parkinson Disease patients 

4.2.1. Isolation and morphological characterization of plasma NDsEVs from 

Parkinson’s disease patients 

Here, an efficient method for the comprehensive proteome profiling of NDsEVs 

isolated from the plasma of individual patients was developed. The procedure 

provides the capabilities to investigate NDsEVs as a source of accessible 

biomarkers. For this study, blood was collected from four PD patients and the 

NDsEVs were isolated from platelet-free plasma to avoid any source of sEVs 

contamination, as recommended by the International Society of Extracellular 

Vesicles guidelines, MISEVS 2018 [28]. An immunoplate covalently coated with 

antibodies for L1CAM was used for the isolation of NDsEVs; L1CAM is a 

characteristic marker of NDsEVs and has been previously used for their 

immunoprecipitation [18]. The isolated vesicles were characterized using 

nanoparticle-tracking analysis (NTA) and transmission electron microscopy 

(TEM). NTA revealed the presence of vesicles with an average diameter of 
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115±49 (mean±SD) consistent with sEV size [29] (Figure 4.1.A.) and the TEM 

analysis revealed that the L1CAM-immunoplate procedure isolated round 

shaped intact vesicles (Figure 4.1.B).  

 

Figure 4.1. Plasma neuron derived small extracellular vesicles (NDsEVs) characterization. (A) 

Nanoparticle-tracking analysis of plasma NDsEVs. (B) Representative TEM images of plasma 

NDsEVs after negative staining. Scale bars: 100 nm. 

4.2.2. Proteomics analysis of plasma NDsEVs using the SP3 protocol 

A preliminary experiment was performed to evaluate whether the NDsEVs 

isolated with anti-L1CAM immunoplate was compatible with the single-pot 

solid-phase-enhanced (SP3) digestion protocol that I previously optimized for 

the analysis of mouse serum sEVs (described in detail in Chapter 2 and Annex 

1). The L1CAM-positive NDsEVs were isolated from 150 µl of platelet-free 

plasma by immunoprecipitation starting from the blood of the four different PD 

patients. After vesicle lysis, the proteins were extracted, digested and processed 

following the optimized SP3 workflow. The digested peptides were then 

analyzed by LC-MS but resulted in LC-MS chromatograms with very low-

intensity features (Fig. 4.2.A.) if compared to a quality control sEVs analysis of 

vesicles isolated by SEC and processed using the SP3 protocol (Fig. 4.2.B.). 

Moreover, a low and highly variable number of identified protein groups 

was obtained from the four biological replicates (119±49).  
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Figure 4.2. Qualitative comparison of the LC-MS chromatograms of the (A) proteomics analysis of 

NDsEVs isolated by L1CAM immunoprecipitation and processed using the SP3 protocol and (B) 

an example of a quality control total proteomics analysis of sEVs isolated by SEC and processed 

using the same SP3 protocol. The numbers reported in the chromatograms are the retention times 

(RT) of the chromatographic peaks.  

The immunoprecipitation of plasma NDsEVs by L1CAM requires the interaction 

of the membrane protein L1CAM with the antibody fixed to the multiwell plate. 

After overnight incubation, several washing steps are performed in order to 

reduce non-specific binding to the antibodies; subsequently an elution buffer is 

used to elute the NDsEVs from them (see 4.4.2. Materials and Methods). Both the 

washing buffer and the elution buffer contain detergents that can be difficult to 

remove during the proteomics sample preparation, and were found to interfere 

with the bead-protein interaction that is fundamental in the SP3 protocol 

(immobilization of proteins and peptides on the beads is used during all cleaning 

steps, and is essential to avoid sample losses, Chapter 1, §1.10.3.). In principle it 

is possible to remove the detergents using commercially available columns or 

with additional clean-up steps, however such additional steps were not 

compatible with the low protein amount available when NDsEVs were enriched 

from 150 µl of plasma (about 1 – 2 µg).  

4.2.3. Optimization of the protein suspension-trapping procedure for the 

digestion of low protein amounts 

A highly sensitive sample preparation procedure able to remove detergents 

while reducing sample losses is fundamental for the analysis of the plasma 

NDsEVs proteome. The protein suspension-trapping procedure was tested [33]; 

this procedure is based on spin columns that enable the use and subsequent 

removal of 5% SDS for proteomics sample preparation (see Chapter 1, §1.10.4). 
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The undigested proteins are maintained by multiple weak-affinity interactions 

within the pores of the derivatized silica S-TrapTM columns [33]; for this reason 

sample losses are reduced and the proteins can be extensively washed. The 

protein suspension-trapping procedure has been reported to be robust to 

contaminants of diverse types: detergents, PEG, glycerol, salts. S-TrapTM columns 

are normally used for protein amounts greater than 10 µg; the suggested enzyme 

to protein ratio is 1:10 and the minimum recommended enzyme amount is 1 µg 

per column. 1-2 hours under incubation with the proteolytic enzyme at 47°C are 

the suggested digestion parameters. When NDsEVs are isolated from 150 µl of 

plasma the total amount of protein lysate is about 1-2 µg, accordingly 1 µg of 

proteolytic enzyme is too much (common enzyme:protein ratio is 1:25 for the 

SP3). The prevalence of trypsin autolysis peptides among the identified peptides 

is likely to impair the detection of the lower abundant peptides from the 

NDsEVs. Figure 4.3. shows a representative LC-MS base peak chromatogram of 

an NDsEVs proteomics analysis when a higher amount of Trypsin/Lys-C was 

used.  

 

Figure 4.3. Representative LC-MS chromatogram of sEVs isolated by SEC and processed using the 

SP3 protocol with a quantity of Try/Lys-C 5 times higher than the 1:25 common ratio. The few 

visible peaks all belong to auto-digestion of Trypsin/LysC. The numbers reported in the 

chromatograms describe the retention times (RT) of the chromatographic peaks.    

An experiment was performed to optimize the S-TrapTM digestion step when 

only a low amount of protein is available. Aliquots of HeLa cells lysate 

containing 1 µg of extracted proteins were used for this study; HeLa are 

commonly used as a reference quality control for proteomics sample 

preparation. Different digestion conditions were tested using 1 µg of protein and 

the Trypsin/Lys-C amount was reduced to 0.3 µg. Specifically, the conditions 

investigated were the number of washing steps prior to proteolytic digestion, the 

incubation time with the proteolytic enzymes, and the temperature. To 

investigate whether the low amount of proteolytic enzyme led incomplete 

digestion, a 2-step digestion was also tested since this previously led to an 
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increase in sEVs protein digestion efficiency (Chapter 2), and thereby increased 

the number of proteins identified and quantified. Table 4.1. summarizes the 

digestion conditions that were tested. 

Table 4.1. S-TrapTM protein digestion optimization. The Trypsin/Lys-C amount was scaled down 

to 0.3 µg and different digestion conditions were tested to optimize the S-TrapTM digestion protocol 

for low protein amounts.  

Digestion 

parameters 
57 °C – 1h 

57 °C – 1h 

+ 

60%ACN 

1h 

47 °C – 2h 
47 °C – 2h – 

9 wash 

37 °C - 

overnight 

Protein washing 

steps 
3 3 3 9 3 

Incubation time 

(hours) 
1 

Step 1: 1 h 

Step 2: 1 h 
2 2 18 

Enzyme Try/Lys-C Try/Lys-C Try/Lys-C Try/Lys-C Try/Lys-C 

Added enzyme 

amount (µg) 
0.3 

Step 1: 0.3 

Step 2: 0.1 
0.3 0.3 0.3 

Temperature 57°C 57°C 47°C 47°C 37°C 

 

A pellet of HeLa cells was lysed and the extracted proteins were quantified to 

prepare aliquots of 1 µg. Three aliquots for each condition (Table 4.1.) were 

processed using the S-TrapTM protocol (see Materials and Methods, paragraph 

4.4.7.). After the digestion the eluted peptides were analyzed by LC-MS. The 

analysis reported that the number of identified proteins increased with the 

incubation time (Fig. 4.4.A.). Similarly, the success rate (% of MS/MS spectra that 

led to peptide identifications) was greatest for the overnight digestion (Fig. 

4.4.B.). The percentage of peptides with zero missed cleavages and of doubly-

charged peptides, both used as metrics for the completeness of the proteolytic 

digestion, were both highest for the overnight digestion (Fig. 4.4.C-D). These 

results led to the selection of the overnight digestion for all subsequent 

experiments. Moreover, increasing the number of washes (9 instead of 3) 

increased, even if not significantly, the number of identified proteins and the 

success rate.  The isolation of NDsEVs using L1CAM-based 

immunoprecipitation involves the use of detergents, and so in all experiments I 
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used 9 washes prior to the overnight digestion of NDsEVs proteins to ensure any 

remaining detergent was removed. 

Figure 4.4. Digestion optimization using the S-TrapTM protocol using 1μg of HeLa lysate. The 

experiment was performed in technical triplicate. The figure reports the (A) number of identified 

protein groups, (B) percentage of matched spectra among the total number of spectra (PSMs/MS-

MS), (C) the number of peptides with zero-missed cleavages and (D) the percentage of peptides 

with charge +2. Data are mean ± SD. 

4.2.4. Proteomics analysis of plasma NDsEVs by protein suspension-trapping 

This study was designed to assess the technical reproducibility of the developed 

workflow, and to assess the biological variability of NDsEVs isolated from 

different subjects. L1CAM-positive sEVs were isolated using just 150 µl of 

plasma, the vesicles were lysed, their proteins processed using the optimized 
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protein suspension-trapping protocol and analyzed by LC-MS (Fig. 4.5.A.). The 

optimized L1CAM-S-Trap workflow led to the identification of 349 ± 38 

(average±SD) protein groups among all plasma NDsEVs replicates (Fig. 4.5.B.).  

 

Figure 4.5. (A) NDsEVs proteomics workflow: NDsEVs were isolated from platelet-free plasma by 

L1CAM immune-precipitation, S-TrapTM were used to digest the proteins and to purify the 

peptides that are then analyzed by LC-MS/MS for protein identification and quantification. (B) 

Number of protein groups identified in each plasma NDsEVs sample. 

In total, 630 protein groups were identified, among which 41 are shared with the 

Top100 sEVs marker proteins annotated in the ExoCarta database (Fig. 4.6.A.). 

The markers ANXA2, GAPDH, ALDOA, A2M were identified in all NDsEVs 

replicates, and other common proteins were identified in the PD-NDsEVs 

samples although not in all replicates (e.g. CD9, ANXA1, ITGB1, HSPA8).  

177 protein groups were identified from the NDsEVs isolated from all PD patient 

samples (a multiconsensus list of the replicates of PD1 was used for this 

purpose). A Gene Ontology analysis of this protein list highlighted the presence 

of blood microparticles (count: 74, FDR-corrected p-value: 1.5 × 10-112), 

extracellular region proteins (count: 127, FDR-corrected p-value: 1.9 × 10-99) and 

extracellular exosomes (count: 140, FDR-corrected p-value: 7.9 × 10-88) as the top 

three enriched cellular component categories (Figure 4.6.B.). It should be noted 

that the results reported in Fig. 4.6.B. are conservative, as they were calculated 

using only those proteins identified in all patient samples. When the GO analysis 
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was repeated using all proteins identified from NDsEVs (n = 630), i.e. also 

including those detected in a subset of patients, ‘extracellular exosomes' was the 

most enriched term (counts: 411, FDR-corrected p-value: 1.2 × 10-198).  

Extracellular exosomes are defined as sEVs that originate from late endosomes 

[34]; in this study the ‘extracellular exosome’ category was strongly enriched. We 

thus investigated the presence of the endosomal sorting complexes required for 

transport (ESCRT) machinery and the presence of proteins associated with 

endosomes. Here, ESCRT machinery proteins (e.g. TSG101, MVB12, VPS, ALIX) 

[35] were not identified presumably due to the high complexity of the plasma 

samples and the very small protein amount available from the NDsEVs from 150 

µl of plasma, which prevented the identification of lower abundant proteins. 

Nevertheless, in the NDsEVs we identified 20 proteins annotated as belonging 

to the ‘early endosome’ GO cellular component category (GO: 0005769) and 44 

proteins associated with ‘endosome’ (GO: 0005768); the latter included Early 

endosome antigen 1 (EEA), Syntaxyn-7 (STX7), and Lysosome-associated 

membrane glycoprotein 1 (LAMP1). These results indicate that even in the 

presence of blood proteins in the samples, vesicles consistent with exosomes 

characteristics are successfully enriched.  

The average number of protein groups identified from the PD-NDsEVs was 373 

and 326 for the technical and biological replicates, respectively, Figure 4.7.A. The 

Venn diagrams show that 260 and 179 protein groups were identified in all 

technical (PD1A, PD1B, PD1C) and biological replicates (PD2, PD3, PD4) 

respectively (Figure 4.7.B.). The variability in the number of identified proteins 

and detected protein levels (Figure 4.7.C.) was lower for the technical replicates 

than for the biological replicates.  

 



Chapter 4 – Neuron-derived sEVs isolation and proteomics analysis 
 

 162 

 

Figure 4.6. (A) Venn diagram of the total NDsEVs proteins identified from all PD patients (PD-

NDsEVs) and the ExoCarta Top100 database. (B) Gene enrichment analysis of proteins identified 

from PD-NDsEV. The analysis was performed with DAVID database using the total homo sapiens 

dataset as reference database. Only proteins common to all patients were used for the analysis: 177. 

Significantly enriched ‘Cellular component’ GO terms are reported in the table with the relative 

count number and – Log (FDR corrected p-value). 
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Figure 4.7. (A) Average number of identified protein groups from PD-NDsEVs and relative 

standard deviations for technical replicates (PD1A, PD1B and PD1C) and biological replicates 

(PD2, PD3 and PD4). (B) Venn diagram showing the number of common and unique proteins 

among technical replicates and among biological replicates of plasma NDsEV. (C) Protein intensity 

correlation among technical replicates and among biological replicates; the figures report the 

Pearson’s correlation coefficient extracted with Perseus software [36]. 

To confirm the presence of CNS derived proteins within the PD-NDsEV, the 

protein identifications were compared with the Human Brain Proteome database 
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of the Human Protein Atlas [37]. This database (downloaded: December 2020) 

reports 16227 genes that have been detected in the brain, 2587 genes annotated 

as having elevated expression in the brain, 488 genes significantly enriched in 

the brain and 33 genes that have been only detected in the brain.  

Table 4.2. Comparison of the proteins identified from NDsEVs from PD patients with the Human 

Brain Proteome (Human Proteome Atlas) database led to the identification of two proteins 

(highlighted in grey) annotated as significantly enriched genes in the brain and 18 proteins 

annotated as elevated in the brain. 

Accession 

number 

Gene 

name 
Description 

Q13885 TUBB2A Tubulin β-2A chain 

Q9UL68 MYT1L Myelin transcription factor 1-like protein 

P09972 ALDOC Fructose-bisphosphate aldolase C 

P09172 DBH Dopamine beta-hydroxylase 

P0DP57 SLURP2 
Secreted Ly-6/uPAR domain-containing 

prot. 2 

P11277 SPTB Spectrin beta chain, erythrocytic 

P60763 RAC3 Ras-related C3 botulinum toxin substrate 3 

P12259 F5 Coagulation factor V 

Q96KN2 CNDP1 Beta-Ala-His dipeptidase 

Q9Y2T3 GDA Guanine deaminase 

P04180 LCAT Phosphatidylcholine-sterol acyltransferase 

P22792 CPN2 Carboxypeptidase N subunit 2 

P32004 L1CAM Neural cell adhesion molecule L1 

P02766 TTR Transthyretin 

P04196 HRG Histidine-rich glycoprotein 

P16150 SPN Leukosialin 

Q93050 ATP6V0A1 V-type proton ATPase 116 kDa subunit a 

P80723 BASP1 Brain acid soluble protein 1 

P11171 EPB41 Protein 4.1 

P0DP25 CALM3 Calmodulin-3 

 

The comparison resulted in two proteins that are annotated as significantly 

enriched in the brain, namely Tubulin beta-2A chain (TUBB2A), which is 

involved in neuron migration, and Myelin transcription factor 1-like protein 

(MYT1L) which is involved in neuronal differentiation. The PD-NDsEVs 

contained an additional 18 proteins that are reported as having an elevated 

expression in the brain (Table 4.2.). Moreover, among the larger category of 
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proteins that have been detected in the brain, 381 proteins were identified here 

in PD-NDsEVs (60,5% of the total PD-NDsEVs identified proteins).  

 

4.2.5 Potential plasma NDsEVs markers of PD 

Despite the low amount of plasma (150 μl) used for each experiment, the L1CAM 

isolation of NDsEVs allowed the identification of proteins previously reported 

to be involved in the pathogenesis of PD. From the PD patients’ plasma NDsEVs, 

23 proteins (Table 4.3) that belong to the Parkinson Disease KEGG Pathway were 

identified and quantified (HSA05012, 249 entries, downloaded January 2021) 

[40]. Among the 23 proteins, we identified Parkinson’s disease protein 7 

(PARK7), which was previously proposed as a candidate biomarker after 

demonstrating increased levels in the plasma NDsEVs of PD patients with 

respect to controls [22]. Moreover, the NDsEVs proteins identified from the PD 

patient plasma samples also included proteins previously annotated as possible 

circulating markers of PD (e.g., Gelsolin, Amyloid P component, Clusterin, 

Stromal cell-derived factor 1). Gelsolin was reported to be progressively 

upregulated from mild PD to severe PD [41]; Amyloid P component behaves as 

an acute-phase reactant and was proposed as a PD marker [42]. Clusterin has 

been repeatedly linked to PD, and its plasma levels have been found to be 

increased in PD patients [43]. Stromal cell-derived factor 1, also known as 

CXCL12, was confirmed to be positively correlated with α-synuclein in post-

mortem brains tissues of PD patients, and increased in their blood [24]; moreover, 

in the same study, α-synuclein increased the production of CXCL12 in microglia 

[44]. Of particular interest is the presence of 10 proteins of the 20S Proteasome 

complex (PSMA1-3, PSMA5-7, PSMB1, PSMB3, PSMB5-6), which is a part of the 

ubiquitin proteasome system (UPS), known to be impaired in PD and to be the 

major cause of neuronal degeneration [45].  
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Table 4.3. Proteins of the PD Kegg Pathway identified in the plasma NDsEVs from PD patients. 

Uniprot ID Gene name Description 

P25705 ATP5F1A ATP synthase subunit alpha, mitochondrial 

P06576 ATP5F1B ATP synthase subunit beta, mitochondrial 

P0DP25 CALM3 Calmodulin-3 

Q9NZT1 CALML5 Calmodulin like 5 

P99999 CYCS Cytochrome c 

P04899 GNAI2 
Guanine nucleotide-binding protein G i) 

subunit alpha-2 

P11021 HSPA5 Endoplasmic reticulum chaperone BiP 

Q99497 PARK7 Parkinsonism associated deglycase 

P25786 PSMA1 Proteasome subunit alpha 1 

P25787 PSMA2 Proteasome subunit alpha 2 

P25788 PSMA3 Proteasome subunit alpha 3 

P28066 PSMA5 Proteasome subunit alpha 5 

P60900 PSMA6 Proteasome subunit alpha 6 

O14818 PSMA7 Proteasome subunit alpha 7 

P20618 PSMB1 Proteasome subunit beta 1 

P49720 PSMB3 Proteasome subunit beta 3 

P28074 PSMB5 Proteasome subunit beta 5 

P28072 PSMB6 Proteasome subunit beta 6 

P62979 RPS27A Ubiquitin 40-S ribosomal protein S27a 

P12235 SLC25A4 ADP/ATP translocase 1 

Q13885 TUBB2A Tubulin beta 2A class IIa 

P68371 TUBB4B Tubulin beta 4B class IVb 

P10599 TXN Thioredoxin 

 

The identification of proteins that are associated with the CNS and of proteins 

involved in PD is a very important step, because it means that the NDsEV 

procedure is able to detected proteins related to neurodegeneration. This is a 
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prerequisite for a larger scale clinical study focused on the identification of 

NDsEV molecular cargos (not necessarily only proteins) that could act as 

biomarkers with which it would be possible to monitor patient progression.  

4.3. Proteomics analysis of sEVs isolated from cultured 

human neurons   

We sought to create a reference database of sEVs proteins from human cultured 

neurons, with which the proteins from plasma NDsEVs could be compared. 

Neurons obtained from neuroepithelial stem (NES) cells were differentiated to 

complete maturation as assessed by the expression of pan-neuronal markers 

(Figure 4.8.) and media collected at the end of the differentiation process (the 

group of M.T. Dell’Anno at the FPS laboratories performed these experiments).  

After a pretreatment step to eliminate larger vesicles (filtration using a 0.2 µm 

filter), the neuron culture media was concentrated using a 100 kDa filter and 

NDsEVs isolated using a SEC column coupled to an HPLC system (HPLC-SEC). 

A preliminary HPLC-SEC analysis using in-flow dynamic light scattering (see 

4.6. Materials and Methods) was performed to characterize the elution profile in 

terms of particle size and scattering intensity. Samples consisting in 250 µl of 

concentrated media were injected and eluted using PBS through a Superose 6 

SEC column with a flow rate of 0.5 mL/min. On the basis of the SEC elution 

profile (Figure 4.8), it was determined that the sEVs eluted in the fractions from 

14 to 22 min, which reported an extracted average diameter of 70.5 nm.  
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Figure 4.8. NES cells and neuronal progeny characterization. (A-C) NES cells are immunopositive 

for neural stem cell markers Nestin and Vimentin (VIM), and express transcription factors SOX1 

and SOX2, typically found in neuronal progenitors. Phospho-vimentin (pVIM) labels cells in the 

M phase of the cell cycle. (D-F) Upon three months of differentiation, NES cell-derived neurons 

appear immunodecorated with pan-neuronal markers neurofilament (NF), MAP2, and TUBB3, 

mostly expressed in neurites. Neuronal somas are immunopositive for RBFOX3. Scale bar is 20 µm. 
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Figure 4.9. Neuron culture media SEC elution profile. The analysis was performed using a 

Superose 6 Increase 10/300 SEC column coupled to an HPLC in-line with a Zetasizer Dynamic 

Light Scattering readout. The graph represents the vesicle diameter size (d. nm) in blue and the 

derived count rate in red. The light-orange box represents the selected fraction for NDsEVs analysis 

(14-22 min).  

The fractions containing NDsEVs were collected and concentrated, the proteins 

extracted and digested using the optimized protein suspension-trapping 

protocol, which led to the identification of 431 protein groups from a total of 3.1 

μg of digested peptides from 3 mL of cell culture media. The identified proteins 

included 51 of the sEVs markers listed in the ExoCarta Top100 database (Fig. 

4.9.A.) as well as the ESCRT machinery proteins TSG101, VPS37B, ALIX, and 

MVB12B, which are characteristic of their endosomal origin [24] (Fig. 4.9.B.). 

The proteins identified from the NES-NDsEVs did not include the neural 

adhesion molecule L1 (L1CAM), which was used above to isolate NDsEVs from 

patient plasma. The absence of the L1CAM protein among the identified proteins 

of sEVs isolated from a neuronal culture can be related to the fact that lower 

abundant proteins are difficult to identify due to the high complexity of the 

sample; furthermore, L1CAM is a membrane protein and membrane proteins are 

difficult to identify because the transmembrane region makes them less 

accessible and the amino acid sequences contain fewer sites for proteolysis using 

trypsin [38]. A recent publication has questioned the specificity of L1CAM for 

NDsEVs because of significant free circulating L1CAM in plasma and non-
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specific binding. However, the Nanoparticle tracking and TEM analysis results 

shown in Figure 4.1 clearly demonstrate the isolation of sEVs. Further work is 

necessary to establish the specificity of L1CAM for NDsEVs; e.g., the II step 

digestion with 60% ACN could be tested on the NES-NDsEVs samples to 

increase the possibility to detect L1CAM if present, but this is beyond the scope 

of this work. Moreover, it should be noted that the experiments reported in this 

thesis were performed using data-dependent acquisition (DDA) in which the 

more intense peptide ions detected in MS1 are automatically selected, 

fragmented, and analyzed in MS2. The stochastic nature of peptide ionization 

means there is variability in ion signals, which leads to variability in which ions 

are selected for MS2. It is known that such variability is more significant for lower 

abundant peptide ions, such as is expected from membrane proteins like 

L1CAM. A targeted MS2 analysis of L1CAM peptides, or a data-independent 

acquisition (DIA) method that includes L1CAM peptides in the mass spectral 

library used to deconvolute the DIA MS2 spectra, could increase the sensitivity 

of the assays for L1CAM but would first require the synthesis of isotopically 

labeled variants of the L1CAM proteolytic peptides [5,6].  

Gene enrichment analysis of the gene ontology (GO) cellular component term 

was performed using the homo sapiens genome as background. The analysis 

showed that ‘extracellular exosome’ was the most enriched cellular component 

term, with 311 counts and an FDR corrected p-value of 1.4 × 10-161 (Figure 4.9.C.).  
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Figure 4.10. (A) Venn diagram of the proteins identified in the NDsEVs and their overlap with the 

ExoCarta Top100 database. (B) Identified proteins expected to be present in sEVs preparations, a 

guideline of the Minimal Information for Studies of Extracellular Vesicles 2018 (MISEV2018) [3]. 

The comparison was performed by string search of the protein names. (C) Gene Ontology of 

proteins identified from NDsEVs isolated from neuronal culture media. The analysis was 

performed with DAVID database using the total homo sapiens dataset as reference database. 

Proteins used for the analysis: 431. Significantly enriched ‘Cellular component’ GO terms are 

reported in the table with the relative count number and – Log (FDR corrected p-value). 

We then investigated whether the NES-NDsEVs retained neuronal cell specific 

markers, by comparing the identified proteins with the Human Brain Proteome 

database. The 431 protein groups identified from NES-NDsEVs included 57 

proteins reported to have elevated expression in the brain (among which six 

were also detected in the PD-NDsEVs) and 18 that are significantly enriched in 

the brain (Table 4.3). Among these 18 proteins, we highlight two neuronal 

membrane glycoproteins (GPM6A and GPM6B) and the myelin glycolipid 

protein (PLP1), all known to be involved in neurite growth [39].  
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The results of the gene enrichment analysis and the comparison of the identified 

proteins with the ExoCarta Top100 database demonstrated the successful 

isolation of small extracellular vesicles consistent with exosomes, and their 

molecular content contained specific neuronal signatures.  

Table 4.4. Identified proteins in NES-NDsEVs in common with the Human Brain Proteome 

(Human Proteome Atlas) database annotated as significantly enriched genes in the brain. 

Gene name Protein description 

BCAN Brevican core protein 

CNP 2',3'-cyclic-nucleotide 3'-phosphodiesterase 

BTBD17 BTB/POZ domain-containing protein 17 

SLC44A1 Choline transporter-like protein 1 

CSPG5 Chondroitin sulfate proteoglycan 5 

SLC1A3 Excitatory amino acid transporter 1 

FSTL5 Follistatin-related protein 5 

DIRAS2 GTP-binding protein Di-Ras2 

LY6H Lymphocyte antigen 6H 

PLP1 Myelin proteolipid protein 

NCAN Neurocan core protein 

GAP43 Neuromodulin 

GPM6B Neuronal membrane glycoprotein M6-b 

GPM6A Neuronal membrane glycoprotein M6-a 

GPR37L1 Prosaposin receptor GPR37L1 

TTYH1 Protein tweety homolog 1 

TTYH2 Protein tweety homolog 2 

PTPRZ1 Receptor-type tyrosine-protein phosphatase zeta 
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4.4. Conclusions  

The isolation and characterization of NDsEVs through the use of an anti-L1CAM 

antibody has gained increasing interest owing to their potential to provide 

diagnostic and prognostic markers of different CNS pathologies [3,18,46]. The 

major goal of the experiments described in this Chapter was to develop a 

procedure for the proteomics analysis of plasma sEVs of neuronal origin; for the 

first time a 96-well plate covalently pre-coated with the anti-neuronal adhesion 

molecule L1 (L1CAM) was used for the isolation and proteomics profiling of 

NDsEVs from individual subjects. I first used the SP3 protocol for the sample 

preparation but the detergents used for L1CAM-based sEVs 

immunoprecipitation led to poor reproducibility. Instead, I then tried a different 

procedure, named protein suspension-trapping, which succeeded in removing 

the detergent and resulted in a more complete protein digestion, which is 

necessary for high reproducibility. The protein suspension-trapping procedure 

was applied on NDsEVs isolated from four Parkinson’s Disease (PD) patient’s 

plasma; technical and biological replicates were analyzed to assess if the 

procedure identified proteins consistent with sEVs, with brain proteins, and with 

proteins involved in PD. For these reasons, this study should be considered a 

proof-of-concept, which sought to evaluate the potential of the procedure to 

study PD-NDsEVs.  

The use of the 96-well plate for the L1CAM-based sEVs immunoprecipitation has 

significant advantages with respect to available approaches, in terms of lower 

unit cost, increased ease of use, potential automation, and the low plasma 

volumes needed.  

The morphological characterization of the NDsEVs by NTA and TEM showed 

that the procedure leads to the isolation of round-shaped vesicles with exosomes 

characteristics. NDsEVs isolated by the immunoplate were processed for LC-

MS/MS based proteomics using S-TrapTM columns, because they enable the 

sensitive and efficient analysis of volume-limited samples [26]. The combination 

of immunoplate isolation of NDsEVs and S-TrapTM-based proteomics sample 

preparation provided the performance necessary for the characterization of the 

NDsEVs proteome from individual patients. An average of 349 NDsEVs protein 

groups were identified from each PD patient using only 150 µl of plasma. The 
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successful enrichment of vesicles with exosome characteristics was confirmed by 

the identification of exosome markers (ANXA2, ITGB1, CD9), markers of the 

endosomal biogenesis pathway (Early endosome antigen 1, EEA) and finally by 

a gene enrichment analysis that demonstrated an enrichment of the ‘extracellular 

exosomes’ GO term.  

A reference protein dataset was obtained using human neuron-derived sEVs 

generated upon in vitro differentiation of NES cells. A comparison of the proteins 

identified from the NES-NDsEVs and the PD-NDsEVs resulted in 213 protein 

groups that were present in both datasets, of which 93 were identified in all PD-

NDsEVs samples. Moreover, 6 of the proteins of the Human Brain Atlas 

annotated as elevated in the brain were detected in the NES-NDsEVs and in the 

PD-NDsEVs datasets, although not in all patient’s samples, namely BASP1, DBH, 

ALDOC, HRG, RAC3 and F5. These results indicate that the L1CAM-NDsEVs 

approach efficiently isolated vesicles with neuronal signatures. Despite the 

presence of a large number of proteins shared between the PD-NDsEVs and the 

NES-NDsEVs, the former contained fewer proteins that belong to the Human 

Brain Atlas. There are several possible reasons for this observation, including the 

co-isolation of blood proteins during L1CAM-immunoprecipitation (also 

demonstrated by the gene enrichment analysis) as well as the subsequent 

realization that the NES-derived neuron samples included a significant number 

of astrocytes, which are also abundant in the brain. Moreover, it should be noted 

that the NES-derived neurons were cultured in the absence of serum in the 

culture media, and accordingly the proteins found in both the PD-NDsEVs and 

NES-NDsEVs samples could only originate from NDsEVs and not from blood 

contamination of the plasma NDsEVs preparations.  

In summary, the results described here demonstrate that L1CAM 

immunoprecipitation isolated vesicles with neuronal signatures. It is based on a 

96-well plate format and so can be readily automated for larger scale clinical 

studies, whether for the identification of diagnostic biomarkers or monitoring of 

patient response/progression. The datasets have also been made publicly 

available and thus can be used as reference datasets with which experimental 

results from other laboratories may be compared. Finally, I demonstrated that 

the robustness of the protein suspension-trapping methodology to extensive 

washing of the protein extract enabled the effective removal of detergents and 
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buffers used for the immunoprecipitation of sEVs. Accordingly, the procedure is 

directly applicable for the proteomics analysis of sEV isolated by 

immunoprecipitation of other antigens. 

4.4. Materials and methods  

4.4.1. Human subject and clinical plasma sample collection 

Blood was withdrawn from four PD patients (age range between 50 and 80), who 

did not suffer from any other neurological (cerebrovascular, or 

neuroinflammatory/immune) diseases, severe brain injuries, and/or severe non-

neurological illnesses (cardiovascular and blood diseases, kidney, liver or 

pancreas failure, immune disorder). The blood was collected into EDTA-treated 

tubes. Plasma was obtained by centrifugation at 150 g for 15 minutes at room 

temperature, followed by centrifugation at 9600 g of the surnatant to obtain 

platelet–free plasma, which was then aliquoted and stored at -80°C. All plasma 

aliquots underwent a single freeze-thaw cycle. 

4.4.2. NDsEVs enrichment from plasma  

To remove cell debris and larger vesicles, thawed plasma samples of 250 µl 

underwent three centrifugation steps: 10 min at 300 g, 20 min at 1200 g, and 30 

min at 10000 g. The plasma was then diluted 1:1 with PBS. In this study we used 

a 96-multiwell ELISA plate covalently pre-coated with the anti-neuronal 

adhesion molecule L1 (L1CAM or CD171) (HansaBioMed Life Sciences-Lonza), 

using the clone UJ127 previously accepted for blood-NDsEVs isolation [21,47]. 

Three wells were used for each sample and 100 µl of 1:1 plasma:PBS were added 

to each well. The plate was kept under shaking for 20 minutes at RT and 

incubated overnight at 4°C. Four washing steps were performed using PBS 

containing 0.05% Tween 20. NDsEVs were then collected using 15 µl of elution 

buffer (beads elution buffer, HansaBioMed Life Sciences-Lonza) and 25 µl of PBS 

added into each well. NDsEVs suspensions were then stored at -20°C. 
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4.4.3. Particle size-distribution  

NDsEVs size distribution was determined by Nanoparticle-tracking analysis 

(NTA) using a NanoSight NS300 (Malvern Panalytical). NDsEVs suspension was 

diluted 1:20 with PBS prior to analysis. The scattered light from individual 

particles was recorded and particle trajectory and displacement analyzed by the 

software NTA 3.3; particle size distribution was determined from the observed 

Brownian motion according to the Stokes-Einstein equation. NTA analysis was 

individually performed on sEVs obtained from the plasma of healthy and 

Parkinsonian patients. 

4.4.4. Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) was performed to characterize the 

morphology of NDsEVs isolated from the plasma of PD patients. Samples were 

prepared using a negative staining procedure; 10 μl of sample was placed onto 

200-mesh formvar/carbon-coated copper grids and allowed to settle for 3 min at 

RT. The grids were washed with distilled water and 20 μl of an aqueous solution 

of uranyl acetate (2% w/v) was then applied for 30 seconds. The samples were 

then analyzed with a Jeol 100 SX (Japan) transmission electron microscope 

operating at 80 KV. Micrographs at 25000-40000x direct magnification were 

obtained with a AMTXR80b Camera System. 

4.4.5. Small extracellular vesicles enrichment from human neurons culture media  

Human neocortical neurons were differentiated from neuroepithelial stem cells 

(NES) derived as previously described [27,48]. The media was collected from 

cultured neocortical neurons, pooled and filtered by 0.2 μm to remove cell debris 

and larger vesicles, and then stored at -80°C. All samples underwent one freeze-

thaw cycle only. After thawing, the media was concentrated using a Pierce 

Protein Concentrator (100K MWCO, 2-6 ml, Thermo Fisher Scientific) to a final 

volume of 200 μl, prior to sEVs purification by Size Exclusion Chromatography 

(SEC) as follows. A Superose 6 Increase column (10/300, GE Healthcare) was 

coupled to a Dionex Ultimate 3000 HPLC (Thermo Fisher Scientific) equipped 

with a photodiode array detector, a thermostated autosampler/fraction collector 
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maintained at 5°C, and interfaceable with a Zetasizer Dynamic Light Scattering 

(DLS, Malvern) suitable for flow measurements. Sample separation was 

performed using a 50-min run with filtered phosphate buffer saline (PBS) as 

elution buffer. Typically, 200 μl were injected in each run. Molecular weight 

calibration of the SEC column was performed using high molecular weight 

protein standards (Phenomenex). Calibration mixture contained thyroglobulin, 

bovine serum albumin and myoglobin. Blue dextran 2000 (Cytiva) was used to 

determine void volume. A preliminary run using the DLS in line with the SEC-

HPLC system was used to determine the elution profile of extracellular vesicles 

and proteins contained in a sample matrix. Fractions containing NDsEVs 

without protein contamination were selected based on the following criteria: 1) 

high scattering counts, 2) measured diameter >50 nm, 3) no absorption measured 

at 280 nm deriving from lower molecular weight components. The fractions of 

interest were pooled and concentrated using a 3KDa Protein Concentrators 

(Pierce 3 MWCO, 0.5 ml, Thermo Fisher Scientifics). The resulting suspension 

was then stored overnight at -20°C prior to proteomics sample preparation. 

4.4.6. Proteomics sample preparation 

A lysis buffer consisting of 10% sodium dodecyl sulfate (SDS), 100 mM 

triethylammonium bicarbonate (TEAB), pH 7.55, was added to the NDsEVs 

suspensions in a ratio of 1:1 (v/v). The vesicles were then lysed by sonication 

using a Bioruptor Pico (Diagenode, Seraing, Belgium; 20 cycles of 30s ON and 

30s OFF, 4°C). Proteins were denatured by incubation for 5 min at 95°C, reduced 

using 20 mM dithiothreitol (30 min incubation at 45°C), and then alkylated using 

40 mM iodoacetamide (30 min incubation at room temperature in the dark). 

Proteolytic digestion was performed using S-TrapTM Micro filters (ProtiFi, 

Huntington, NY) according to manufacturer’s instructions with slight 

modifications [33]. Briefly, in the optimized protocol the protein mixture was 

acidified with 12% aqueous phosphoric acid using an acid:sample ratio of 1:10. 

The samples were diluted six times with a protein binding buffer (90% methanol, 

100 mM TEAB, pH 7.1) and then loaded on to the S-TrapTM filters by 

centrifugation at 4,000 g. The loaded proteins were then rinsed 9 times with 150 

μl of protein binding buffer. Proteolytic digestion was performed by the addition 

of 25 μl of digestion buffer (0.3 μg Trypsin-LysC, 50 mM TEAB, pH 8) and 
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incubated at 37°C for 18 h. Trypsin/Lys-C mix Mass Spec grade was purchased 

from Promega (Madison, WI). Different protocols have been used in the 

optimization of the digestion step, as specified in Table 4.1. Proteolytic peptides 

were eluted with 40 μl each of 50 mM TEAB and 0.2% formic acid. Hydrophobic 

peptides were eluted with 35 μl of 50% acetonitrile containing 0.2% formic acid. 

The three eluates were pooled together, dried and suspended in 11 µl of LC-MS 

water. The total peptide concentration was quantified using the Pierce™ 

Quantitative Colorimetric Peptide Assay (Thermo Fisher Scientific, Rockford, IL) 

using 1 μl of the peptide solution. The peptides were then stored at -20°C in 0.5 

mL LoBind tubes (Eppendorf, Hamburg, DE). 

4.4.7. Mass spectrometry analysis 

The samples were diluted 1:1 with 10% formic acid and injected into an Easy-

nLC 1000 coupled to an Orbitrap Fusion mass spectrometer (both Thermo Fisher 

Scientific, Bremen, Germany). Peptides were separated in reverse phase mode 

online using an EASY-Spray PepMapTM analytical column (ES803: 50 cm x 75 µm, 

C18, 2 µm, 100 Å; Thermo Scientific) equipped with an Acclaim PepMapTM trap-

column (2 cm x 75, C18, 3 μm, 100 Å; Thermo Scientific). A quality control 

experiment was performed after every analysis using a peptide mixture from 

bovine serum albumin (Sigma-Aldrich; St. Louis, MO) to assess carry-over and 

to test overall chromatographic performance. 1.5 µg of digested peptides were 

separate using a 145 min gradient and a flow rate of 300 nl/min. Buffer A 

consisted of LC-MS grade water with 0.1% formic acid and Buffer B of LC-MS 

grade acetonitrile with 0.1% formic acid. Peptides were loaded at 800 bar and 

separated by a non-linear 145 min gradient: 0-1 min, 5% B; t=104 min, 5–22% B; 

t=120 min, 22–32% B, t=130 min, 32–90% B; t=145 min, 90% B. The Orbitrap Fusion 

mass spectrometer operated in positive ion mode using a data-dependent Top 

Speed mode with a 3s cycle time. The nESI voltage was 2100-2300 V and the ion 

transfer tube temperature was 275°C. The MS method consisted of a full mass 

spectrum in the Orbitrap (scan range: 375 to 1500 m/z, 120K resolution, automatic 

gain control target of 4e5, max injection time of 50 ms). Monoisotopic precursor 

selection and a dynamic exclusion of 60 s were used. Ions with charge states from 

2+ to 7+ and intensity greater than 5e3 were selected for high collision 

dissociation at 30% normalized collision energy using an isolation window of 1.6 
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m/z. MS/MS acquisition were performed in the linear ion trap with a rapid scan 

rate, automatic gain control target of 2e3 and 300 ms maximum injection time. 

4.4.8. Protein identification 

Proteome Discoverer 2.1 (Thermo Scientific) was used to process the LC-MS/MS 

raw data, using the SequestHT search engine [49] and the UniProt Homo Sapiens 

protein database (April 2019, 20428 entries) supplemented with a home-made 

common contaminants database (250 sequences). The MS/MS spectra were 

searched using the following parameters: 10 ppm precursor mass tolerance and 

0.6 Da fragment mass tolerance; up to 2 missed cleavages; minimum peptide 

length 7 amino acids; methionine oxidation (+15.995 Da) and acetylation (+42.01 

Da, N termini) as dynamic modifications; cysteine carbamidomethylation 

(+57.021 Da) as fixed modification. The search engine results were then filtered 

for 1% false discovery rate (FDR) using the Percolator algorithm [50] and filtered 

for a minimum peptide X corr score (which measures the fit of the experimental 

peptide fragments to the theoretical spectra) of 1.8. At least one unique peptide 

was required for definitive protein identification. 

4.4.9. Data analysis 

Identified protein groups were compared using Venn diagrams 

(http://bioinformatics.psb.ugent.be/webtools/Venn/). Gene enrichment analysis 

of the gene ontology (GO) cellular component term was performed using 

Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.8 

with the whole homo sapiens genome as statistical background; this involves a 

Fisher's exact test followed by an Benjamini–Hochberg FDR multiple testing 

correction [51]. The identified protein groups were compared with the EV 

markers present in the ExoCarta Top100 database (www.exocarta.org, 

download: November 2020) [52,53], with the Human Brain Proteome (Human 

Protein Atlas, 

https://www.proteinatlas.org/humanproteome/brain/human+brain, download: 

November 2020) and with the Parkinson Disease KEGG Pathway 

(https://www.genome.jp/dbget-bin/www_bget?pathway+hsa05012, download: 

December 2020). These comparisons were performed by string search of the 
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protein names. All proteomics data were analyzed using Perseus 1.5 software 

(https://maxquant.net/perseus/) [37], Microsoft Excel, and GraphPad Prism v5 

for Windows (GraphPad Software, La Jolla California USA, 

www.graphpad.com). For quantitative analysis, missing values were not 

replaced. Common contaminant proteins were removed prior to data 

normalization. Raw protein intensities were log2-transformed and median 

normalized (subtraction of the median intensity of each sample's protein 

intensity from all protein intensities, which results in all median intensities being 

equal to zero). The reproducibility of protein intensities was compared using the 

Pearson correlation coefficient and was performed with the proteomics data 

analysis software Perseus.   

Institutional Review Board: All experimental procedures were performed in 

conformity to the European Communities Council Directive 86/609/EEC and 

were approved by the Clinical Sperimentation Ethics Committee of Tuscany 

Region (Section: AREA VASTA NORD OVEST n°14568, 05/03/2019). All clinical 

and biochemical data of patients are available upon practical request and 

verification of all ethical regulations. 

Informed Consent: Informed consent was obtained from all subjects involved in 

the study. 
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5.1. Contribution  

In sEVs proteomics research, getting a high proteome coverage of sEVs from a 

limited sample would enable to address more clinical questions, such as 

identifying more sEV-based biomarkers for patient diagnosis/prognosis or 

monitoring treatment/disease progression. 

Two are the challenges addressed in this thesis: the first regards one of the 

significant advantages of disease mouse models, namely the ability to investigate 

disease progression through longitudinal studies. This has not been exploited for 

sEV-based molecular research because of the low amount of serum/plasma that 

can be obtained from each individual animal at each time point. For adult mice 

sampled every fortnight, just 50-70 µl serum/plasma may be collected [1]. No 

approaches to isolate sEVs and to profile the proteome of sEVs from such limited 

volumes were reported yet. The high complexity of the serum/plasma and the 

limited amount of total sEVs protein that could be extracted constituted a 

formidable analytical challenge for MS-based proteomics analysis.  

I developed a workflow for the proteome analysis of sEVs isolated from 50 µl of 

serum. The low volume needed for the serum-sEVs analysis allowed to analyze 

the total serum and sEVs proteome from a single serum sample from each 

animal, thus ensuring maximum data/information that can be extracted from 

each experiment, in accordance with the increasing requirements to replace, 

reduce and refine (3Rs) animal research [2]. 

The second challenge addressed in this thesis concerns the development of a 

proteomics approach for the isolation and comprehensive proteome profiling of 

plasma neuron-derived sEVs (NDsEVs). The procedure uses only 150 µl of 

plasma to profile the NDsEVs proteome from individual patients, which is 

essential for the identification of novel markers, for building a dataset of NDsEVs 

proteins, and for the development of analytical assays for disease diagnosis and 

prognosis.  

The greatest strengths of the approaches developed here are the sEVs proteome 

coverage that can be achieved from the low amount of protein that can be 

extracted from sEVs and their versatility. Indeed, the workflows do not require 



Chapter 5 – Conclusion and future outlook 
 

 

 189 

a combination of different techniques for sEVs isolation (e.g. SEC + IAC or SEC 

+ DGC, etc., see Chapter 1 § 1.11.2.), so only a small amount of material is needed. 

Moreover, the procedures can be easily implemented and/or automatized in 

many other proteomics laboratories and are compatible with a wide variety of 

applications. In this thesis, I applied the developed approaches to the 

identification of early sEVs biomarkers of glioblastoma multiforme and to the 

identification of Parkinson’s Disease signatures. Nevertheless, the same set of 

protocols can be adapted to the isolation of sEVs from mouse models of diverse 

pathologies, to the study of sEVs sub-categories isolated by diverse antibodies, 

and to the sEVs isolated from low amount of cell culture media such as from 

primary cells, FACS sorted cells or organoids.  

A goal of clinical proteomics is the identification of disease biomarkers in 

biological fluids that can be measured relatively easily and inexpensively. When 

sEVs proteomics profiling is used to identify biomarkers high technical 

reproducibility is essential, since any variability in the sample preparation and 

measurement will increase the total variability and thereby reduce the power to 

detect biomarkers [3]. As an example: an incomplete proteolytic digestion results 

in a larger number of peptides with missed cleavages, which are detected with 

different sensitivity than the completely digested peptides thereby introducing 

variability in peptide quantification [4]. To reduce the technical variability, I 

optimized the digestion for both procedures by minimizing the proportion of 

missed cleavage peptides, which increased the number of identified proteins. 

Here, I used HPLC-SEC for the automated isolation of sEVs from neuronal 

culture media (as reported in Chapter 4), but further experiments are needed to 

scale down the HPLC-SEC procedure to the low volume samples reported in 

Chapters 2 and 3. Moreover, the technical variability could be also reduced 

increasing the automatized steps, for example using liquid handling robots to 

perform the digestion and peptide cleanup [5].  

Another contribution of this work is the public availability of the proteomics 

datasets as reference datasets (they have been made publicly available via the 

PRIDE data repository), with which experimental results from other laboratories 

may be compared.  



Chapter 5 – Conclusion and future outlook 
 

 190 

5.2. Critical evaluation 

In sEVs proteomics research, the trade-off between high-purity sEVs isolation 

from blood and the amount of protein obtained from the purified vesicles is one 

of the outstanding challenges. The results reported here show that the two 

developed methodologies allow enriching sEVs from serum/plasma and 

identifying many vesicles proteins and several of the most common sEVs 

markers; however, the removal of proteins abundant in the blood, such as 

albumin, immunoglobulins and lipoproteins, was not complete. Moreover, it 

remains to be demonstrated whether the presence of lipoproteins may interfere 

with biomarker research or whether the presence of lipoproteins is acceptable. 

Specifically, any change in sEVs proteins associated with a disease could be 

diluted by the contribution from proteins from co-isolated lipoprotein particles. 

This effect could be direct, i.e. the same protein is also present in the co-isolated 

lipoprotein particles (including via nonspecific interaction), as well as indirect, 

because the co-isolated lipoproteins will affect how much the sEVs contribute to 

the total protein content of the sample. 

Another critical aspect for the development of diagnostics using MS-based sEVs 

proteomics is the lack of standardized protocols. The methods used in any 

laboratory reflect the available expertise and infrastructures, and so different 

laboratories with different instrumentation and backgrounds inevitably lead to 

methodological variation. Such variation makes it difficult to comprehensively 

compare sample sources, sEVs isolation techniques, sEVs sample preparation 

methods and MS-analysis approaches. In this thesis, two sEVs enrichment 

methods have been compared, namely polymer-based precipitation and size 

exclusion chromatography, since prior reports indicated that these two were the 

most suitable when the available sample amounts were small (i.e. <500 μl). The 

comprehensive comparison of all available methods was not feasible since most 

lead to significant sample loss. In addition, the immunoaffinity capture (IAC) of 

total sEVs methods using common markers of sEVs (e.g. CD9) has been reported 

for low sample amount [6], but was not included in the comparison because we 

did not want to risk limiting the analysis to any particular subset of sEVs [7], nor 

to the co-purification of different types of EVs [8].  
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The two methodologies that I developed were applied to small sets of 

preclinical/clinical samples, and so the work is best considered as comprising 

proof-of-concept studies that can subsequently be applied to larger cohorts of 

animal/patient samples. Indeed, larger cohorts of patient plasma samples have 

been identified for the study of total sEVs and NDsEVs through collaborators at 

AOUP (Parkinson's Disease, Alzheimer's Disease, and Frontotemporal 

Dementia) and the Karolinska Institute (Parkinson's Disease). A larger clinical 

study was not performed because of delays due to COVID-19, and the recent 

questions raised concerning the specificity of L1CAM for NDsEVs (described in 

the Introduction, Chapter 1 §1.5.). 

5.3. Future perspectives  

Less than twenty years ago, most researchers thought that extracellular vesicles 

were just a way for the cell to eliminate their waste [9], while, in recent years, the 

EVs field has evolved dramatically. EVs are now the central subject of many 

international conferences, have several national and international societies and 

three journals dedicated to their research, among which the Journal of 

Extracellular Vesicles (JEV) had a great impact in the scientific community (IF: 

25.8). Several companies focus their work on large-scale sEVs isolation and 

engineering, aimed to the production of novel drug delivery system and sEV-

based therapeutics.  

In the same period of time, the field of microproteomics has increasingly evolved 

towards the availability of several approaches for processing samples 

characterized by limited protein amount, namely FASP, which was reported in 

2009 [10], SP3 [11] and iST in 2014 [12], and protein suspension-trapping (via S-

TrapTM) in 2014 [13]. The increased analytical sensitivity provided by these 

developments allowed proteomics to be combined with techniques such as laser 

capture microdissection or fluorescence-activated cell sorting (FACS), thereby 

enabling proteomics analysis of specific tissues or cells of interest. The last big 

advance of the microproteomics field was in 2018, when two different strategies 

for the proteomics analysis of single mammalian cells were proposed, providing 

the identification of more than 1000 proteins [14,15].  
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One big issue of sEVs as a source of biomarkers is their heterogeneity, which may 

undermine the search for biomarkers. The application of high-sensitivity 

proteomics for sEVs analysis could make several impacts in the not too distant 

future; one of these is the identification of unique markers that can directly 

connect each vesicle to its cell-type of origin. These could be organ specific, 

tumor specific, or cell–type specific; in each case they could allow the purification 

and characterization of specific subcategories, and thereby lead to a clearer 

understanding of their specific and common functional properties [8]. This could 

have a significant impact, in particular in the field of neuroscience, due to the 

otherwise inaccessibility of the CNS.  

This thesis (see Chapter 1 §1.5 and Chapter 4) offers an overview of the current 

role of neural cell adhesion molecule L1CAM as a target for the isolation of 

neuron-derived sEVs (NDsEVs). Assays based on L1CAM sEVs 

immunoprecipitation have demonstrated their ability to predict Alzheimer 

Disease onset with a sensitivity of 96% by detecting the levels of tau protein and 

phosphorylated tau protein (p-T181 tau and p-S396 tau) in pre-clinical AD 

patients [16], nevertheless recent results have questioned the uniqueness of 

L1CAM for NDsEVs and also whether it is even present [17]. Accordingly, there 

is an urgent need to confirm the reliability of L1CAM as a marker for NDsEVs. 

Similarly to L1CAM for NDsEVs it has been proposed that astrocyte-derived EVs 

can be enriched using the astroglial surface protein glutamine aspartate 

transporter (GLAST) [18], but also in this case the uniqueness of this marker for 

astrocyte-derived EVs remains to be confirmed. The inaccessibility of the CNS 

means that there are many areas in which sEVs, through acting as a window into 

the brain, could help address unresolved issues. For instance, given the recent 

finding about the central role of microglia in myelin plasticity [19,20] and its 

major role in a range of pathological processes [21] (e.g. Krabbe's disease, 

neuromyelitis optica, multiple sclerosis, viral demyelination), a specific marker 

with which microglia-derived sEVs might be isolated could be crucial for 

obtaining information regarding the immunological status of the CNS.  

The characterization of the sEVs cargos and their association with disease states, 

useful for the development of biomarkers, should also take into consideration 

that transmembrane proteins found at the surface of sEVs are of higher practical 

use, as they can be detected easier than internal EV cargo with any available 
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state-of-the-art equipment for protein detection [22]. For this reason, another 

future hot topic will be the application of available techniques of membrane 

proteomics analysis to the proteomics analysis of sEVs.   

In conclusion, I personally believe that the identification and validation of 

specific markers for the isolation of sEVs subtypes and/or sEVs from specific 

cells-of-origin from patient blood are the current limiting factor for the 

development of high-throughput, multiplexed assays that could be implemented 

for routine diagnosis, therapy follow-up, disease progression, monitoring and 

drug testing.  
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Annex 1 - Detailed workflow for the 

isolation and proteomics analysis of 

small extracellular vesicles from low 

serum amount 

This annex offers a detailed description of the workflow for the isolation and LC-

MS based proteomics analysis of small extracellular vesicles isolated from 50 µl 

of mouse serum. A step-by-step procedure of the method described in Chapter 2 

and applied in Chapter 3 is followed by a helpful notes section and 

troubleshooting advice.  

A.1. Materials 

A.1.1. sEV isolation by size exclusion chromatography 

1) Refrigerated (4°C) benchtop centrifuge with 20,000 × g centrifugation 

capability. 

2) 0.5 mL Safe-Lock tubes (Eppendorf). 

3) 0.5 mL centrifugal filters 0.22 μm (Ultrafree-MC, Merck). 

4) Phosphate Buffered Saline solution (1 × PBS, pH 7.3–7.5): dissolve 1 VWR PBS 

tablet in 100 mL Milli-Q water. Store the solution at 4 °C for up to 1 month. 

5) Size exclusion chromatography (SEC) columns (qEVsingle/ 70 nm, IZON, 

New Zealand). 

6) SEC columns holder (e.g. qEV rack from IZON or a homemade column 

holder). 
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A.1.2. sEV concentration and on-filter lysis  

1) 0.5 mL 3 kDa protein concentrators (Pierce Protein Concentrators PES, 3K 

MWCO, 0.5 mL). 

2) SP3 Lysis Buffer (LB): prepare 10 mL of LB in a glass vial by adding 4.5 mL 

of HPLC grade water, 100 µl of 1M HEPES, 2 mL of 25 mM 

ethylenediaminetetraacetic acid (EDTA, 14.7 mg in 2 mL of 50 mM NaOH), 2 

mL of 25 mM ethylene glycol-bis(β-amino-ethyl ether)-N,N,N′,N′-tetraacetic 

acid (EGTA, 19 mg in 2 mL of 50 mM NaOH), 1 mL of sodium dodecyl sulfate 

10 % (SDS), 1 Protease inhibitor pill. Adjust the pH to 8.5 with NaOH (about 

120 µl of 1M NaOH). Store at 4 °C for up to 1 month. SDS precipitates at 4 °C, 

leave at room temperature before use until the solution is clear.  

3) Sonicator: Bioruptor Pico (Diagenode). 

4) 0.5 mL protein LoBind tubes (Eppendorf). 

A.1.3. SP3 proteomics sample preparation   

1) 100 mg/mL bead stock solution: equilibrate two commercial paramagnetic 

bead solutions (Sera-Mag Speedbeads GE65152105050250; Sera-Mag 

Speedbeads, GE45152105050250, Sigma) at room temperature by mixing 

vigorously. Combine 100 µl of each suspension in a 0.5 mL tube, add 160 µl 

of MilliQ water and mix well. Let the beads settle on the magnet and discard 

the supernatant containing sodium azide. Rinse the beads with 200 µl of 

MilliQ and mix well. Let the beads settle on the magnet and discard 

supernatant. Repeat the washing step three times. Store the bead stock in 100 

µl of MilliQ water at 4 °C. The beads stock solution can be used for up to one 

month.  

2) Magnetic rack: any magnetic rack capable of holding 0.2 mL PCR tubes is 

compatible. We used a homemade magnetic rack.   

3) Trifluoroethanol (TFE).  

4) 50 mM HEPES pH 8: add 500 µl of 1M HEPES to 9.0 mL of HPLC grade water, 

adjust the pH to 8 with 1M NaOH and fill with HPLC grade water up to 10 

mL. Store at 4 °C. The solution can be stored for one month.   
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5) 50 mM HEPES pH 8.5: add 500 µl of 1M HEPES to 9.0 mL of HPLC grade 

water, adjust to pH 8.5 with 1M NaOH and fill with HPLC grade water up to 

10 mL. Store at 4 °C. The solution can be stored for one month.   

6) 200 mM Dithiothreitol (DTT) solution: dissolve 30.85 mg in 1 mL of 50 mM 

HEPES pH 8.5. Prepare the solution directly before use because DTT is 

oxygen sensitive. Place in ice.  

7) 400 mM Iodoacetamide (IAA) solution: dissolve 36 mg in 500 µl of 50 mM 

HEPES pH 8.5. Prepare the solution directly before use because IAA is light 

sensitive. Place in ice and in the dark.  

8) ThermoMixer capable of holding 0.2 mL PCR tubes (Eppendorf). 

9) LC/MS grade formic acid.  

10) LC/MS grade acetonitrile. 

11) Washing solution: prepare 70 % ethanol in HPLC grade water (see Note 1). 

12) Protein digestion enzymes: Trypsin/Lys-C mixture (Promega). 

13) 0.2 mL PCR tubes. 

14) Micro BCA Protein Assay kit (Thermo Scientific). 

15) BSA stock solution (concentration: 2 µg/µl) for BSA standard preparation for 

Micro BCA assay calibration curve. 

16) Measurement tool for the quantification of small-volume samples (2 μl) in 

absorbance mode (e.g. Tecan NanoQuant Plate or Eppendorf µCuvette).  

17) Spectrophotometer compatible with the 2 μl measurement tool and capable 

of reading 562 nm.  

18) Thermostat oven capable of reaching 60 °C.   

19) Protein elution buffer: 2 % DMSO in LC/MS grade water. 

A.1.4. Morphological characterization of sEV  

1) Disposable Micro Cuvettes (ZEN0040, Malvern Instruments Ltd., UK). 
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2) Zetasizer Dynamic Light Scattering (Malvern Instruments Ltd., UK). 

3)  Malvern Zetasizer Software (Malvern Instruments Ltd., UK). 

1.5. Proteomics sample preparation and protein identification  

1) Easy-nLC 1000 Liquid Chromatograph (Thermo Fisher Scientific, Bremen, 

Germany). 

2) Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific, 

Bremen, Germany). 

3) EASY-Spray PepMapTM analytical column (50 cm × 75 μm, C18, 2 μm, 100 

Å; Thermo Fisher Scientific).  

4) Acclaim PepMapTM trap-column (2 cm × 75, C18, 3 μm, 100 Å; Thermo 

Fisher Scientific) 

5) MaxQuant software (Max-Planck-Institute of Biochemistry). 

A.2. Methods 

A.2.1. sEV isolation by size exclusion chromatography 

1) Filter the PBS solution with a 0.2 μm syringe filter (PTFE membrane, 

Wathman) and sonicate with an ultrasonic bath to remove air bubbles that 

could impair the resolution of the SEC elution profile, then leave it at room 

temperature before use.  

2) Leave the SEC columns at room temperature before use (see Note 2).  

3) Thaw the mouse serum on ice and centrifuge it at 4,000 × g for 30 min at 4 °C 

(see Note 3).  

4) Transfer the supernatant directly on a 0.2 µm centrifugal filter, centrifuge at 

16,000 × g for 1 min at 4 °C (see Note 4). Place the sample on ice after the 

filtration.  

5) Remove the column top cap and replace the buffer on top of the column filter 

with 1 mL of filtered PBS. Then remove the bottom cup and wash the qEV 
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column with a total of 5 mL of filtered PBS. Before the PBS ends, place the 

bottom cap and remove the buffer remaining on the top of the column filter.  

6) Mix 50 µl of the pre-treated mouse serum with 50 µl of PBS and load the 

sample on top of the column filter (see Note 5). 

7) Gently remove the bottom cap and elute the sample with PBS (average flow 

rate of 0.25 mL/min). Start collecting 200 µl fractions (see Note 6); the first five 

fractions (1 mL) correspond to the column void volume, small extracellular 

vesicles elute in the next three fractions (fractions: 6–7–8; total of 600 µl). Use 

LoBind tubes for collecting the fractions of interest.  

8) sEV enriched fractions can be directly processed for further analysis or can 

be stored at –80 °C (see Note 7). 

A.2.2. sEV sample preparation for morphological characterization 

A.2.2.1. Transmission electron microscopy (TEM)  

1) Prepare a 3 kDa protein concentrator for each sample, and wash it three times 

with 500 µl of HPLC grade water at 15,000 × g for 15 min at 4 °C.   

2) Concentrate the sEV containing SEC fractions using the washed 3 kDa 

protein concentrator at 14,000 × g for 40 min at 4 °C and loading the sample 

(600 µl in total) in two steps. 

3) When the sEV final volume is about 100 µl, add 200 µl of Milli-Q water and 

concentrate (14,000 × g at 4 °C for 20 min, see Note 8). 

4) The supernatant can be then analyzed by TEM using a standard negative 

staining protocol [1].  

A.2.2.2. Dynamic light scattering (DLS)  

1) sEV containing SEC fractions can be analyzed by DLS without any further 

sample preparation; mix well (e.g by vortexing) and load a minimum of 40 

µl of the SEC fraction into a disposable Micro Cuvette.  

2) Perform at least three measurements at 25 °C using a scattering angle 

detection of 173°.  
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3) Use the DLS intensity signal [% intensity] to plot and extract the sEV size 

distribution assuming a spherical shape of sEV, using the Malvern Zetasizer 

software.  

A.2.3. sEV concentration and on-filter lysis 

1) Wash the 3 kDa protein concentrator three times with 500 µl of HPLC grade 

water at 15,000 × g for 15 min at 4 °C.   

2) Concentrate the sEV containing SEC fractions using the 3 kDa protein 

concentrator at 14,000 × g for 40 min at 4 °C, load the sample (600 µl in total) 

in two steps. 

3) When the sEV suspension volume is about 80 µl wash by adding 200 µl of 

PBS and concentrate at 14,000 × g at 4 °C for 20 min.  

4) Switch the centrifuge temperature to 15 °C (see Note 9).  

5) Exchange the PBS buffer with lysis buffer by three additions of LB. Required 

volumes for buffer exchange: 200 µl + 200 µl + 100 µl at 14,000 × g for 40 min 

at 15 °C. Increase the time of the last centrifugation step until the sample 

reaches a volume of 50 µl or lower (see Note 10).  

6) Sonicate the filters using the Bioruptor (30 sec on / 30 sec off) for 10 min at 15 

°C (see Note 11). 

7) Use a pipette to collect the sample and place into a 0.5 mL LoBind tube.  

8) Centrifuge the empty filter 1 min at 15,000 × g and collect any retained sample 

volume. 

9) sEV lysate can be processed immediately, stored at –20 °C for next day 

analysis, or stored at –80 °C for longer periods.  

A.2.4. sEV proteins reduction and alkylation 

1) If previously frozen, thaw the samples on ice, then check sample volumes 

and add the same amount of TFE (dilution 1:1).  

2) Mix the beads stock solution vigorously (e.g. by vortexing), then add 2 µl of 

the beads stock solution to the sample. 



Annex 1 – Step-by-step sEVs isolation and proteomics analysis  
 

 

 203 

3) Sonicate using the Bioruptor (30 sec on / 30 sec off) for 10 min at 4 °C. 

4) Protein reduction: add 1 µl of the freshly prepared 200 mM DTT each 20 µl 

of LB:TFE. Heat the samples at 95 °C for 5 min using a ThermoMixer (see Note 

12).  

5) Move the sample on ice for one min, spin down to collect the condensate and 

then incubate at 45 °C for 30 min using a ThermoMixer.   

6) Protein alkylation: add 1 µl of the freshly prepared 400 mM IAA each 20 µl 

of LB:TFE (same volume of the previous DTT solution addition). Incubate the 

sample in the dark at room temperature for 30 min.  

7) Quench the reaction with 200 mM DTT using the same volume of the 

previous addition (1 µl for each 20 µl of LB:TFE) (see Note 13).  

A.2.5. Protein clean-up  

1) Add formic acid to the samples to reach pH 2 (add 1 µl of 100 % formic acid 

each 20 µl of LB:TFE) and, right after, add acetonitrile to reach a final 

acetonitrile concentration of 50 %. 

2) Incubate the solution at room temperature until bead aggregation is visible 

(about 8 min). 

3) Place the sample on the magnetic holder for 2 min, then remove the 

supernatant taking care not to interfere with the beads aggregate and rinse 

the beads two times with 200 µl of washing buffer (70 % EtOH) keeping the 

tube on the magnetic rack, incubating and removing the supernatant as 

described above. 

4) Add 180 µl of 100 % acetonitrile, then incubate for 2 min and remove 

supernatant. Air-dry the beads. 

5) Add 12 µl of 50 mM HEPES pH 8 to the dried beads, vortex to suspend the 

beads and then sonicate using the Diagenode Bioruptor for 5 min at room 

temperature to facilitate protein elution.  
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A.2.6. sEV protein quantification 

1) Spin down the sample and incubate the tube on the magnetic holder. The 

protein suspension is ready to be used for quantification using an optimized 

Micro BCA protein assay (see Note 14).  

2) Prepare the BSA protein standards by diluting the BSA stock in 50 mM 

HEPES pH 8; 18 µl of BSA stock solution (2 µg/µl) are sufficient to prepare a 

set of 7 BSA standards with a concentration from 0 ng/µl to 360 ng/µl (see 

Note 15). 

3) Prepare Micro BCA working reagent (WR) by mixing 25 parts of Micro BCA 

reagent A, 24 parts of Micro BCA reagent B and 4 parts of Micro BCA reagent 

C. Prepare a sufficient volume of WR considering that each reaction involves 

1 µl of sample + 2 µl of WR. Once prepared, place the solution in ice.  

4) Dispense 1 µl of each standard and 1 µl of each sample into 0.2 mL labeled 

PCR tubes, place the tubes in ice. Sample dilution or duplicate can be also 

prepared (see Note 16).  

5) Add 2 µl of WR solution to each sample tube and pipette to mix well, work 

in ice during WR addition.   

6) Check that the tubes are closed and incubate at 60 °C for 1 h. When the 

incubation is finished, spin down the samples and place the tubes on ice to 

stop the colorimetric reaction.  

7) Using a suitable 2-µl cuvette, measure the absorbance with a 

spectrophotometer set at 562 nm. Use water to measure the blank absorbance 

and plot a calibration curve with the BSA standard absorbance vs. the 

concentration in ng/µl. Consider a dilution factor of 1:3 due to the addition 

of 2 µl of WR to the 1 µl of standards and samples. Use this curve to 

determine the protein concentration of the serum sEV protein samples.  

A.2.7. Two-steps protein digestion  

1) Remove any protein excess to perform the digestion using the same protein 

amount for all samples (i.e. the highest common amount that may be 

obtained from all samples, see Note 17). Then add Try/Lys-C mixture in a 
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1:25 (wt/wt) ratio of enzymes to protein. Add the enzymes in 2 μl of HEPES 

pH 8 (dilute the 1 μg/μl Try/Lys-C stock with 50 mM HEPES pH 8).  

2) Seal the tubes with Parafilm and incubate at 37 °C for 16 h.  

3) Add acetonitrile to reach a 60% acetonitrile concentration. 

4) Add the Try/Lys-C mixture 1:75 (wt/wt) ratio of enzymes to protein. Add the 

enzymes in 2 μl of HEPES pH 8 (dilute the 0.1 μg/μl stock with 50 mM HEPES 

pH 8).  

5) Seal the tubes with Parafilm and incubate again at 37 °C for 2 h.  

A.2.8. Peptide clean-up 

1) Vortex the samples to suspend the beads and add acetonitrile to reach a final 

95 % acetonitrile concentration. Incubate the solution at room temperature 

(about 8 min) 

2) Incubate the tubes on the magnetic rack and remove the supernatant.  

3) Rinse the beads with 180 μl of acetonitrile, incubate the solution on the 

magnetic rack and then remove the supernatant.  

4) Air-dry the beads.  

5) Add 10 μl of elution buffer (2 % DMSO).  

6) Sonicate using the Diagenode Bioruptor for 5 min at 4 °C to elute the peptides 

from the beads. 

7) Incubate on the magnetic rack and collect supernatant. 

8) Centrifuge the supernatant at 20,000 × g for 5 min to remove any beads 

carryover. Repeat the centrifugation if needed.  

9) Dilute 1:1 with 10 % formic acid (10 μl) for immediate LC-MS analysis or 

store at –80 °C. Do not store the samples if the beads are still present.  
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A.2.9. LC-MS analysis (see Note 18) 

1) After acidification, centrifuge the tryptic peptide solution at 20,000 × g for 15 

min; leave 2 μl at the bottom, the supernatant (18 μl) is ready to be analyzed 

by LC-MS. 

2) Perform the LC-MS analysis by using nanoflow liquid chromatography to 

separate the peptide mixture (e.g. Easy-nLC1000, Thermo Scientific) coupled 

to a high-resolution mass-spectrometer (e.g. Orbitrap Fusion, Thermo 

Scientific) equipped with a nano-electrospray ion source (EASY-spray 

sources, Thermo Scientific).  

3) LC method: Load the samples on a C18 pre-column and separate the peptide 

mixture using a C18-reversed phase column with a 75-min non-linear 

gradient from 6 to 90 % (v/v) phase B (0.1 % (v/v) formic acid in acetonitrile) 

at a constant flow rate of 300 nL/min.  

6% B 23% B 33% B 90% B End 

0 min 53 min 60 min 66 min 75 in 

4) MS method: acquire mass spectrometry data using a data dependent 

acquisition method that relies on a MS1 survey scan (Orbitrap mass analyzer) 

with a resolution of 120000 FWHM, a mass range of 375-1500 m/z, a 

maximum injection time of 100 ms and an AGC target of 5×105. Select the 

precursor ions (intensity greater than 5 × 103) with a Top speed method with 

a 3-sec cycle time from the MS1 survey scan. Perform peptide selection with 

a quadrupole isolation window of 1.6 m/z, and fragmentation of ions with 

charge states from 2+ to 7+ using HCD, with 32 % normalized collision 

energy. MS2 spectra are acquired in the linear ion trap using an AGC target 

of 1×104 and a maximum injection time of 35 ms. Enable dynamic exclusion 

with exclusion duration of 60 sec and a mass tolerance of 10 ppm.  

5) Database search and protein identification: process raw data using 

MaxQuant software. Perform the database search using the Andromeda 

search tool and an updated database of mus musculus (UniProt), with the 

following parameters: trypsin digestion; up to two missed cleavages; 

carbamidomethylation of cysteine as fixed modifications; oxidation of 

methionine and protein N-terminal acetylation as variable modifications; 
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mass tolerance of 4.5 and 20 ppm for the MS1 and MS2, respectively. Enable 

the MaxQuant’s match-between-runs algorithm using a retention-time 

alignment of 0.7 min (see Chapter 3 §3.4.9.) Select peptides with a minimum 

length of 7 amino acids and 1 % FDR.  

6) Data preprocessing: from the protein groups matrix delete all entries marked 

by MaxQuant as "Potential contaminant", "Reverse" and "Only identified by 

site" (see Note 19). Transform raw intensities by Log2 and normalize the 

intensities by median subtraction. Use the preprocessed matrix for statistical 

comparison among different conditions.  

Notes  

1. The use of 80 % ethanol can be considered for washing as recently suggested 

by the group of Hughes [2].  

2. IZON qEV single 70 nm are disposable SEC columns. Prepare one column 

for each sample. 

3. Multiple freezing–thawing cycles should be avoided because have been 

shown to cause sEV aggregation or loss.  

4. The 0.22 µm centrifugal filter can become clogged without the previous 

centrifugation step; if this happens after centrifugation, try moving 

supernatant to a new filter or increase the centrifugation time. 

5. Load the sample on the column and then remove the bottom cap. Wait for 

the sample to fall below the filter surface before filling the column top with 

PBS. Pay attention so as not to dilute the sample. The total volume loaded is 

100 µl (50 µl of serum + 50 µl of PBS) because we previously optimized the 

procedure using 100 µl of serum.  

6. Fraction collection may be performed manually by counting the number of 

droplets (average volume/drop = 45 µl) and/or by placing a calibration line 

on the collection tubes. IZON recently released an automated fraction 

collector for increased ease of use.  
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7. We usually processed the SEC fractions on the same day they were collected. 

If stored prior to analysis, it is recommended to check for sEV aggregation or 

loss.  

8. This step reduces the PBS concentration; as high salt concentration may 

interfere with the TEM analysis of the sEV suspension. 

9. This step is important since the SDS present in the lysis buffer precipitates at 

lower temperatures. The SDS precipitation on the filter membrane would 

clog the filter and impair vesicle recovery. 

10. The exchange of the PBS buffer with the LB is required to lower the total 

volume containing the sEV prior to processing the sample for proteomics 

analysis. A final volume of 50 µl or lower allows 0.2 mL PCR tubes to be used 

for the SP3 protocol.  

11. During this step, an on-filter sEV lysis is performed. The sonication of the 

sample detaches the material from the filter membrane increasing sample 

recovery.  

12. Do not agitate the samples during the incubation at 95 °C; the tubes may open 

due to the high internal pressure causing material losses. If the initial sEV 

lysate volume (prepared in section 3.3) is greater than 50 µl we recommend 

to use the 0.5 LoBind tubes instead of the 0.2 mL PCR tubes. If so, magnetic 

and ThermoMixer holders compatible with the larger tube size will be 

needed.   

13. After quenching with DTT, the procedure can be stopped by placing the 

samples at 4 °C for a few hours.  

14. A modified Thermo Fisher Micro BCA protein assay protocol was used to 

allow the quantification of low sample amounts; only 1 µl of the sample 

solution is needed for the quantification [3].  

15. BSA calibration standard for Micro BCA protein quantification. Work in ice 

to avoid sample evaporation. Different BSA standard dilutions can be used. 

An example of stock BSA (2µg/µl) dilution for Micro BCA standard 

preparation is reported in the table below:  
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BSA concentration Volume of HEPES pH 8 Volume of BSA 

360 ng/µl 82 µl 18 µl of BSA (2 µg/µl) 

240 ng/µl 4 µl 8 µl of BSA (360 ng/µl) 

180 ng/µl 6 µl 6 µl of BSA (360 ng/µl) 

120 ng/µl 8 µl 4 µl of BSA (360 ng/µl) 

60 ng/µl 10 µl 2 µl of BSA (360 ng/µl) 

30 ng/µl 11 µl 1 µl of BSA (360 ng/µl) 

0 ng/µl 12 µl -  

 

16. In order to use the least amount of sample as possible for the Micro BCA 

protein quantification we propose the following: add 2 µl of 50 mM HEPES 

to 1 µl of undiluted sample. Perform the quantification assay in technical 

triplicate using 1 µl of the diluted sample for each measurement. 

17. If the protein amount is highly variable, perform the protein digestion using 

the total protein amount. Then use a peptide quantification assay to quantify 

the digested peptides after the protein digestion. This will allow the LC-

MS/MS analysis to be performed on the same peptide amount for all samples.  

18. Due to the low amount of proteins that may be obtained from sEV samples, 

high sensitivity instrumentation is needed for their characterization. 

Different instruments, technical setups, and MS methods can be used for the 

LC-MS/MS analysis; this annex and Chapter 2 and 3 describe a label-free 

analysis for serum sEV proteome profiling of individual mice [4]. The 

experiments used a data-dependent acquisition (DDA) mass spectrometry 

approach, in which the most intense peptide ions detected in MS1 were 

selected, fragmented, and analyzed in MS2. It is this combination of peptide 

ion mass (MS1) and structurally informative fragments (MS2) that is used to 

identify the peptides via the database search. Data-independent acquisition 

(DIA) has been developed as a competitive alternative to DDA [5,6]. In a DIA 

experiment all precursor ions within a specified m/z range are 

simultaneously subject to MS fragmentation. The complex MS2 spectra are 

then matched with spectral libraries that contain the list of fragment ion 

spectra, precursor ion exact mass and its normalized retention time. The DIA 

approach combine the deep proteome coverage capabilities of typical 

shotgun proteomics with accurate quantification of targeted proteomics; thus 
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could be used to circumvent the variability of precursor selection in a DDA 

experiment; however, we recommend to first assess the availability of 

sufficient material for the preparation of the reference spectral libraries [7]. 

19. Highly variable serum proteins (serum albumin and immunoglobulins) can 

be filtered out from the dataset prior to the data normalization, since their 

intensity is likely to depend on the reproducibility of the serum sample 

preparation and sEV isolation steps.   
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