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1 | INTRODUCTION

Small extracellular vesicles (sEV), which include endosome-derived exosomes (Welsh et al., 2024), are membrane-bound par-
ticles lower than 200 nm in size, enriched in proteins, RNA, and other bioactive molecules. Their main function is to mediate
cellular communication, as when released they transport their cargo to other distant cells (Kalluri & LeBleu, 2020; Welsh et al.,
2024). Proteomic analyses of SEV have become increasingly widespread as a tool for searching for new molecular biomarkers
of disease, especially in cancer, cardiovascular, and neurodegenerative diseases or transplant rejection (Alvarez et al., 2013; Giri
et al., 2010; Golebiewska et al., 2021; Makler & Asghar, 2020; Mathew et al., 2021; Moreira-Costa et al., 2021; Saravanan et al.,
2023; Vallejos et al., 2023; Wong & Chen, 2019). Due to the number of published studies analysing vesicles, a need to standardize
measurement methods becomes more pressing. Moreover, it should be recognized that mass spectrometry (MS) based pro-
teomic profiling of SEV often proves difficult, since a limited amount of material is available compared to whole cells or tissues.
Although multiple studies detailing isolation and sample preparation methods have been published, certain aspects of MS-based
sEV analyses, such as protein solubilization or MS data analysis, remain poorly described. Thus, this work aims to provide a
comprehensive overview of factors influencing the outcome at every stage of such analyses (Figure 1) including sEV isolation,
sample preparation, MS profiling, and subsequent data analysis.
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FIGURE 1  Selected factors influencing the outcome of MS-based proteomics analysis of small extracellular vesicles. The abbreviations are polyethylene
glycol-based isolation (PEG), ultracentrifugation (UC), size exclusion chromatography (SEC), immunocapture (IC), filter-aided sample preparation (FASP),
in-solution digestion (ISD), in-StageTip digestion (iST), ion exchange chromatography (IEX), 1D/2D electrophoresis (1D/2D-GE), trapped ion mobility
spectrometry (TIMS), field asymmetric-waveform ion mobility spectrometry (FAIMS), data-dependent acquisition (DDA), data-independent acquisition
(DIA), multiple/parallel reaction monitoring (MRM/PRM).

2 | PROTEOMIC COMPOSITION OF SEV

Before any protein profiling is performed one should be aware that sEV proteome consists of ‘core’ protein reflecting for the cell
of origin, but also characteristic SEV protein and its corona (Figure 2). The carryover of the cell-of-origin proteome in the ‘core’
sEV proteome has been directly shown in vitro and in vivo models before (Frankenfield et al., 2022). Here, the most promising
candidates for disease biomarkers can be identified. On the other hand, sEV also contain their own specific markers such as
CD63, CD81, CD9, TSG101 which are upregulated in vesicles as compared to cells or tissues due to their biogenesis. Moreover,
sEV which circulate in body fluids also carry on their surface additional proteins which make up vesicles’ corona, for example,
serum proteins, which are becoming a novel aspect in sEV research (Heidarzadeh et al., 2023; Wolf et al., 2022). Due to the
protein-rich environment in which sEV reside, for example, blood serum with its albumin, vesicles can become coated with such
protein. Recent study reported that 87% of corona protein abundance was comprised of anti-thrombin III, complement C3, factor
V, fibronectin, IgG, and complement factor H (Heidarzadeh et al., 2023; Zhang et al., 2020). This corona does not constitute the
core proteome of the sEV, which is comprised of proteins found in the lumen of the vesicle as well as membrane-bound proteins
such as tetraspanins. Nonetheless, the protein corona may modulate the function of the vesicles, for example, their angiogenic and
immunomodulatory characteristics (Wolf et al., 2022). Importantly for this overview, certain isolation methods may presumably
yield vesicles with different corona makeup or abundance when compared to other techniques. Research on the performance of
isolation methods with regards to the protein corona is yet to be published. With limited information, one should be aware that
during MS proteomics analysis this protein may be detected and that could impact the outcome of the analysis. Moreover, due to
the presence of highly abundant corona proteins, MS analyses of sEV in data-dependent acquisition (DDA) mode may be highly
impacted. This is because of the problem with the measurement of redundant MS? spectra, which is described in detail further.
In the end, reliable detection and quantification of low abundant, surface and cargo proteins become difficult.

One has to decide if such corona should be considered part of the vesicle as a whole or if it should be regarded as a contaminant.
Depending on the approach, this part of the SEV proteome may or may not provide additional information to the presented
problem. It should be noted that, their presence may be highly dependent on the vesicles’ environment and the process of protein
‘sticking’ to sSEV may be at least partially random. Although some information can be gleaned from this part of the proteome (e.g.,
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FIGURE 2 A schematic representation of the sSEV
proteome. It broadly consists of characteristic SEV protein Characteristic SEV
(e.g., lumen protein—ALIX or transmembrane protein
protein—CD63), protein corona (e.g., serum albumin) and the
‘core’ SEV proteome which can reflect the status of the cell of
origin.

Protein corona

Lipid
bilayer
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in sEV and their immunology) it is inadvisable to use such protein as a standard prognostic factor. In such case the heterogeneity
of body fluids’ composition would limit the reliability of the whole diagnostic process. If the ‘core’ proteome is to be investigated
and used as the source of biomarker proteins, presence of the other part of the SEV proteome imposes a requirement of high
dynamic range to obtain sufficient profiling depth. Optimization of the workflow again proves to be important, since techniques
such as complexity reduction or IMS can alleviate this problem.

Even with the best practices in proteomics research, sEV stand as a challenging material to analyze due to their complex
biogenesis. The novel aspect of sSEV protein corona highlights the characteristics of highly sensitive MS analyses—all the protein,
either the core protein of the vesicle or its corona, will most likely be detected. It is not yet clear whether this corona plays a
crucial functional role or if it may be seen as contamination. Regardless, sEV contamination with, for example, highly abundant
serum proteins brings another technical challenge to their analysis. New methods of complexity reduction, such as ion mobility
separation, as well as already well-established methods (ion exchange chromatography, etc.) provide possible ways to deal with
this problem. Yet, the impact of such methods specifically for sEV is not known.

Straightforward analysis of SEV, although challenging, should not be performed without the understanding of the biological
context of the analyzed material. MS-based proteomics should consider the biogenesis, function and makeup of the vesicles.
Translation of techniques used for cells or tissues is usually performed, but may lead to suboptimal and undesirable results. Even
different sEV isolation methods have been shown to yield completely incomparable populations of vesicles. Thus, only if all
the above would be standardized and optimized, SEV MS-based proteomics may be successfully used in clinical and diagnostic
settings in the future.

3 | SEVISOLATION

Even before the sEV may be isolated, one should recognize that sample collection methodology has a resounding impact on the
result of the MS-based protein profiling. In case of clinical samples such as urine or serum, patients’ water uptake should be
controlled and monitored. The importance of this has been shown for urinary exosomes, where patient water intake was tightly
correlated with the number of sEV isolated from the same volume of a sample (Blijdorp et al., 2021). Moreover, after water loading,
the amount of highly abundant uromodulin was increased and the characteristic sEV protein (CD63, TSG101, CD9, ALIX, CD8l1)
levels were lower. This could be presumably explained by sample dilution, which when not accounted for, will introduce another
variable into the experiment. Since high heterogeneity of ex vivo samples are expected, sEV dilution should be controlled and
normalization approaches (e.g., creatinine levels in urine) may need to be used even at this initial stage. For sEV isolated from cell
culture media, when an equal amount of starting material is used for all conditions, this may usually suffice as a normalization
measure. Regardless of the source of sEV, contamination of the starting material should be avoided. In the case of sEV isolated
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from cell culture media, introduction of exogenous sEV from fetal bovine serum (FBS) may yield erroneous results (Lehrich
etal,, 2021; Urzi et al., 2022). In the case of blood serum, limiting and monitoring the amount of albumin may be necessary. The
same can be stated about uromodulin in urine, which was mentioned above. Generally, regardless of the isolation method, the
material used to obtain sEV should be well characterized beforehand and if possible—standardized to avoid contamination and
initial disproportion in the number of sEV at this stage.

Vesicles that meet the criteria of Minimal Information for Studies of Extracellular Vesicles, that is, MISEV guidelines can be
isolated using various techniques (Welsh et al., 2024) characterized by different efficiency and final sample purity (Brennan et al.,
2020; Cho et al., 2020). In case of MS analyses the number of co-isolated contaminants should be especially noted. One of the
described methods uses polyethylene glycol (PEG) mediated sEV precipitation. Here PEG is used to internalize the intended
particles, but on the other hand, is considered as a known MS contaminant. It produces obscuring MS' spectra with peaks
separated by 44 Da (Ahmadi & Winter, 2018; Rardin, 2018) making this method unsuitable for sEV MS-based proteome profiling.
Another technique, ultracentrifugation (UC), uses large forces to separate particles based on their density. This approach can
be characterized by contaminating protein co-isolation since protein aggregates, for example, ribonucleoproteins have a similar
density as sEV (Yang et al., 2020; Zarovni et al., 2015). Density gradient ultracentrifugation (dUC) can address the shortcomings of
regular UC. Here a solution of a specific density is used to separate vesicles based on their size. Atlast, even methods based solely
on the size are not perfect and a certain amount of contamination should be expected. In this case, particles of the same size as SEV,
for example, lipoproteins, may be co-isolated (Sodar et al., 2016; Théry et al., 2006). Similarly, another technique based on this
separation parameter is size exclusion chromatography (SEC), which suffers from the same problems as dUC, that is, lipoprotein
co-isolation. Avoiding PEG, protein aggregate, and lipoprotein contamination is possible when immunoaffinity methods are used
to separate vesicles (Skoczylas et al., 2024). On the other hand, achieving an acceptable yield of immunocaptured sEV may be
difficult, especially when dealing with clinical samples/material. Moreover, an appropriate antigen must exist on the surface of
the vesicle for the immunocapture approach to be effective. This antigen must be specific to sEV (preferably a membrane protein)
and should not be present as a soluble component of the raw sample, for example, whole urine or serum. Since sEV are defined
by size, this approach alone may be insufficient and would have to be preceded by another method of size-based isolation like
dUC or SEC, which would additionally limit unspecific binding of antibodies to other antigens present in the sample. Therefore,
to achieve a non-contaminated sEV population one may employ a combination of techniques beyond SEC and immunocaputre,
albeit with the possibility of a limited yield. To summarize, isolation methods usually balance the amount of vesicles/protein
that can be isolated, with the final sample purity and/or time required for isolation. It means that a method which results in a
high number of sEV, may not isolate them with acceptable purity, which is the case for example with PEG-mediated methods.
On the other hand, techniques such as immunocapture which allow the isolation of strictly defined particles, may yield only
a very limited amount of material for the subsequent analysis. Thus, methods which keep a good balance of yield and purity,
such as dUC and SEC, are most often used in practice. Performing an optimization study before the actual experiment may be
recommended when possible.

4 | SEV SAMPLE PREPARATION
4.1 | Solubilization of sEV proteins

Before profiling with mass spectrometry in a bottom-up approach, proteins in each sample must be enzymatically digested
into peptides, which make-up such proteins. The proteome of sEV can be analyzed only when their cargo proteins have been
released from the vesicle and solubilized, thus allowing their digestion. This process is carried out using solution or buffers,
which contain ingredients such as detergents, salts, chaotropic agents, reducing agents, protease and/or phosphatase inhibitors,
and pH-stabilizing agents. The role of each component should be recognized when choosing a lysis buffer, especially since it may
impact the subsequent analysis due to poor protein digestion, MS compatibility, or ion suppression effects.

Detergents such as sodium dodecyl sulfate (SDS), sodium deoxycholate (SDC), or Nonidet P-40 (NP-40) allow the breakup
of the vesicle membrane and solubilization of released proteins with the help of added inorganic salts—most commonly sodium
or potassium chloride. The choice of detergents is especially important since their presence in a sample suppresses electrospray
ionization (ESI) used in mass spectrometry analyses (Ilavenil et al., 2016; Quirino, 2018). Certain preparation techniques, for
examle, filter-aided sample preparation (FASP) (Wisniewski, 2018) or single-pot solid-phase-enhanced sample preparation (SP3)
(Hughes et al., 2019) have been developed to remove detergents before MS analysis. It is also possible to use detergents compatible
with ESI like RapiGest (Pop et al., 2014), SDC (Scheerlinck et al., 2015), or 4-hexylphenylazosulfonate (Azo) (Brown et al., 2019).
Their usage makes the sample preparation easier since no detergent removal is necessary, but it may reduce the amount of
identified proteins when compared to other detergents, especially SDS (Schmudlach et al., 2016), and increase the cost of sample
preparation.

Next, chaotropic agents such as urea or thiourea dissociate hydrogen bonds in the peptide backbone, then reducing agents,
for example, dithiothreitol (DTT), 2-mercaptoethanol, or tris-2-carboxyethylphosphine (TCEP) break the disulfide S-S bonds
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TABLE 1  Examples of lysis buffers used for extraction of sEV proteins; in the case of self-made lysis buffers names/acronyms are given according to the
cited references.

Name

Commercial buffers

Cell Lysis Buffer
Cell Signaling Technology™
no.cat.: #9803

RIPA
Thermo Scientific™
no.cat.: 89900

RIPA 10x
Cell Signaling Technology™
no.cat.: #9806

RIPA 10x
Merck Millipore™
no.cat.: 20-188

RIPA 10x
Sigma-Aldrich™
no.cat.: R0278
Self-made lysis buffers
RIPA

RIPA
RIPA
RIPA
exoLB

Tissue lysis buffer

SDT

Lysis Buffer II

Composition

20 mM Tris-HCl, 150 mM NaCl, 1 mM Na,EDTA, 1 mM EGTA, 1% Triton, 2.5 mM
Na,P,0,
1M beta-glycerophosphate, 1 mM Na3;VOy,, lug/mL leupeptin, optionally: 1 mM PMSF

0.1% SDS, 1% NP-40, 1% SDC, 25 mM Tris-HCI pH 7.6, 150 mM NaCl

20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM Na, EDTA, 1 mM EGTA, 1% NP-40, 1%
SDC, 2.5 mM NayP,0;, 1 mM beta-glycerophosphate, 1 mM Na;VO,, 1 u*g/mL
leupeptin, optionally: 1 mM PMSF

0.5 M Tris-HCI pH 7.4, 1.5 M NaCl, 2.5% deoxycholic acid, 10% NP-40, 10 mM EDTA

150 mM NaCl, 1.0% IGEPAL CA-630, 0.5% SDC, 0.1% SDS, 50 mM Tris pH 8.0

150 mM NaCl, 5 mM EDTA, 50 mM Tris-HCI, 0.5% NP-40, 1% SDC, 1% Triton X-100,
0.1% SDS at pH 7.4, 1x HALT protease and phosphatase inhibitor

50 mM Tris pH 6.8, 150 mM NaCl, 1 mM EDTA, 1% NP40

150 mM NaCl, 1% NP-40, 0.5% SDC, 0.1% SDS, 50 mM Tris pH 8.0
50 mM Tris-HCl pH 7.2, 0.05% SDS

6% SDS, 0.2M DTT, 200 mM Tris-HCl pH 7.6

4% SDS, 01 M DTT, 100 mM Tris-HCI pH 8.0

4% SDS, 01 M DTT, 150 mM Tris-HCI pH 8.0

25 mM Tris pH 7.5,120 mM NaCl, 1% Triton X-100, 1% PMSE, 1 mM NOV, 1 mM
leupeptin

4% SDS, 0.1 M DTT, 0.1 M Tris-HCI pH 8.0, 0.5% (w/v) polyethylene glycol 20000
4% SDS, 1% protease inhibitor cocktail
4% SDS, 0.1 M DTT, 50 mM triethylammonium bicarbonate

8 M urea, 1% protease inhibitor cocktail

30 mM Tris-HCI pH 8.0,7 M Urea, 2 M Thiourea, 4% CHAPS

References

(Subedi et al., 2019)

(Cao et al., 2021; Le
Gall et al., 2020; Subedi
et al., 2019)

(Jung et al., 2020)

(Yang et al., 2020)

(Soares Martins et al.,
2018)

(Skalnikova et al., 2019)

(Payton et al., 2021)
(Kw & Kierulf, 2015)
(Barberis et al., 2021)
(Pietrowska et al., 2017)

(Abramowicz et al.,
2018; Gawin et al., 2018;
Zebrowska et al., 2022)

(Jiang et al., 2019; Ni
et al., 2021)

(Mutschelknaus et al.,
2017)

(Ludwig et al., 2022)
(Cao et al., 2021)
(An et al., 2017)

(Ding et al., 2020;
Wang et al., 2020)

(Tsuno et al., 2018)

destroying the protein’s secondary and tertiary structure. Reduced disulfide bonds can be protected from bridge restoration and
oxidation by alkylation with 2-iodoacetamide or acrylamide. This protein unfolding is crucial for enzymes to reach their cleavage
sites and digest polypeptide chains with the best efficiency possible (Wierenga et al., 2002). The addition of protease and/or
phosphatase inhibitors during lysis, which inactivate endogenous enzymes responsible for proteolysis and dephosphorylation,
as well as pH-stabilizing agents may protect proteins from degradation and allow longer storage of samples before preparation
and analysis.

Examples of commercial and self-made lysis buffers used for protein extraction in SEV are summarized in Table 1. As shown,
frequently used radio immuno precipitation assay (RIPA) buffers can vary greatly in their composition among various users.
Even though a plethora of ingredients, lysis buffer recipes, and usage protocols are available, only limited information about their
performance is available when sEV protein extraction and subsequent MS profiling are the objectives. An extensive comparison
between various lysis buffers for SEV samples was published by Subedi et al. (2019). For example, it showed that up to 16% more
proteins could be identified when the vesicles were lysed using Thermo Scientific™ RIPA buffer compared to other RIPA buffers.
This may be due to the use of both ionic (SDS, SDC) and non-ionic (NP-40) detergents in RIPA, which allowed for solubilization
and identification of numerous membrane proteins by this lysis method. Multiple studies indicate that the presence of detergents
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TABLE 2  Studies comparing different methods of protein digestion used for MS-based proteomic profiling.

Methods Sample type Summarized comparison results References
FASP, SP3, iST Cell lysate * In the range of 10-20 u*g of starting material, iST allowed the highest (Sielaff et al.,
number of IDs. Below that, SP3 and iST had similar results. 2017)

* The number of IDs for FASP was drastically reduced when <20 u*g of
protein was digested.
* Below 20 u*g of starting material both SP3 and iST3 had high

reproducibility.
FASP, S-Trap, ISD Cell lysate * S-Trap based method outperformed ISD and FASP. (Ludwig et al.,
* ISD had least protein ID overlap and weakest correlation in technical 2018)
replicates.
FASP, ISD, PCT Cell lysate, FFPE * ISD allowed for the highest amount of protein IDs for both cells and (Pirog et al., 2021)
tissue FFPE tissue.
* FASP allowed to identify the highest number of integral membrane
proteins.
FASP, S-Trap, ISD, SPEED, Cell lysate * Costs ranged from 1$ (ISD, SPEED, SP3) to 5$ (FASP), ~10$ (S-Trap), (Varnavides et al.,
iST ~20$ (iST), or ~30$ (EasyPep) per sample. 2022)

* SDC-based ISD method allowed for the highest number of IDs, followed
closely by iST, FASP, and SP3.

* Several methods (SPEED, FASP, S-Trap, and SP3) could benefit from
further refinements, such as sequential digestion by trypsin and LysC.

Abbreviations: IDs, protein identifications; FASP, filter-aided sample preparation; SP3, single-pot solid-phase-enhanced sample preparation; iST, in-StageTip digestion; ISD, in-solution
digestion; PCT, pressure-assisted lysis and digestion; SPEED, sample preparation by easy extraction and digestion.

increases the number of identified proteins when compared to solutions containing only chaotropic agents or salts (Glatter et al.,
2015; Neset et al., 2022). It should be noted, that sample preparation with detergent removal is longer and more expensive as
compared to simple ‘in-solution digestion’. Moreover, some studies suggest that certain groups of proteins are poorly soluble in
RIPA, specifically the cytoskeletal and extracellular region proteins (Ngoka, 2008).

Most lysis buffers were originally designed for use with protein-rich tissues and cells (Ngoka 2008; Winter & Steen, 2011).
Thus, profiling some types of samples, like highly-specialized immune cells (Geddes-Mcalister & Gadjeva, 2019) or sEV proves
challenging. As was mentioned before, the composition of a lysis buffer dramatically affects the efficacy of protein extraction
(Ignatoski & Verderame, 1996). For this reason, one cannot underestimate the lysis buffer selection and the subsequent sample
preparation optimization before MS analysis of SEV samples, where protein content is limited. Use of a lysis buffer containing
ionic detergents, reducing agents, and protease inhibitors as a starting point for optimization can be recommended. Nevertheless,
with properly selected buffers deep profiling of sEV proteins with MS is possible and yields reliable results.

4.2 | sEV protein digestion

After sEV solubilization and protein denaturation, an appropriate protein digestion protocol must be implemented for the MS
analysis to be carried out. Many such protocols have been published and comparisons as to their performance are available.
Some examples of comparison studies are summarized in Table 2. Shortly, these methods include FASP, which utilizes filters
(e.g. Microcon-30 kDa) to stop proteins from eluting but allow contaminants and later peptides to be passed through. In the
SP3 approach, magnetic beads are used to bind proteins and leave contaminants suspended in the solution. S-Trap and in-
StageTip digestion (iST) methods capture proteins in the bed of a column, which allows the rinse-out of contaminants and
digestion to take place. Pressure-assisted lysis and digestion (PCT) is a specific method that utilizes high pressure to accelerate
the sample preparation, whereas Sample Preparation by Easy Extraction and Digestion (SPEED) achieves the same with a sample
acidification-neutralization approach. It is also possible to use short (~1 cm) gel separation followed by an in-gel digestion of the
whole positively stained region to obtain the final peptide sample.

The number of identified proteins is highly dependent on the sample preparation protocol used. One of the most crucial initial
parameters is the amount of protein available for digestion. It should be noted that the buffer used to solubilize SEV protein must
be compatible with the chemicals used in protein concentration determination, such as bicinchoninic acid in the BCA assay.
Usually, lysis buffers containing reducing agents (like DTT) are incompatible with such assays. Thus, the addition of a reducing
agent must be performed at a later stage of sample preparation. In certain cases, a minimal amount of reducing agents may
be tolerable (e.g. up to 5 mM of DTT in BCA assay (Thermo Scientific), although their concentrations are typically exceeded
in lysis buffers except RIPA buffers. Whereas FASP is a method that yields very reliable results when tens of micrograms of
protein are digested, some studies report poor reproducibility and the number of identified proteins at lower loadings when
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compared to other methods (Sielaff et al., 2017). This is exactly the case for sEV sample preparation, where the amount of protein
is limited. Since the FASP method is comprised of multiple steps of washing using filters, this may lead to substantial sample
loss. On the other hand, FASP yields a higher number of peptides originating from membrane-bound proteins (Pirog et al.,
2021). Although, it may seem that in-solution digestion (ISD) methods would be an appealing choice for sEV preparation, these
methods are incompatible with certain detergent-based sEV lysis methods, for example, with high concentration SDS containing
buffers. Other methods, like SP3, may be more expensive to utilize or have an upper limit to the amount of protein that can
be captured and digested. On the other hand, in-gel digestion requires a certain amount of sEV protein (e.g. 50 u*g) to be
performed effectively (Wang et al., 2012). Thus, choosing a method of sample preparation is highly sample-dependent and should
be optimized beforehand.

It should be mentioned that sample preparation methods are validated on tissue or cell samples and much less information is
available for small extracellular vesicles. It remains unanswered whether these results correspond to sSEV sample preparation. The
amount of protein, lipids and nucleic acids, which may or may not impact sample preparation efficiency, will be vastly different
in cell or tissue samples when compared to sEV. The effect of such influence is hardly mentioned when sample preparation
techniques are compared. Only the balance between protein-detergent ratio has been previously mentioned in the literature
(Wisniewski, 2019). Moreover, in nearly all cases trypsin is used as the only digestion enzyme for sEV proteomic profiling. Yet,
comparative studies suggest that a combination of other proteases may improve the number of identified proteins, even several
fold (Dau et al., 2020). Enzymes such as chymotrypsin, pepsin or pancreatin have been already successfully used in sEV studies
(Burkova et al., 2019; Chen et al., 2016; Hiittmann et al., 2024; Ogawa et al., 2021). As compared to cellular protein digestion, SEV
may be also characterized by higher resistance to proteolytic enzyme action (Askenase, 2022). Another problem, like the case of
naming the RIPA bufer, is the fact that researchers use the same blanket term of ‘in-solution digestion’ to describe a plethora of
different sample preparation protocols, that do not use any additional accessories, such as centrifugal filters etc. Thus in practice,
comparing such techniques to each other becomes unreliable. Moreover, results obtained in different studies may not necessarily
agree with each other, for example, S-trap performance was lower than ISD in the study by Varnavides et al. (2022) but higher
in the study by Ludwig et al. (2018). Taking all of this into account, selecting the proper method for protein digestion should be
performed in advance of an experiment. This is especially the case for sEV samples where the amount of protein is limited. This
limitation is both due to biological limitations and since part of the sample has to be used to characterize sEV according to the
MISEV 2023 guidelines (Welsh et al., 2024). Unfortunately, to our knowledge no papers have been published that would directly
compare sEV sample preparation methods for subsequent proteomics studies.

4.3 | Sample complexity reduction

An important aspect of sample preparation is the sample complexity reduction (Figure 3). Due to the technical aspects of data-
dependent acquisition, which are described in more detail in the chapter ‘Analysis type), the relative abundance of each protein
in the sample should be roughly similar during measurement. The high disparity in selected protein abundance compared to
others will lead to a poor number of protein identifications. Thus, to enrich a sample in the low abundant proteins, methods of
complexity reduction have been developed. Moreover, during sample preparation proteins are digested into peptides increasing
the complexity of the mixture—from hundreds or thousands of proteins to tens of thousands of peptides. Technical ability to
identify so many unique molecules is limited and so complexity reduction may be necessary to allow acceptable proteome cov-
erage. A proper method for sEV isolation may be considered the first step in this reduction. As compared to the complexity of
biological fluids, sEV contain only a limited number of proteins and the broad range in their abundance may be reduced (Nigjeh
et al., 2017).

Historically, one of the first methods to be utilized was protein separation by either 1D or 2D electrophoresis. Depending on
the molecular weight and/or isoelectric point (pI) of each protein, they can be separated, excised from the gel, and used for
digestion (Mears et al., 2004; Shevchenko et al., 2006). Based only on pI, in-gel or in-solution isoelectric focusing (IEF) could
be utilized. This method is high time-consuming, thus has largely fallen out of favor. Ion-exchange chromatography (IEX) has
been used to achieve separation based on the pI of the peptides with their elution using solutions of stepwise changing pH or
salt concentration. StageTip fractionation using strong anion exchange (SAX) of peptides obtained from tissue samples has been
used to increase the number of identified proteins without any special equipment or procedures (Wisniewski et al., 2009). On
the other hand, high-pH reversed-phase fractionation, where acetonitrile gradient is used to elute peptides, allows separation
without subsequent desalting (Yang et al., 2012). Even if no strategies for ‘offline’ sample fractionation are used, standard MS-
based proteomics analysis consists of separating peptides using reversed-phase liquid chromatography (RPLC). Depending on
the hydrophobicity of the peptides, they can be characterized by differing retention times. This dimension of separation may be
sufficient for some types of analyses and can be characterized by limited dead volume. Additional separation dimension can be
achieved by adding another ‘online’ column used for peptide fractionation, such as an ion-exchange or hydrophilic-interaction
(HILIC) column. The latter was successfully used to increase the number of identified proteins up to 34% in tissue samples (Roca
etal, 2021).
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FIGURE 3 Inacomplex protein background, a selected protein of interest (POI) will constitute only a small fraction of all protein which poses a difficulty
in its measurement using MS. Such sample can be divided into fractions, one of which will contain the POI in a more substantial amount aiding in its detection
and quantification. On the other hand, due to losses during fractionation the total amount of protein is reduced, limiting the number of fractions that can be
realistically obtained.

Again, very limited information for sEV fractionation performance is available as compared to cells or tissues. Based on our
unpublished results, SAX separation into two fractions yields better results for serum-derived sEV than no fractionation. On the
other hand, using the original separation into six fractions as reported by Wisniewski et al. (2009) yielded worse results than no
‘offline’ complexity reduction at all (Wisniewski et al., 2009). It may be the case, that the amount of available material for sEV SAX
fractionation is so limited that it is rarely performed. Especially for ‘offline’ fractionation, the losses that occur may be significant
enough to dissuade from using this technique as a part of standard sample preparation methodology. Nonetheless, reverse-phase
fractionation has been successfully used in some sEV studies (Fujita et al., 2017; Li et al., 2021). MS analyses other than DDA may
be used to at least partially alleviate the problem of sample complexity reduction, such as these described in chapter ‘Analysis
type’. On the other hand, methods that require prior knowledge about the sample will need to be analysed using DDA anyway to
obtain a spectral library or this library will have to be generated completely in silico.

5 | MS ANALYSIS OF SEV

Several analytical techniques can be used for the analysis of proteins extracted from sEV. Some of the commonly used techniques
include Western Blot, ELISA, protein microarrays, gel electrophoresis, or fluorescence microscopy. These techniques can be used
in combination to provide comprehensive information about the protein content of sEV, including their composition, abundance,
and post-translational modifications, but the method of choice for SEV proteomics became mass spectrometry. This is due to
many factors, such as high sensitivity, high throughput, compatibility with small sample sizes, etc. There are several analytical
approaches involving MS which may be used for successful analysis of proteins extracted from sEV which will be discussed in
detail in this chapter.

5.1 | Advancementsin MS technologies

MS-based proteomic analyses are constantly developed and improved by advancements in analyzers and related technologies
used in mass spectrometers themselves. These developments allow to achieve higher number of protein identifications, which are
usually tied to the spectrometer’s scanning speed. For example, the first Orbitrap mass spectrometer—Thermo Scientific’s LTQ
Orbitrap achieved up to 5 Hz of scanning speed (Eliuk & Makarov, 2015). Latest instrument of a similar type—Thermo Scientific’s
Orbitrap Astral archives up to 200 Hz with single ion detection sensitivity (Heil et al., 2023). Thus, by the development of the
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instrumentation alone, the theoretical number of identifications per second has increased severalfold over the years. In studies
of sEV, Orbitrap Astral has been used in research of extracellular vesicle-enriched plasma where 5163 proteins were identified
using a 60-minute gradient. Using the same sample enrichment protocol, a different research group was able to achieve up to
4163 protein identifications with a 110-minute analysis on an older Orbitrap Eclipse MS system (Heil et al., 2023; Wu et al., 2024).
Using the newest Orbitrap Astral, a nearly two times shorter analysis still allowed to obtain a slightly higher number of protein
identifications. Moreover, what is especially important in case of SEV, which can be characterized by a limited amount of protein
as compared to cells or tissues, the sensitivity of MS systems has significantly improved over time. Some of the first reports for
the most recently announced Thermo Scientific’s Stellar MS system, a linear ion trap (LIT), show acceptable results even at the
1 ng level due to the spectrometer’s high sensitivity (Plubell et al., 2024). Historically, targeted analyses (i.e., MRM/PRM) were
limited in the number of proteins that could be monitored during a single run. With the newest Stellar MS, it is now possible to
analyze thousands of peptides with acceptable peak coverage (Remes et al., 2024). This system is yet to be validated in biological
studies of extracellular vesicles, but it remains a promising tool for ultra-sensitive quantitative measurements of sEV biomarkers.
The ability to measure ions in the form of packets released from a trap is an advancement that increases the sensitivity of the
instrument. When combined with a TOF instrument, packet analysis allows to boost the duty cycle of the whole MS system. Such
an approach, used by SCIEX in the ZenoTOF spectrometer, has been successfully employed to identify 5179 proteins, where an
analysis without this ‘trapping and pulsing’ reached only 2743 identifications (Wang et al., 2022). Again, as with the Stellar MS,
this system is yet to be validated in studies of sEV.

5.2 | Ion mobility

A separate advancement that has recently gained a lot of interest is the analysis of ion mobility in SEV proteomics studies. This
group of emerging techniques propose a solution to the problem of complexity reduction, where separation of ions is based on
their mobility. Ion mobility spectrometry (IMS) was developed in the 1960s but only recently it has been successfully miniatur-
ized and used in bottom-up proteomics research (McDaniel et al., 2004; Meier et al., 2018). The ability to distinguish between
molecules of the same m/z based on additional parameters, such as ion mobility, adds another separation dimension to the anal-
ysis. Moreover, IMS is an ‘online’ technique of separation that does not require special sample preparation procedures, as was
the case with the methods described in the chapter ‘Sample Complexity reduction’.

Some of the first devices used for IMS were drift tubes, which would separate ions during their travel in a uniform electric
field with an opposing drift gas flow. These devices have not been used in the studies of macromolecules due to technical limi-
tations in their resolving power. More modern techniques have been built on the idea and have been successfully employed in
proteomic studies. First, trapped ion mobility spectrometry (TIMS) is a technique that traps ions using gradient electromag-
netic force and drift gas flow in an opposing direction. In a dual-TIMS equipped device, ions can be trapped in the first TIMS,
and allowed as packets into the second TIMS where they are sequentially eluted based on their mobility. This approach, called
Parallel Accumulation-Serial Fragmentation (PASEF) utilizes nearly all available ions, thus no potential signal is lost during
the analysis. TIMS has been coupled to time-of-flight (TOF) detector in the Bruker timsTOF Pro and Pro2, TIMS SCP, TIMS
TOF Flex MALDI, TIMS TOF ULTRA and TIMS TOF HT spectrometers (Bruker Daltonics; Bruker Daltonics). High-field
asymmetric-waveform ion mobility spectrometry (FAIMS) is another technique utilizing ion mobility for their separation. Here,
an asymmetric electric field changing at a low and high frequency with drift gas flow is used to allow the passage of ions with
selected mobility through the device. This method cannot be described as an ion mobility, since it functions to filter out certain
ions, thus some of the potential signal is lost during the analysis. On the other hand, interference caused by a high abundance of
some peptides becomes limited and the relative intensity of low abundant molecules is boosted. This is also the case for chemical
noise caused by the presence of singly charged ions. ThermoScientific’s FAIMS Pro Duo interface can be coupled to mass spec-
trometers such as Exploris480 (Bekker-Jensen et al., 2020). Other novel examples of ion mobility separation methods include
Waters’ Cyclic IMS and MOBILion Systems’ SLIM. In the case of cyclic IMS, ion packets are injected into a circular ion guide
where they can be spun for an extended period of time, allowing for their separation (Eldrid et al., 2019). SLIM (i.e. structures for
lossless ion manipulation) separates ions during their migration in a long path up to 13 m, which can be thought of as a modern
approach to the drift tube concept (May et al., 2021).

Due to the novelty of this separation method in the study of proteins, its potential is yet to be verified. First studies show
promising results, for example, PASEF was first successfully employed to aid in the identification of more than 6000 protein
groups in a 200 ng single-run for HeLa standard digest (Meier et al., 2018). Specifically, in case of small extracellular vesicles, one
study used the PASEF method to identify 3466 unique protein groups in a triplicate run of cell-derived sEV (Buck et al., 2022).
Serum-derived vesicles were characterized using this technique with 915 protein identifications in a study comparing samples
from healthy donors and patients suffering from dermatomyositis or polymyositis (Meng et al., 2023). An optimization study in
the field of proteome research of cerebrospinal fluid-derived sEV achieved around 743 identifications (Kangas et al., 2023). FAIMS
interface was used in the analysis of serum-derived sEV from colorectal cancer patients. Here, its use with two compensation
voltages allowed to increase the number of identifications by 30%, up to 559 protein groups, when compared to the non-FAIMS
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analysis (Montero-Calle et al., 2023). The number of studies showing the effectiveness of novel IMS techniques (e.g., SLIM or
cyclic IMS) in the characterization of sEV is very limited. Depending on the amount of starting material, method of sEV isolation,
and sample preparation, the number of identified proteins is highly variable. Taking that into account, methodological studies
that directly compare IMS and non-IMS proteomic analyses of SEV are needed.

5.3 | MS analysis type

Understanding the mechanism of the MS analysis type itself is very important since it dictates the sample preparation and sepa-
ration procedures that precede it. One of the most widely used techniques of MS analysis in the case of sEV proteome profiling is
the data-dependent acquisition. Here, a set number of precursors identified in MS! mode are chosen for fragmentation and the
resulting fragments are detected in the MS?> mode. The most crucial aspect of choosing such precursors is their peak area, rep-
resenting their abundance in the sample. Since the fragmentation is performed using precursors chosen on the fly, this approach
is described as data-driven or data-dependent. Although it works remarkably well in most analyses, certain limitations of the
technique should be noted. First, samples that contain a substantial amount of some proteins and a relatively low abundance of
others, may be difficult to analyze using DDA. This is the case for sEV samples originating from serum or plasma, where albumin
and immunoglobulins are highly abundant and make up to ~75% of total serum protein weight (Jaros et al., 2013). The same
problem may be observed in samples from urine where albumin and uromodulin may be considered contaminants. These highly
abundant proteins will be often chosen for fragmentation producing redundant MS? spectra and thus reducing the number of
available scans that could be used to identify low-abundant, but biologically important proteins (Skoczylas et al., 2024). The need
to reduce the amount of contaminating proteins has been already recognized and certain solutions for specific protein depletion
have been implemented (Bellei et al., 2011; Bjorhall et al., 2005; Borberg et al., 2021; Mrozinski et al., 2008; Zougman et al., 2020).
Regardless of the sample type, fractionation methods can be utilized, but require special sample preparation and much longer
analyses. Specifically, in the case of sEV the number of contaminants will vary based on the isolation technique used, though any
technique may yield vesicles that are coated with proteins, that is, vesicles with a protein corona that could not have been removed
during isolation. DDA is a method that can be regarded as method of lower reproducibility compared to DIA, since variations
in the selection of precursors for fragmentation may introduce variability in MS? spectra acquisition (Li et al., 2021). This will in
turn influence the number and type of proteins identified in an experiment. Certain additional standard method improvements,
such as dynamic exclusion of precursors or matching between runs can help in yielding higher reproducibility. Nonetheless, due
to the ease of implementation and no need for any a priori knowledge about the sample, DDA has been used extensively in sEV
research (Kugeratski et al., 2021; Pedersen et al., 2022; Pietrowska et al., 2017; Zebrowska et al., 2022; Zhu et al., 2022).

Another technique, data-independent acquisition (DIA), is a method that largely addresses the shortcomings of the DDA
approach. Whereas in DDA, MS? spectra are generated for chosen and well-defined precursors, in DIA many precursor ions
that fall into a certain isolation window are fragmented at the same time. Later, bioinformatical tools and methods are used to
extract pseudo-MS? spectra from the raw data and an a priori obtained spectral library (Wang et al., 2022). Here, all the possible
information to be gathered during the analysis may be collected and the burden of understanding the results is carried over to the
spectral library preparation and data analysis. Only the representative, often pooled sample used to generate the spectral library
must be meticulously prepared, fractionated, and analysed in DDA mode. Alternatively, complete in silico methods of spectral
library preparation may be used, but their validity and accuracy are yet to be verified (Gessulat et al., 2019). Samples that make
up the actual experiment do not need to be fractionated, although one study suggests that division into 6 pI-based fractions and
subsequent DIA analysis can increase the number of identified protein groups by around 35% as compared to non-fractionated
samples (Cho et al., 2020). With a well-prepared spectral library, all the pseudo-MS? spectra can be assigned to peptides, thus
allowing protein identification. This process is not susceptible to minor changes in the MS! signal intensity, which drives the
fragmentation process, thus DIA can be regarded as a highly reproducible method. In the end, all the described characteristics
of the DIA analysis make it uniquely suited to sEV proteomics research. Samples of sEV are usually limited in the amount of
protein available, so requiring no fractionation to achieve high proteome coverage is very beneficial. Moreover, the problem of
highly abundant proteins is not strictly applicable to DIA (as here no redundant MS? spectra are obtained, which may be the case
in DDA) and no additional contaminating protein removal steps must be taken. On the other hand, even when DIA is utilized,
abundant proteins can limit the amount of sample that can be loaded onto the column and may cause signal suppression at the
source. With this set of advantages and disadvantages of DIA, a number of studies utilizing this analytical technique has already
been published for sEV (Ding et al., 2024; Lattmann et al., 2024; Tian et al., 2024).

Both DDA and DIA are analysis modes used in exploratory studies. Their implementation is made in a way that allows the
identification of all or nearly all of the proteins in the sample. Since no real measurement instrument, such as a mass spectrometer
is infinitely sensitive, a need to implement more targeted approaches is present. This can be achieved by limiting the number
of scans per unit time in multiple- or parallel-reaction monitoring (MRM/PRM) modes. These modes are used to measure the
signal from parent ions (i.e., peptides) and their corresponding fragments either sequentially (in MRM) or for all fragments at the
same time (in PRM). Again, a priori knowledge is required to select the peptides and their fragment ions that will be monitored,
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either during the whole analysis (in an unscheduled analysis) or during certain retention time windows (in a scheduled analysis).
Targeted analyses are most useful after an exploratory proteomic study is completed and selected proteins are chosen for further
validation. MRM/PRM modes are characterized by the highest statistical confidence but are limited in scope to only selected
proteins as compared to DDA/DIA. It should be noted that novel mass spectrometers, such as the Thermo Stellar, can still measure
thousands of peptides (up to 8000) during one run with an acceptable peak coverage (Remes et al., 2024). These new technical
developments thus blur the line between targeted and untargeted methods. In MRM/PRM, specially made stable isotope-labeled
standard peptides can be used to measure the protein abundance in an absolute quantitative manner. This approach of exploratory
analysis, followed by targeted analysis has been used in many proteomics studies of small extracellular vesicles (Ni et al., 2021;
Soloveva et al., 2023; Yu et al., 2023).

5.4 | Other sEV MS-based approaches

To provide a broad overview of MS-based sEV profiling, some specialized forms of sEV analyses should be briefly mentioned.
Although sample preparation and data analysis differ from LC-ESI-MS/MS-based techniques, their impact on sEV research
cannot be overstated. These include analyses with different ionization methods (e.g. MALDI) of intact proteins (i.e. the ‘top-down’
approach) as well as the characterization of post-translational modifications of sEV proteins.

Compared to electrospray ionization (ESI) used widely in mass spectrometry proteomics research, matrix-assisted laser des-
orption ionization (MALDI) may be used as well. Due to its ease of use and robustness, it provides an attractive choice in
high-throughput screening of certain proteins (Duncan et al., 2016). Here it is possible to ionize molecules with a substantially
higher mass and thus mass spectra with a wider m/z range can be obtained, even up to tens of kDa. Consequently, acquiring
such spectra for whole sEV proteins becomes possible and no special sample preparation steps (e.g. digestion) must be taken. A
simple comparison of MS profiles between the samples may yield insight into the differences in experimental conditions, with-
out any need for difficult data analysis. This ‘fingerprinting’ approach in sEV research has been used successfully and allowed,
for example, to distinguish samples of sEV from mice with and without subcutaneous melanoma (Zhu et al., 2019). In another
study, sEV from patients with osteosarcoma could be used to differentiate between patients that developed a lung metastasis and
patients that did not (Han et al., 2021). On the other hand, extracting enough information to determine the presence of specific
proteins with acceptable proteome coverage is not achievable using this technique. Additional and more targeted methods must
be used if significant differences in spectra have been identified. If this specific route of analysis is to be performed, it is important
to notice that the operating conditions can greatly affect the outcome. For example, the choice of an inappropriate matrix and its
concentration, too low or too high a number of laser shots may impact the result and in some cases lead to no signal detected
at all (Rajavel et al., 2023; Yu et al., 2021). Thus, appropriate optimization of experimental conditions should be the first step in
such analyses.

Another approach to sEV protein analysis is the determination of their post-translational modifications (PTMs). Since vesicles
carry proteins that can be representative for their cell of origin, the pattern of PTMs may hold crucial information about the state
of such cells. As an example, in cells PTMs take part in de-/activating protein signalling pathways by phosphorylation, mediating
cellular recognition by glycosylation or marking proteins for subsequent degradation by ubiquitination, etc. An important aspect
of sEV-specific PTMs is vesicle formation and biogenesis, which can be regulated by the pattern of their protein PTMs (Carnino
et al., 2020; Moreno-Gonzalo et al., 2018; Romancino et al., 2018). Moreover, the distribution of sEV in different tissues may
be PTM-dependent (Royo et al., 2019). MS-based analysis of sEV protein PTMs can provide an abundance of information that
exceeds the possibilities of standard proteomics analyses (Gonzales et al., 2009; Rosa-Fernandes et al., 2017; Smolarz et al., 2022).
Since the role of PTMs specifically in sEV is not yet fully explored, more studies are needed to understand their function.

6 | MS DATA ANALYSIS
6.1 | Raw data analysis

The final step in proteomic profiling using mass spectrometry can be broadly defined as ‘data analysis’ This term refers to the
process of extracting information about protein abundance from raw MS data. It should be noted that this task is not trivial, since
proteins in each sample have been enzymatically digested into their constituent peptides. Analysis software must reconstruct
which peptides are present in the sample together with their abundance, then use this algorithm to quantify the total protein
abundance. All of this information has to be extracted from the raw data, which can be visualized as a three-dimensional space
with axes representing retention time, mass-to-charge ratio, and signal intensity. If IMS is used, this adds another dimension of
separation. In either case, data is annotated with information gathered from MS? analysis, where ions detected in MS! mode are
fragmented.
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Usually, raw data is recalculated into protein abundance using ready-made software—either commercial or freely available for
the general use of the scientific community. It is also possible to use self-made programs and software packages, but this approach
demands advanced programming skills and knowledge of bioinformatics. Currently, some of the best-established solutions for
DDA data analysis include the commercial ThermoScientific’s Proteome Discoverer (Proteome Discoverer Software) (PD) and
freeware MaxQuant (Cox & Mann, 2008) (MQ), both available since at least 2008 (Cox & Mann, 2008; Thermo Fisher Scien-
tific Inc). A comparison of the performance of the above-mentioned software revealed that PD gave better quantification yield,
dynamic range, and reproducibility than MQ, although MQ generally reached slightly higher specificity, accuracy, and precision
values. For low-abundant proteins, PD could reach even up to two-fold higher quantification rate than MQ (Palomba et al., 2021).
In another study, MQ performed better in terms of accuracy and precision, whereas PD—in terms of quantifiable low abundance
proteome coverage (Zhao et al., 2020). A newer candidate in terms of data analysis is the Fragpipe (FP) software package uti-
lizing the MSFragger engine—when compared against PD it identified a similar number of proteins (PD - 9178 vs. FP — 9656)
in a vastly shorter amount of time (PD - 673 min vs. FP - 5.4 min) (Kong et al., 2017). Other solutions for data analysis are
available, but there is very limited information as to their performance. Notable examples include PEAKS Studio (Zhang et al.,
2012), OpenMS/TOPP (Reinert & Kohlbacher, 2010), or MScan (Malinowska et al., 2012).

Analysis of DIA data requires a completely different algorithm, as the information contained in the MS? scans differs between
DDA and DIA approaches. Some DDA data analysis programs support DIA—this includes ProteomeDiscoverer, MaxQuant or
Fragpipe. Nonetheless, there are also DIA specific programs which are often used instead, such as DIA-NN, EncyclopeDIA,
OpenSWATH, or Spectronaut (Baker et al., 2024; Demichev et al., 2020; Rost et al., 2014; Searle et al., 2018). Multiple studies
have already been published which benchmarked their performance (Frohlich et al., 2022; Lou et al., 2023; Zhang et al., 2023).
In most, DIA-NN is evaluated to have better proteome coverage, quantification precision and accuracy than other programs. In
a study by Zhang et al. this difference in some conditions was more than two-fold in the number of identified proteins (DIA-NN
- 2295 vs. EncylopeDIA - 928) (Zhang et al., 2023). Quantification reproducibility of DIA-NN was also slightly higher than the
reproducibility achieved by other tools (median CVs of DIA-NN 4.9-11.8% vs. Spectronaut 6.1%-20.2%) (Lou et al., 2023). It
should be noted that although general conclusions can be made about DIA data analysis programs, they are often updated, and
improved, may or may not use spectral libraries, etc. SEV prove especially difficult in their analysis—the dynamic range of MS
systems is limited and sEV often contain a lot of highly abundant proteins. Thus, a confident analysis of biologically relevant low-
abundant proteins is difficult to discern out of noise. Verifying which of these solutions will provide the optimal results should
be included in the complete proteomic workflow.

Users must precisely define their goals in data analysis depending on the task at hand. In some cases, better identification
coverage of the proteome can be advantageous, that is, when qualitative analysis is to follow. But it may as well be disadvantageous,
when quantitative data are to be compared between experimental groups and numerous less precise identifications could impact
multiple testing correction penalties. Choosing the best workflow does not add any additional cost, while significantly boosting
the performance of the analysis. As such, optimizing and standardizing its use will yield the best results possible.

6.2 | Data normalization approaches

Regardless of the method for raw data recalculation, the resulting matrix of abundance values for each protein in each sample
must be normalized. Small variation is the amount of sample used in the MS analysis will have an impact on the level of protein
abundance in a sample. Moreover, this impact may not necessarily be equal for all peptides (and consequently proteins) due
to their differing ionization efficiency. Thus, normalization approaches are highly variable, considering only some or nearly
all of the factors that make it necessary to normalize the data in the first place (Dubois et al., 2022; Vilikangas et al., 2018).
The easiest normalization approaches perform only mathematical operations on the available data. A notable example of such
technique is the median normalization. It does not consider differences in the ionization efficiency of all peptides. On the other
hand, sophisticated normalization can be performed with the aid of the data analysis programs, for example, MaxLFQ algorithm
implemented in MaxQuant (Cox et al., 2014). It should be noted that removal or inclusion of certain contaminants, such as
keratins originating from the sample preparation, will impact the normalized values and may necessitate additional normalization
at a later stage of the data analysis. These normalization methods are used ubiquitously in label-free proteomics since they require
no additional cost or special sample preparation, but their performance is limited (Stepath et al., 2020).

Normalization may also be achieved with the use of appropriate internal standards. Ideally, internal standards in the form of
stable isotope-labeled peptides from all possible proteins would be spiked into the sample (Brzhozovskiy et al., 2022; Gillette &
Carr, 2013; Picotti & Aebersold, 2012). This way, they would serve as a perfect analogue with the same ionization characteristics as
the native form and could be used to determine the concentration of all proteins in an absolute quantitative manner. The ability
to obtain and detect all such standards remains elusive and this can be realistically only achieved when targeted MS analyses
are performed for selected proteins. The use of stable isotope-labeled peptides may still be incorporated in exploratory studies
in an abridged form—mostly to correct for loading differences during sample injection. Another, yet similar approach is to use
intact proteins from other species than those from which the sample is prepared (Uszkoreit et al., 2022). In this way, digestion
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and loading differences can be assessed. These proteins must be chosen carefully—they have to produce peptides with limited
similarity to the ones found natively in the sample. Moreover, they must be available, chemically well-defined (i.e., pure), and
stable over long-term storage. Lastly, labeling of all peptides originating from a chosen sample can be used to determine the
protein abundance of multiple samples during a single MS analysis run (Thompson et al., 2003). This approach, called tandem
mass tag (TMT) labeling, eliminates run-to-run variability, peptide ionization differences and allows to quantify proteins with
higher confidence. On the other hand, TMT is not perfect as the number of samples that can be analyzed at once is limited and
highly costly. Moreover, quantification confidence may become eroded when problems such as ‘ratio compression’ are considered.
This phenomenon causes a systemic underestimation of protein abundances since in complex samples coeluting peptides found
within the isolation window may introduce interference (Karp et al., 2010; Madern et al., 2024; Savitski et al., 2013). Nonetheless,
as an example, TMT was utilized in a study of SEV from healthy donors and triple-negative breast cancer patients (Li et al., 2021).
This technique could also aid in detecting the differences in sEV from healthy donors and ovarian cancer patients (Zhang et al.,
2019). Spike-in methods described above require manual intervention in the makeup of the sample. Alternatively, stable isotope-
labelled (SIL) amino acids can be used as a part of a cell culture medium or feedstock for animals allowing for their growth
with metabolic incorporation of such amino acids (Kriiger et al., 2008; Ong et al., 2002). This Stable Isotope Labelling by Amino
Acids in Cell Culture (SILAC) technique ends with a MS measurement of a pool of SILAC and non-SILAC samples in a single
run. Again, as was the case with TMT (Tandem Mass Tag) labeling, this eliminates run-to-run variation and inconsistencies
due to ionization differences. SILAC is also a method that can be characterized by higher cost and is limited in the number of
experimental conditions. It also means that the complexity of the sample is multiplied, thus the amount of data that is gathered
in unit time should be adjusted accordingly when compared to label-free approaches. This is especially important since, for
example, in DDA 2-plex SILAC workflow theoretically 50% of precursors will be redundant as they constitute a SILAC isotopic
pair (Pino et al., 2021; Smith et al., 2022). In sEV research, SILAC was successfully employed in quantifying the differences in
the proteome of sEV from TGFBR2 proficient and deficient colorectal cancer cells (Fricke et al., 2019). As another example, this
method was also used for MS-based analysis of normal and lung cancer-derived sEV (Clark et al., 2016).

Appropriate care should be given to minimize run-to-run variance and provide results of high quality which may be realistically
achieved with isotope-labelled samples if the number of analyses is relatively small. It is standard practice to use ready-made and
commercially available cell digests (e.g. HeLa cell digest) in benchmarking the performance of new workflows or systems. We
recommend that SEV benchmarking be performed at the same time, since cell or tissue profiling can differ substantially from sEV
profiling. This can be achieved using commercially available sEV standards to aid in the repeatability of the whole optimization
process (Abcam; Creative Biolabs; Immunostep Biotech). Here, sEV from different sources should be investigated separately.

Specifically for vesicles, normalization may also take the form of quantifying and equalizing the number of particles that are
used for the digestion in the first place. A multitude of methods for sEV quantification exist, one of which is the Nanoparti-
cle Tracking Analysis (NTA) (Koritzinsky et al., 2017). It is often used in sEV research as part of conforming to the MISEV
guidelines—information about the size distribution of particles is one of its requirements. Flow cytometry or transmission elec-
tron microscopy methods may also be used to achieve the same goal. If one method with high reproducibility is used for all
samples, this may positively impact the variance of signal intensity at later stages. Nonetheless, the initial normalization based
on the number of particles does not guarantee that the subsequent steps of sample preparation and MS analysis will be carried
out equally for all. Thus, other normalization approaches may need to be used in parallel, regardless of the initial normalization
to the number of particles.

In the end, an appropriate method of normalization has to be chosen for each experiment. If the number of samples is low and
it is possible to use isotope-labelled internal standards, their advantages should be exploited. This has been the case in multiple
studies on sEV (Cheruiyot et al., 2017; Fricke et al., 2019; Huang et al., 2022). Whereas in case of high throughput experiments,
the best mathematical normalization may be used since no labelling methods remain viable.

6.3 | Contaminants in further data analysis

Part of the data analysis process must deal with contaminant removal. Even if best practices are followed during sample prepara-
tion, contaminants are expected in the resulting list of identified proteins. These can originate from the sample preparation itself
(e.g. keratins) or due to the sEV isolation technique (e.g. lipoproteins) and due to their origin (e.g. serum albumin, FBS proteins)
(Keller et al., 2008). Non-protein contaminants that cause ion suppression or that obscure MS spectra cannot be accounted for
at the stage of the data analysis and must be avoided in the first place. For protein contamination, if no steps are taken to remove
them from the data, their presence will lead to false identifications that do not come about from biological, but only technical
differences. The normalization of the data before this removal may also be hindered. Specifically, in the case of DIA proteomics
analyses, the process of generating pseudo-MS? spectra and peak picking of fragment ions may be especially difficult if no care
is given to removing the contaminants (Frankenfield et al., 2022).

There are lists of general contaminants, such as the common Repository of Adventitious Proteins—cRAP (which has not
been recently updated) or a newer list prepared by Frankenfield et al. (2022), crap (nd). On the other hand, no standard list
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of protein contaminants specific for sEV samples has been published and widely accepted, thus every data analysis program
takes its approach to deal with this problem. For example, general contaminants are marked by default by MaxQuant, but in
ProteomeDiscoverer this has to be manually called for in the consensus workflow. As an effect of the lack of standardization in
this regard, certain proteins which may be considered contaminants have been documented extensively in databases that collect
and report sEV-specific proteins. For example, albumin is reported as the top 25 protein out of top 100 in the Vesiclepedia
database (Chitti et al., 2024). It may be argued, that albumin may stick to the surface of vesicles creating the protein corona, and
should be considered part of the sSEV. On the contrary, general contamination lists include it as a known contaminant and there
are no studies which would suggest that albumin could be considered part of the core sEV proteome. It remains unanswered,
which proteins that are reported as SEV-specific are in actuality just contaminants from the sample matrix, that is, serum, urine,
etc. It may be advantageous to propose and use standard lists of SEV contaminants to differentiate between the core vesicle
and its surroundings. Another approach may be to supply data entries with information about the localization of the protein in
the lumen, membrane or corona (proximity) of the vesicle if such information is available. On the other hand, the existence of
such data repositories which contain information about specific SEV proteins can serve as an additional tool in the data analysis
process. These repositories include already mentioned Vesiclepedia, as well as ExoCarta, Urinary Exosome Protein Database,
and Exosome Gene Ontology Annotation Initiative (Exosome Gene Ontology Annotation Initiative | European Bioinformatics
Institute; Keerthikumar et al., 2016; Urinary Exosome Protein Database). With multiple researchers supplying high-quality data
it is possible to establish a reasonable ‘core proteome’ of sEV. A comparison of own results with such ‘core proteome’ may reveal
insights into specific signalling pathway up- or downregulation.

7 | SEV PROTEOMICS LIMITATIONS

All of the details that have been described above have a distinct purpose to provide reliable, repeatable, and accurate information
about the sEV proteome. sEV proteomic profiles are promising to become prognostic factors in a variety of diseases in the form
of a ‘liquid biopsy’ (Li et al., 2021; Yu et al., 2022; Zhou et al., 2020). Several recent studies have been focused on providing
such profiles to show that sEV can serve as a surrogate of a donor cell or tissue proteome (Braun et al., 2020; Hoshino et al.,
2020; Hurwitz et al., 2016; Shen et al., 2023; Synadaki et al., 2019; Zheng et al., 2020). This is because sEV can directly reflect the
proteome of cells that have released them (Garcia-Martin et al., 2022). Nonetheless, several challenges and limitations still stand
in the way of using MS-based sEV proteomics in diagnostic procedures and in using such data to explore sEV-mediated cellular
communication.

sEV isolation methods can differ substantially and there is a multitude of methods to obtain an sEV population for subsequent
analysis. Even if proteomic profiling is reliably performed, the results obtained for sEV isolated with differing techniques will
be incomparable and inconsistent with each other (Jimenez et al., 2023; Torres et al., 2024). Using a combination of isolation
methods may also be used, which has been shown to give the highest number of protein identifications when compared to non-
combined isolation methods, even at the cost of lower protein yield (Torres et al., 2024). Even if an isolation method has been
used in the discovery of biomarkers, implementing changes or its simplification for diagnostics may provide unexpected results.

Another major hurdle is the fact that sEV do not natively contain a universal internal standard (IS) that could be used
to normalize the obtained data. For cells or tissues, several IS had been proposed and used in proteomics studies. Examples
include glyceraldehyde-3-phosphate dehydrogenase (GADPH), -actin, -tubulin, DJ-1 (PARK?7) and others (Li & Shen, 2013;
Wisniewski & Mann, 2016; Wu et al., 2012). In vesicles their presence does not necessarily correspond to the expression of pro-
teins for the cell of origin. Thus, the number of vesicles released per cell, the amount of protein packed into each vesicle and a
multitude of other factors may influence the results, without a straightforward ability to normalize the data. It should be noted
that an sEV population is also highly heterogenic—certain vesicles are released by the cells of interest, but others may originate
from unrelated cells or tissues. This is the case in serum or urine sEV proteomics. Although sEV originating from the organ that
is of interest should be present in such fluids, most vesicles may instead originate from fibroblasts making up the blood vessels
and unrelated tissues. One way to combat this shortcoming is the use of immunocapture isolation techniques, but this is tied to a
significant loss in the amount of sEV protein for subsequent analysis. Making the distinction between reliable and unreliable data
even harder, if the studied organism is under stress or the environmental conditions change, the proteomic composition of SEV
will be severely impacted (Beninson & Fleshner, 2014; Harmati et al., 2019; Smolarz et al., 2022). In studies of the sEV proteome,
biomarkers specific for a chosen disease are often under investigation. Since a selected disease poses stress upon the organism,
distinguishing between disease-specific markers and stress-related proteins remains a challenge. Any change in the homeostasis
of an organism will impact the result, without regard to the specific disease in mind. In the end, proteomic profiling of sEV is
also complicated by the presence of biological contaminants, for example, serum albumin. MS-based methods are not suited to
differentiate between transmembrane or lumen protein of a vesicle and corona or co-eluting protein present in the sample unless
specific isolation methods are used. Unlike other types of material, sEV remain difficult to profile as the amount of available
protein is usually very low when compared to cells or tissues. Thus, good profiling depth may be hard to achieve since some
analysis workflows become unsuited to the task (e.g. ‘offline’ sample complexity reduction methods).
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8 | SUMMARY

MS-based profiling of the SEV proteome provides a unique view of the status of the cells of interest. It may be used as a surrogate
of its proteome, but this comes with several shortcomings. Isolation methods impacting the proteomic profile, no sEV-specific
internal standard, high heterogenicity, lack of distinction between disease-specific and stress-related markers, and biological
contamination remain the main limitations of this field. Although new workflows of MS proteomic analyses are developed, these
are most often prepared with cells or tissues in mind. This leaves SEV proteomics as a promising tool in the search for biomarkers
and the study of cellular communication, but a multitude of challenges should be acknowledged and addressed in future studies.

Proteomic profiling of small extracellular vesicles using MS-based methods enables researchers to obtain information about
a wide array of sEV proteins and their abundance. This process is complex and thus depends on a set of factors that should be
recognized before an analysis takes place. Multiple studies have been published comparing isolation methods and some provide
information about the sEV source quality criteria, for example, the need to use sEV-depleted FBS in cell culture. On the other
hand, minimal or no information is provided as to the subsequent steps in this process. Such steps include but are not necessarily
limited to vesicle lysis and protein solubilization, protein digestion, complexity reduction (either ‘offline’ or ‘online’), MS analysis,
and its type and data analysis. These elements have been described and compared as to their performance for cells or tissue
samples, but no specific information is given to the sEV samples which differ in terms of their complexity and protein content.
Due to the lack of such information, results which are obtained for cells or tissues are often ‘extrapolated” to sEV samples and
this may not provide reliable results. It is especially important in terms of SEV protein content and contaminants, which differ
substantially between sEV and cells or tissues.
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