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Abstract: Small extracellular vesicles (sEVs) are an important intercellular communicator, participat-
ing in all stages of cancer metastasis, immunity, and therapeutic resistance. Therefore, protein cargoes
within sEVs are considered as a superior source for breast cancer (BC) biomarker discovery. Our study
aimed to optimise the approach for sEV isolation and sEV proteomic analysis to identify potential
sEV protein biomarkers for BC diagnosis. sEVs derived from BC cell lines, BC patients’ plasma,
and non-cancer controls were isolated using ultracentrifugation (UC), a Total Exosome Isolation kit
(TEI), and a combined approach named UCT. In BC cell lines, the UC isolates showed a higher sEV
purity and marker expression, as well as a higher number of sEV proteins. In BC plasma samples, the
UCT isolates showed the highest proportion of sEV-related proteins and the lowest percentage of
lipoprotein-related proteins. Our data suggest that the assessment of both the quantity and quality of
sEV isolation methods is important in selecting the optimal approach for the specific sEV research
purpose, depending on the sample types and downstream analysis.

Keywords: breast cancer; extracellular vesicle; biomarker; diagnosis; isolation; liquid biopsy

1. Introduction

According to cancer statistics, breast cancer (BC) accounts for 31% of female cancers in
the United States in 2023, and it ranks among the top causes of mortality in women, with
an estimated 43,170 deaths [1]. Additionally, the incidence rate of BC has been increasing
worldwide since 2014, and it is one of the most common cancers among women [2]. One
of the primary factors contributing to the death of numerous BC patients is metastatic
dissemination within the body. However, current methods for BC detection and prognosis,
including tissue biopsy and mammography, are limited by their invasive nature and the
static information they provide, making them inadequate for constant disease monitoring
and screening. Hence, there is a pressing need to advance non-invasive techniques and
identify novel, validated biomarkers for BC in order to effectively decrease the mortality
rate linked to this disease [3].

Extracellular vesicles (EVs) are a heterogenous population found in all biofluids,
including small EVs (sEVs) ranging from 50 to 150 nm; 100–1000 nm large EVs (lEVs); and
the largest vesicle, known as apoptotic bodies, which range from 500 to 5000 nm [4]. Among
various populations of EVs, sEVs are abundant in biofluids, have various biologies reflective
of their parental cells, and have high stability for a long period of time. sEVs work as an
inter-communicator between the cells within tumour microenvironments, transmitting the
biological information encapsulated by their vesicles, including RNAs, proteins, and lipids,
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that can be used as potential cancer biomarkers [5–7]. Therefore, sEVs have gained much
attention as a promising alternative for non-invasive BC detection and diagnosis methods.
Particularly, some proteins within sEVs, such as annexin-A2 [8], programmed death-ligand
1 [9], amphiregulin [10], and insulin-like growth factor-1 [11], are related to angiogenesis,
metastasis, and immune escape in BC. Moreover, the proteins found in sEVs encompass
approximately 50% of the human proteome and accurately represent the cell types from
which they originate [12]. This characteristic makes sEV proteins an optimal candidate for
disease-specific studies and the exploration of biomarkers. However, despite some research
efforts aimed at identifying sEV protein biomarkers for BC, the lack of standardised sEV
isolation methods and the requirement for validation in large cohort studies have hindered
the establishment of protein biomarkers for the clinical diagnosis and prognosis of BC.

The ideal standardised isolation method for sEV research should have a simple and fast
process; high throughputs, purities, and recovery rates; and low cost. Ultracentrifugation
(UC) is the standard method for sEV isolation. However, UC is associated with several
drawbacks, including long processing times, low throughputs, and variable purity levels,
and it may lead to sEV aggregation, which can affect the reliability and reproducibility of the
downstream analysis [13]. Polymer precipitation is another conventional isolation method
that can efficiently isolate a high yield of sEVs with a simple process in a short time, but it
may result in the production of an increased quantity of contaminants, which can interfere
with the subsequent sEV characterisation and further analysis [14]. Currently, no available
isolation methods can perfectly isolate sEVs because of their complexity and heterogeneity.

According to a recent study, the combination of two or more isolation techniques may
be an effective approach to overcome the limitations of individual methods, depending on
the sample types [15]. A hybrid approach, for example, that involves a half-cycle of UC
followed by the polyethylene glycol (PEG) isolation method was found to isolate purer
sEVs from human serum samples at higher throughputs compared to the isolation method
alone [16]. The successful clinical application of this combined approach involves the
use of isolated sEVs for aerosol inhalation therapy in the treatment of lung injuries [17].
However, the efficacy of this combination method in isolating sEVs from BC cell lines and
plasma samples and its downstream proteomic analysis have not yet been investigated.
Furthermore, it is noteworthy that a majority of comparative studies on isolation methods
have focused on a single sample type [18–22]. It has been observed that the outcomes
of downstream analysis vary considerably depending on the specific isolation method
employed for each sample type [19,23,24]. Hence, the selection of an appropriate sEV
isolation method becomes crucial, contingent upon the intended downstream analysis and
the type of sample under investigation.

In this study, we utilised a combined approach of a half-cycle of UC and Total Exosome
Isolation kit (TEI) isolation methods, referred to as UCT. Our hypothesis is that UCT
could potentially achieve a greater yield of sEVs with improved purity, resulting in better
outcomes in BC protein biomarker discovery through proteomic analysis. We compared
three different isolation methods, including UC, TEI, and a combination approach (UCT),
to assess each method based on various parameters, including the sEV yield, purity,
morphology, size, protein contamination, and proteomic statistical analysis. To the best of
our knowledge, this study is the first to compare three isolation methods for determining
the optimal technique in sEV proteomic analysis. The evaluation includes a comparison of
these methods using both cell-conditioned medium and plasma samples.

2. Results
2.1. Particle Size Distribution and Concentration of MDA-MB-231 Cell-Line-Derived sEVs by
Three Different Isolation Methods

First, to examine the size distribution and particle concentration, NTA was performed
on isolates from 60 mL of cell medium supernatants of three different MDA-MB-231
batches obtained through three different methods, including TEI, UC, and UCT. The size
distribution of the TEI-derived isolates exhibited the broadest range, from approximately
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45 to 535 nm. The UCT isolates had a size range from 55 to 385 nm, while the UC isolates
ranged from 45 to 335 nm. Among the three methods, the UCT isolates demonstrated the
smallest mean mode size, measuring 140 nm, which was significantly smaller than the
mode size of the TEI isolates, at 197 nm (Figure 1A,B). The mean mode size for the UC
isolates was 161 nm. In terms of the consistency in the particle size distribution across the
three batches, TEI showed variable distributions among the three batches, whereas UC and
UCT displayed higher consistency compared to TEI. Additionally, the size distributions
of UC and UCT were quite similar. The particle concentration was significantly higher in
the TEI-derived isolates compared to UC, but there was no significant difference when
compared to UCT (Figure 1C). As described in a previous study [25], the total protein
amount (µg/mL) was measured to estimate the non-sEV-related protein (contamination) in
the isolates. The initial particle numbers within the isolates were subsequently determined
using both the measured concentrations and the dilution factor. The particle-to-protein
ratio was used to quantify the sEV isolate’s purity. The TEI-derived isolates had the highest
protein contamination compared to UC and UCT (Figure 1D), indicating that the TEI
isolates had the lowest purity, as demonstrated in Figure 1E. The UCT isolates exhibited
the highest purity compared to the UC and TEI isolates (Figure 1E). Therefore, our findings
suggest that a combination of half-cycles of UC and TEI may reduce the contamination
ratio compared to TEI alone, while increasing the number of isolated particles compared to
UC alone.

2.2. Comparison of Purity and Morphology of BC Cell-Derived sEVs and Common sEV
Marker Expression

To investigate the expression of the sEVs obtained through the TEI, UC, and UCT
methods, sEVs were captured in an equal number of particles, as determined by NTA using
mixed CD9 and CD81 beads. The captured sEVs were then assessed using flow cytometry,
employing a hybridised fluorescence detection of common sEV markers CD9, CD63, and
CD81. Notably, the signal intensities of CD9, CD63, and CD81 in the UCT isolates were
higher compared to the signal intensities of those in the other isolates, suggesting that
UCT yielded the highest amount of sEVs in an equivalent number of particles (Figure 1F).
Conversely, the signal intensities were similar between the UC and TEI isolates. To evaluate
the sEV purity, the EV marker signal was analysed relative to the total protein ratio
(Figure 1G). The graph clearly demonstrated that both the UC and UCT isolates exhibited
higher purity than the TEI isolates, with the ratios of UC and UCT being significantly
higher than that of TEI. Moreover, in the western blotting results, the levels of CD9, CD63,
and CD81 were significantly higher in the UC isolates (Figure 1H). In contrast to the
ratio presented in Figure 1G, the sEV marker expression in the UCT isolates appeared
relatively lower compared to that in the UC isolates. The TEI isolates did not exhibit any
detectable sEV markers, aligning with the findings in Figure 1G. This finding suggests that
owing to the higher protein contamination levels, the amount of sEV proteins present in an
equivalent protein amount could be lower in the TEI isolates compared to other isolates.
Furthermore, none of the three methods exhibited an expression of Calnexin, with only the
cell lysate (CL) showing a positive Calnexin expression.

The presence of sEVs in each isolate was verified through TEM analysis, which also
included a morphological structure examination (Figure 2). The size of the sEVs varied
considerably among the isolation methods and even within the isolates obtained through
the same method. In the TEI isolates, cup-shaped sEVs (arrows), with an average size of
around 100 nm, were observed alongside small non-EV vesicles (circles, <30 nm). These
small vesicles could potentially be classified as lipoproteins. The UCT isolates also exhibited
the presence of small vesicles, while the UC isolates predominantly consisted of cup-shaped
sEVs without other small vesicles. In the UC isolates, the cup-shaped EVs ranged in size
from approximately 100 nm to 200 nm. The UCT isolates displayed a wide range of cup-
shaped EVs, varying from approximately 50 nm to 200 nm, indicating higher heterogeneity
compared to the EVs isolated using the other two methods. It is assumed that UCT may
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be more suitable for isolating sEVs, as the other methods could result in the loss of the
much smaller sEVs. Some sEVs in the UC isolates exhibited a damaged spherical shape,
possibly due to the higher speed employed during the UC isolation process, leading to
the aggregation of the EVs. Overall, based on the diverse characterisation of the sEV
isolates, both the UC and UCT methods demonstrated higher-purity sEVs for the BC cell
line compared to TEI. The sEV concentration was highest in the UCT isolates, while the
expression intensity of common sEV markers was the strongest in the UC isolates.
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expression with isolates in the same number of particles. Each dot presents each batch. (G) The 
ratios of the CD9, CD63, and CD81 signals to the protein concentration were used as an indicator of 
the sEV purity. (H) Typical expression of sEV markers (CD9, CD63, CD81, Flotillin-1, HSP70, 
Syntenin, and TSG101) and the negative protein (Calnexin) detected in western blotting. For each 
gel lane, 10 µg of cell lysate proteins were used as a positive control for Calnexin, and proteins 
isolated using UC, UCT, and TEI isolation methods were loaded. Each dot in (B,C,E,F) represents a 
single batch. The data are presented as mean ± standard deviation (SD), and statistical analysis was 
performed using one-way analysis of variance (ANOVA) with multiple comparisons. The significance 
levels (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001) indicate the level of statistical significance. 
Abbreviations: BC: breast cancer; CL: cell lysate; ns: non-significant; NTA: nanoparticle tracking analysis; 
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Figure 1. Characterisation of sEVs in MDA-MB-231 BC cell supernatant isolated using three different
isolation methods. (A) The particle distribution, (B) mode size (nm), and (C) concentration (particle
number/mL) of the isolates were analysed in three batches obtained through three different isolation
methods using NTA. (D) Protein contamination (µg/mL) was measured in each isolate. (E) The
particle number/protein ratio was calculated to assess the isolates’ purity. Each group consisted
of three replicates (n = 3). (F) Flow cytometry data showing the presence of CD9, CD63, and CD81
expression with isolates in the same number of particles. Each dot presents each batch. (G) The ratios
of the CD9, CD63, and CD81 signals to the protein concentration were used as an indicator of the sEV
purity. (H) Typical expression of sEV markers (CD9, CD63, CD81, Flotillin-1, HSP70, Syntenin, and
TSG101) and the negative protein (Calnexin) detected in western blotting. For each gel lane, 10 µg of
cell lysate proteins were used as a positive control for Calnexin, and proteins isolated using UC, UCT,
and TEI isolation methods were loaded. Each dot in (B,C,E,F) represents a single batch. The data are
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presented as mean ± standard deviation (SD), and statistical analysis was performed using one-
way analysis of variance (ANOVA) with multiple comparisons. The significance levels (* p < 0.05,
** p < 0.01, *** p < 0.001, and **** p < 0.0001) indicate the level of statistical significance. Abbrevia-
tions: BC: breast cancer; CL: cell lysate; ns: non-significant; NTA: nanoparticle tracking analysis;
sEVs: small extracellular vesicles; TEI: total exosome isolation kit; UC: ultracentrifugation; UCT:
ultracentrifugation followed by total exosome isolation kit.
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of the variance, while PC2 accounted for 9.2%. The 95% confidence ellipses revealed a 
tight cluster for TEI and UCT, whereas the UC cluster showed more variability between 

Figure 2. Representative TEM images of morphological characterisation of sEVs isolated from a BC
cell line by three different isolation methods. TEM images with negative staining were captured
to visualise the cup-shaped sEVs (arrows) and small particles potentially classified as lipoproteins
(circles) in the MDA-MB-231 cell line. The isolates from the TEI, UC, and UCT methods were imaged
at magnifications of ×80,000 and ×100,000, with scale bars of 200 nm and 100 nm used for the left
and right columnar images, respectively. The representative images were selected from a minimum
of 10 images for each isolate obtained from the different methods. The red arrows indicate sEVs,
and the blue circles indicate non-EV vesicles. Abbreviations: sEVs: small extracellular vesicles; TEI:
total exosome isolation kit; TEM: transmission electron microscopy; UC: ultracentrifugation; UCT:
ultracentrifugation followed by total exosome isolation kit.

2.3. Quantitative and Statistical Analysis of BC Cell-Derived sEV Proteins Identified by Three
Different Isolations

To determine the optimal isolation method for sEV protein research, the label-free
quantification was analysed for the total proteome in sEVs isolated using TEI, UC, and
UCT. PCA (Principal Component analysis) score plot data were used to visualise consistent
spectral patterns in each MD-MBA-231 cell-medium supernatant (Figure 3A). The three
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batches from each isolation method formed distinct clusters. The normalised abundance
of the 2957 identified proteins was used for the score plot. PC1 explained 85.6% of the
variance, while PC2 accounted for 9.2%. The 95% confidence ellipses revealed a tight cluster
for TEI and UCT, whereas the UC cluster showed more variability between the batches. The
cluster formed by TEI and UCT isolates was clearly distinguishable from the UC cluster.
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Figure 3. Proteome identified in MDA-MB-231 cell-line-derived sEV isolates by TEI, UC, and UCT
isolation methods. (A) PCA score plot for proteins identified in each batch of the conditioned medium
of the MDA-MB-231 BC cell line by mass spectrometry. The plot shows PC1 versus PC2 as a percentage
with 95% confidence ellipses. (B) The total number of proteins in isolates from UC, TEI, and UCT based
on the mass spectrometry data. (C) The Venn diagram showing the number of sEV-related proteins
based on Vesiclepedia and Exocarta data. (D) Number of sEV-related proteins based on Exocarta and
Vesiclepedia data for TEI, UC, and UCT isolates are compared in Venn diagram. Abbreviations: PCA:
principal component analysis; sEV: small extracellular vesicle; TEI: total exosome isolation kit; UC:
ultracentrifugation; UCT: ultracentrifugation followed by total exosome isolation kit.

To identify, based on MS data, the number of sEV-related proteins in the isolates
from the different isolation methods, a Venn diagram was constructed. The UC isolates
obtained the highest number of sEV proteins, followed by the UCT isolates (Figure 3B).
Specifically, the UC, UCT, and TEI isolates obtained a total of 3105, 1021, and 964 proteins,
respectively. Notably, the UC isolates had 1829 unique proteins compared to the UCT and
TEI isolates, while the UCT and TEI isolates had only four and seven unique proteins,
respectively. To identify the sEV proteins among the total proteins, Vesiclepedia and
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Exocarta databases were used. According to these databases, the UC isolates obtained
1966 sEV-related proteins, the largest number among the three methods. The UCT isolates
contained 732 sEV proteins, while the TEI isolates showed 690 sEV proteins (Figure 3C,D).
The UC isolates had 1066 distinct sEV proteins compared to the UCT and TEI isolates,
while the UCT and TEI isolates had only one unique sEV protein each. Furthermore, there
were 518 sEV proteins that overlapped among all three isolation methods.

2.4. Cellular Component of BC Cell-Derived sEV Proteins Identified Using GO Analysis

The sEV isolate proteins identified from the supernatant of the MDA-MB-231 cell
medium were annotated using GO analysis using DAVID. Figure S1 presents the top 10
most abundant GO terms associated with the isolates obtained from all three methods. The
GO analysis revealed that the cellular components were largely similar across the three
methods. The proteins obtained from the UC methods displayed the highest number of
sEV-related genes compared to the proteins obtained through the other methods. The
UC method also yielded a larger number of genes across all the cellular component terms
owing to the extensive protein identification achieved through MS analysis. However, when
considering the proportion of gene annotations within each cellular component, a higher
proportion of isolated proteins in the UCT and TEI methods were annotated as sEV-related,
accounting for 50.7% and 50.5% respectively, whereas the UC method only exhibited 38.5%
of the proteins annotated as sEVs (Table S1). Furthermore, the percentage of proteins related
to the extracellular region and extracellular space was lower in the UC method compared
to the UCT and TEI methods. Based on the GO analysis, it can be concluded that among
the total identified proteins, the UC method has the lowest percentage of proteins related
to sEVs, while the UCT method exhibits the highest percentage compared to the other
methods. On the other hand, the GO analysis identified lipoprotein-related items, including
chylomicron, very-low-density lipoprotein, low-density lipoprotein, intermediate-density
lipoprotein, spherical high-density lipoprotein, and high-density lipoprotein particles.
The TEI and UCT isolates contained a higher proportion of lipoprotein-related proteins
compared to the UC isolates, as shown in Table S2. Interestingly, only the UC isolates
contained intermediate-density lipoproteins.

Overall, in terms of analysing the particle number in the MDA-MD-231 cell-derived
sEV isolates, the UCT method demonstrated the highest purity and the presence of smaller
particles. However, when specifically examining sEVs, the UC method exhibited higher
sEV marker expression and purity. Moving onto the analysis of the entire proteome within
the isolates, consistent patterns were observed across the replicates for the TEI and UCT
isolates. In contrast, the UC isolates displayed variable patterns in terms of identified
proteins across the different batches. When comparing the sEV proteins, the UC isolates
showed a significantly higher number of sEV proteins compared to the other proteins, with
minimal lipoprotein contamination.

These findings emphasise the importance of employing diverse characterisation meth-
ods to assess the quality and quantity of sEVs as well as the significance of selecting
an appropriate isolation method, considering the advantages and disadvantages of each
method, based on the downstream analysis requirements. Given that the aim of our study is
to identify potential sEV protein biomarkers in BC, we have chosen to use the UC isolation
method for the following experiments with cell lines.

2.5. Potential sEV Biomarkers Identified in MDA-MB-231, MCF-7, and SK-BR-3 BC Cell Lines

The UC method was used to isolate sEVs from three BC cell lines, namely MDA-MB-
231, MCF-7, and SK-BR-3, as well as a normal breast cell line, MCF-10A, to identify potential
sEV biomarkers by LC-MS/MS proteomics. Through the analysis, we identified 1463
significantly upregulated and 118 downregulated proteins in the MDA-MB-231 cell-line-
derived sEVs, followed by 711 upregulated and 122 downregulated proteins in the MCF-7
cell-line-derived sEVs, and 295 upregulated and 192 downregulated proteins in the SK-BR-3
cell-line-derived sEVs (Figure 4A–C, respectively). A set of 218 commonly upregulated
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proteins and 32 commonly downregulated proteins was identified across all three BC
cell lines (Figure 4D,E). These proteins were then matched against the Vesiclepedia and
Exocarta databases, and 152 upregulated and 16 downregulated overlapped proteins were
identified as specifically associated with sEVs (Figure 4F). To gain insight into the biological
roles of distinctively expressed sEV proteins in BC cell lines, STRING analysis was applied,
which revealed intercellular interactions and gene ontology categories (FDR = 0.01). The
analysis uncovered functions, such as multivesicular body assembly and transport, which
are likely involved in EV function and formation (Figure S2).
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Figure 4. The volcano plots represent the quantitative analyses of the proteomes of sEVs in three
BC cell lines vs. one normal breast cell line isolated using UC. Venn diagram showing potential sEV
biomarkers for BC. (A–C) Significantly upregulated (red dot) and downregulated (green dot) sEV
proteins in MDA-MB231, MCF-7, and SK-BR-3 cell lines identified via quantitative and statistical
analysis via Proteome Discoverer 2.4 (p value = 0.05, fold change ± 1.5) based on three biological
replicates (n = 3), respectively. (D,E) The 218 common upregulated proteins and 32 downregu-
lated proteins were identified in three BC cell lines, respectively. (F) The Venn diagram represents
155 upregulated sEV proteins and 16 downregulated sEV proteins according to the Vesiclepedia and
Exocarta databases. Abbreviations: BC: breast cancer; sEV: small extracellular vesicle.
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Additionally, we observed the involvement of the Notch signalling pathway, a known
cancer-related function, as well as the complement and coagulation cascades, which are
associated with the early immune response. It is important to note that while 158 sEV
proteins exhibited significantly different expression levels in BC cell lines, some proteins
did not appear in the STRING analysis owing to the absence of protein–protein interactions
or significant annotations. In addition, 10 sEV proteins were identified, showing the most
significantly different expression in the BC cell lines compared to the normal breast cell
line (Table S3). Downregulated sEV biomarker candidates include BDH2, INS, LAMA3,
and TPX2, while upregulated ones include IFITM1, CEBPZ, CLTA, CHMP1A, VTA1, and
SEC13. Upon validation, these proteins hold promise as potential sEV biomarkers in BC
cell lines for BC diagnosis.

2.6. Characterisation of Human Plasma-Derived sEVs by Three Different Isolation Methods

The size distributions of the sEV particles derived from 300 µL of three BC patients’
plasma and three non-cancer individuals’ control plasma were analysed using NTA. Consis-
tent with the findings from the cell-line experiments, the size distribution of the TEI isolates
exhibited greater variability and a broader range compared to those of the other isolates
(Figure 5A). The TEI isolates had a size range from approximately 35 to 500 nm, the UC iso-
lates ranged from 95 to 325 nm, and the UCT isolates ranged from 75 to 325 nm. However,
owing to the inherent complexity of plasma samples, the size distribution graphs displayed
higher variability compared to those obtained from the cell lines. The UC and UCT isolates
from human plasma appeared to exhibit greater consistency in the size distribution com-
pared to that of the TEI isolates. The analysis of the mean mode size of the particles did not
reveal any significant differences among the isolation methods (Figure 5B). However, the
particle concentration was found to be significantly higher in the TEI isolates compared to
the UC and UCT isolates (Figure 5C). Furthermore, the total protein amount (in µg/mL)
was significantly lower in the UC isolates compared to the other isolates (Figure 5D), indi-
cating that the UC isolates had the lowest contamination. The TEI isolates demonstrated
the highest total protein concentration. Interestingly, the ratio of the particle number to the
protein concentration did not show significant differences among the methods (Figure 5E).

2.7. Purity of Human Plasma-Derived sEVs and Common sEV Marker Expression Assessed by
Flow Cytometry and Western Blotting

The expressions of CD9, CD63, and CD81 in human plasma samples were detected
using flow cytometry. The expression level in the UC isolates was higher compared to that
in the TEI isolates. Although the expression level in the UCT isolates was slightly higher
than that in the TEI isolates, the difference was not statistically significant (Figure 5F). The
ratio of the EV marker expression to the total protein was found to be highest in the UC
isolates, indicating that the UC sEV isolates exhibited the highest purity (Figure 5G). The
western blotting results demonstrated that the expressions of the Flotillin-1, CD9, and
CD81 markers were the highest in the UC sEV isolates (Figure 5H), which is consistent
with the results shown in Figure 5F. However, the CD63 expression was the strongest in
the TEI isolates. The expressions for HSP70, Syntenin, and TSG101 were notably weak
and exhibited similar levels of positivity across all the isolation methods. The Calnexin
expression was only positive in CL.

In the TEM images, it was evident that all the isolates obtained from the three different
methods exhibited distinct cup-shaped sEVs ranging in size from 100 nm to 200 nm
(Figure 6). Notably, the isolates obtained using the TEI method displayed larger sEVs,
reaching approximately 200 nm, along with a considerable presence of contaminants,
such as non-EV vesicles and protein aggregation (depicted in black). On the other hand,
the images obtained for the UC method exhibited a relatively clear background with a
lower occurrence of contaminants. Similarly, the UCT images also revealed the presence
of vesicles and protein aggregation in the background, but the amount of background
contamination was less than that in the TEI images. Interestingly, the pattern of background
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contamination observed in the TEM images corresponded to the trend observed in the
protein contamination graph displayed in Figure 5D. In summary, when assessing the
characterisation and comparison of the sEVs isolated using the three different methods for
human plasma samples, it was found that the UC method yielded the highest purity and
strongest sEV marker expression.
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Figure 5. Characterisation of sEVs in human plasma samples isolated using three different isola-
tion methods. (A) Particle size distribution, (B) mode size (nm), and (C) concentration (particle
number/mL) of isolates in six plasma samples (Total number of samples = 6, BC plasma = 3,
and non-cancer plasma = 3) isolated using TEI, UC, and UCT and nanoparticle tracking analysis.
(D) Protein contamination (µg/mL). (E) Particle number/protein ratio for each plasma sample
indicates sEV purity. (F) The expressions of CD9, CD63, and CD81 in isolates containing the same
number of particles were detected using flow cytometry (n = 6, BC plasma = 3, and non-cancer
plasma = 3). (G) The ratio of the CD9, CD63, and CD81 signals and protein concentration shows the
sEV purity. Each dot represents a single plasma sample in (B,C,E,F). Data are shown as mean ± SD,
and one-way ANOVA with multiple comparisons was used in (B–G). * p < 0.05, *** p < 0.001, and
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**** p < 0.0001. (H) The expressions of CD9, CD63, CD81, Flotillin-1, HSP70, Syntenin, and TSG101 as
the common sEV markers and Calnexin as a negative control marker were detected using western
blotting. A total of 20 µg of cell lysates and proteins of isolates obtained from UC, UCT, and
TEI methods were loaded in each gel lane. Abbreviations: BC: breast cancer; ns: non-significant;
sEV: small extracellular vesicle; TEI: total exosome isolation kit; UC: ultracentrifugation; UCT:
ultracentrifugation followed by total exosome isolation kit.
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UCT, PCA was conducted on the identified proteins from each isolation method, which 
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contrast to the PCA score plot data of the BC cell line (Figure 3A), a tighter cluster of 
spectra was observed for the UC isolation method compared to the other two methods. 
The TEI method exhibited the highest variance for all three biological replicates, followed 
by UCT. These results were totally opposite to those of the PCA analysis of the BC cell-
line-derived sEV isolates. The PC1 and PC2 variances were 77.3% and 11.9%, respectively. 
With 95% confidence ellipses, the TEI cluster is distinguishable from the UC and UCT 

Figure 6. TEM images showing morphological characterisation of sEVs isolated using three different
isolation methods. Negatively stained grid demonstrated the TEM images of cup-shaped sEVs
(red arrows) in plasma samples isolated using TEI, UC, and UCT. Scale bars are 200 nm for the
images in left column and 100 nm for right-column images. The magnifications are ×80,000 for top
row images and ×100,000 for bottom row images. All the images are representative images out
of at least 10 images of each isolate obtained from the three methods. Abbreviations: sEV: small
extracellular vesicle; TEI: total exosome isolation kit; TEM: transmission electron microscopy; UC:
ultracentrifugation; UCT: ultracentrifugation followed by total exosome isolation kit.

2.8. Quantitative and Statistical Analysis of BC Plasma-Derived sEV Proteins Identified by Three
Different Isolation Methods

In this study, we aimed to identify the most suitable sEV isolation method using three
BC patients’ plasma samples (n = 3) through proteomic analysis. Following protein isolation
from each of the three different isolation methods, which included TEI, UC, and UCT, PCA
was conducted on the identified proteins from each isolation method, which demonstrated
that the proteins from each method clustered together (Figure 7A). In contrast to the PCA
score plot data of the BC cell line (Figure 3A), a tighter cluster of spectra was observed for
the UC isolation method compared to the other two methods. The TEI method exhibited
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the highest variance for all three biological replicates, followed by UCT. These results
were totally opposite to those of the PCA analysis of the BC cell-line-derived sEV isolates.
The PC1 and PC2 variances were 77.3% and 11.9%, respectively. With 95% confidence
ellipses, the TEI cluster is distinguishable from the UC and UCT clusters. Notably, 188,
169, and 191 proteins were identified in the UC, TEI, and UCT isolates, respectively, using
quantitative analysis with Proteome Discoverer 2.4 (Figure 7B). Among all the identified
proteins, the sEV-related proteins were selected using Vesiclepedia and Exocarta (Figure 7C).
According to the databases, 135 sEV proteins were identified in the UC isolates, followed
by 134 and 133 sEV proteins in the TEI and UCT isolates, respectively. Notably, there was
no major difference in the number of sEV proteins found in the BC plasma among the three
isolation methods. However, in terms of the sEV protein composition, the TEI isolates
stand out with 13 distinct proteins, while the UC isolates exhibit eight unique proteins, and
the UCT isolates show only two (Figure 7D).

The cellular components of the proteins identified using each isolation method were
further analysed using GO terms (Figure S3 and Table S4). The GO analysis revealed that the
nine most abundant cellular components were shared among the proteins isolated using all
three methods. The sEV-related proteins, as the extracellular exosome term in UCT and UC,
showed similar proportions, but the number of extracellular-region-related proteins was
slightly higher in UCT, whilst TEI showed the highest percentage of extracellular-region-
related proteins in the GO analysis. The lipoprotein-related proteins in the GO analysis
demonstrated a similar pattern (Table S5). The TEI isolates contained a higher percentage
of lipoprotein-related proteins compared to the other two isolates, while the UC and UCT
isolates had the same portion of lipoprotein-associated proteins. To assess the relative
abundance of the sEV proteins, a comparison was conducted among those isolated via TEI,
UC, and UCT. The analysis of the MS data revealed interesting findings, as presented in
Figure S4, in the form of a heatmap. Remarkably, the large number of sEV proteins isolated
using the TEI method displayed a significantly higher level of overexpression compared to
the sEV proteins isolated using the other methods. Only a small part of the sEV proteins is
highly expressed in UCT. These results indicate that all three isolation methods yielded
distinct patterns of sEV protein expression, which may have implications for biomarker
research. According to the GO analysis using DAVID, the highly expressed sEV proteins
in the BC plasma-derived UCT isolates were related to the complement and coagulation
cascade, a pathway associated with innate immune responses (FDR = 0.01) (Table S6). On
the other hand, the unique overexpressed sEV proteins in the UC isolates were linked to
platelet function, immune response, phosphorylation, and focal adhesion (FDR = 0.01)
(Table S7). Although these findings may not serve as definitive guidelines for selecting an
optimal isolation method, they can serve as a milestone for choosing an isolation approach
based on the research area of interest.

2.9. Potential sEV Biomarkers and Their Biological Function in BC Plasma Samples

Owing to their similar percentages of lipoprotein-related proteins and sEV-related pro-
teins, both UC and UCT were employed to identify potential sEV protein biomarkers. Bio-
logical replicates consisting of three BC patients and three non-cancer controls were utilised
for this investigation. From the volcano plots, a significantly different expression was ob-
served between the proteins isolated from the BC plasma and non-cancer control plasma us-
ing UC and UCT (p value = 0.05, fold change ± 1.5) (Figure 8A,B). Using UC, 12 upregulated
and four downregulated plasma proteins were identified in the BC plasma samples. After
further filtration based on the Exocarta and Vesiclepedia databases, 11 upregulated and
three downregulated sEV proteins were found (Figure 8C and Table S8). In the case of
the UCT isolates, 23 upregulated and 18 downregulated proteins were highlighted in the
BC plasma, for which seven were upregulated and 16 were downregulated sEV proteins
(Figure 8D and Table S9). Our STRING analysis revealed that the intercellular interaction
clusters of sEV proteins isolated using UC were associated with the clotting cascade and
lipoprotein particles, whereas those isolated using UCT were linked to the coagulation
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cascade and lipoprotein (Figure S5). It is important to note that certain proteins were not
included in the STRING cluster and annotation owing to a lack of available protein–protein
interaction data. Overall, our findings suggest that the UCT method retains a greater num-
ber of potential sEV protein biomarkers for BC in plasma compared to the other isolation
techniques. The significantly overexpressed sEV proteins in the BC plasma-derived UCT
isolates were ALB, COL1A1, CSN1S1, EEF1A2, and RPL3; and the C1S, C5, C7, and CFHR2
sEV proteins in the UCT isolates were the most downregulated proteins in the BC plasma
compared to the non-cancer control. Those nine sEV proteins can be considered as potential
sEV biomarkers for BC clinical diagnosis.
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Figure 7. Proteomic analysis of proteins from BC patients’ plasma isolated using three different
isolation methods and identified using mass spectrometry. (A) PCA score plot shows the variance in
proteins identified in three BC patients’ plasma samples. The proteins were isolated using TEI, UC,
and UCT isolation methods and identified using MS. The plot shows PC1 versus PC2 as a percentage,
with 95% confidence ellipses. (B) The number of total BC plasma proteins identified from the UC, TEI,
and UCT isolates is based on the MS data. (C) The Venn diagram represents numerous sEV-related
proteins listed in Vesiclepedia and Exocarta databases. (D) sEV-related proteins identified using
UCT, TEI, and UC isolation methods were compared in Venn diagram. Abbreviations: BC: breast
cancer; MS: mass spectrometry; PCA: principal component analysis; sEV: small extracellular vesicle;
TEI: total exosome isolation kit; UC: ultracentrifugation; UCT: ultracentrifugation followed by total
exosome isolation kit.
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Figure 8. The volcano plots representing the quantitative analyses of the sEV proteomes isolated
using UC and UCT in BC patients vs. non-cancer controls. Venn diagram showing potential of sEV
biomarkers for BC screening. Significantly upregulated (red dot) and downregulated (green dot)
proteins in BC patients’ plasma isolated using UC (A) and UCT (B) were identified via quantita-
tive analysis using Proteome Discoverer 2.4 (p value = 0.05, fold change ± 1.5) for three biological
replicates. (C) The Venn diagrams represent 11 upregulated and three downregulated sEV pro-
teins isolated using the UC method. (D) Seven upregulated and 16 downregulated sEV proteins
were isolated using UCT. Abbreviations: BC: breast cancer; sEV: small extracellular vesicle; UC:
ultracentrifugation; UCT: ultracentrifugation followed by total exosome isolation kit.

3. Discussion

sEVs are stable and abundant in various body fluids and are considered as a potential
biomarker source for cancer diagnosis and monitoring cancer progression in real time.
Currently, blood-derived sEV proteins hold promise as a prospective reservoir of novel
biomarkers. Given that a blood sample is a complex mixture of various components and
that blood-derived sEVs contain highly heterogenous information across patients, it is
imperative to initially conduct a pilot study. There are a few ongoing clinical trials for
sEV-based BC biomarker research. One study measures the expression of the HER2-HER3
dimer in plasma-derived sEVs to diagnose HER+ BC and guide the appropriate treatment
(NCT04288141). Another clinical trial aims to validate the glycosylation of sEVs as a
diagnostic biomarker for early BC diagnosis (NCT05417048). Two other studies focus on
proteomic profiling within BC plasma-derived sEVs to identify a diagnostic biomarker
for BC (NCT05798338) and a prognostic biomarker for neoadjuvant chemotherapy in BC
treatment (NCT05831397). However, the lack of standardised methods for isolating sEVs
has led to significant variability in both the quality and quantity of isolated sEVs, depending
on the isolation methods and sample type. Consequently, the choice of the isolation method
has a profound impact on the downstream analysis, leading to divergent outcomes. In this
study, we provided a comprehensive qualitative and quantitative analysis comparing the
isolated sEVs obtained through the TEI, UC, and UCT isolation methods. Our findings offer
valuable insights and guidance for selecting the most suitable isolation method, particularly
for proteomic analysis purposes.
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In the conditioned medium of MBA-MB-231 cells, the UCT isolates demonstrated the
most consistent particle isolation within the sEV size range. Consequently, the mode size
of the particles obtained through UCT isolation was smaller than those of the particles
obtained through the other methods, and the particle concentration was improved com-
pared to the concentration of particles obtained from UC isolation alone. In terms of the
particle number and protein contamination ratio, the UCT isolates exhibited higher particle
numbers and similar protein contamination levels compared to the UC isolates, indicat-
ing the purest isolates in terms of the particle number and protein contamination ratio.
However, it is important to note that these results do not directly indicate the purity and
concentration of sEVs. The particle number per millilitre of the MDA-MB-231 cell-derived
sEV isolates corresponded to the observations from the TEM images. The UCT isolates had
a higher number of non-sEV vesicles compared to the UC isolates. In the flow cytometry
analysis, the strongest expressions for CD9, CD63, and CD81 were detected in the UCT
isolates, while western blotting showed that the set of sEV markers was the strongest in
the UC isolates. During the flow cytometry process, the exclusive capture of sEVs by CD9-
and CD81-conjugated beads could be the underlying reason for the potential loss of sEVs
in the UC isolates that bear sEV surface markers different from those in CD9 and CD81.
As a result, this loss of sEVs in UC isolates in the flow cytometry results may account for
discrepancies in the overall expression of sEV markers observed in the western blotting
results. It is important to emphasise that the UC isolates contained the highest number
of sEV proteins compared to the other two isolates, even though the percentage of genes
related to sEVs was the lowest. This is likely due to UC isolates containing the highest
number of total proteins, which may also be related to the wider UC cluster observed in
the principal component analysis. The proteins identified in the UC isolates exhibited more
variability compared to those identified in the other isolates, resulting in a higher number
of identified proteins.

No research has been conducted thus far comparing the proteomes of sEVs isolated
through TEI, UC, and UCT across various BC cell lines. To the best of our knowledge, there
is only one paper available in the literature that examined the difference between UC and
TEI specifically in MDA-MB-231 cells, utilising western blotting to visualise the expression
of sEV markers [26]. Interestingly, that study found that UC produced lower expression
levels of CD9 and CD63 in MDA-MB-231 cells, which contradicts our results. However,
the western blotting results in that study revealed variations in resolution, which could
be attributed to differences in the exposure time, when assessing the expression of sEV
markers across different isolation methods. This problem makes it challenging to directly
compare the expressions between these methods. Furthermore, the study also revealed a
greater abundance of sEV proteins in UC isolates compared to TEI isolates, aligning with
the findings of our investigation. The variation in the specific number of identified proteins
between the research and our investigation could potentially be attributed to differences
in the MS spectra and the presence of contaminants within sEV isolates, which could be
caused by different applications of enzymatic digestion and precipitation techniques used
for isolating sEV proteins [24,27,28].

The overlapped potential sEV biomarkers across the BC cell lines were associated with
several functions shown in the STRING network. Generally, cancer cells release a higher
number of sEVs into the TME for intercellular communication, which transports various
biological molecules, such as proteins and nucleic acids [29]. In the STRING network of
the differentially expressed sEV proteins in the BC cell lines, some proteins were found to
be related to amino acid transport across the plasma membrane and multivesicular body
assembly, which corresponds to the increased number of sEVs in cancer and their func-
tion as intercellular communicators. Additionally, the retromer complex, which regulates
endosome maturation and activates autophagy, was identified as another function [30].
Recently, it was discovered that the retromer complex might regulate the cargo in sEVs, thus
influencing the neuronal function or disease [31], although its function in BC is unknown.
Other biological roles of distinctly expressed sEV proteins include the complement and
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coagulation cascades, which are related to the innate immune response. The RHO GTPases
are related to endosomal membrane trafficking in various cell lines [32] and sEV secretion
in Oli-neu cells [33], which is responsible for the regulation of cancer invasion and progres-
sion [34]. Recently, it was discovered that the RHO GTPase family and its related lncRNAs,
including RAD51-AS1 and DANCR, participated in BC carcinogenesis [35]. The Notch
signalling pathway is one of the well-known factors in BC progression [36]. Moreover,
sEV-encapsulated Notch ligands have been found in human umbilical vein endothelial
cells and function to modulate Notch signalling by transferring the ligand to recipient
cells [37]. In MCF-7-derived sEVs, a short form of Notch was discovered by proteomics
analysis [38]. However, the role of protein cargoes carried by sEVs in Notch signalling in
BC remain unclear.

In BC cell lines, a total of 152 sEV proteins were found to be upregulated, while
16 sEV proteins were downregulated. Upon analysis, we successfully identified the top
10 sEV proteins that displayed the most significant differences in their expression levels.
The significantly downregulated sEV proteins in BC cell lines were BDH2, insulin (INS),
LAMA3, and TPX2. INS is a well-known factor related to high-risk BC patients who have
obesity [39,40]. Tissue biopsies of BC patients have shown that BDH2 has a positive relation
with obesity in BC [41]. Interestingly, in MDA-MB-231 cells, INS-resistant adipocyte-
derived sEVs promoted EMT, which was mediated by BRD2 [42]. This may suggest that
INS and BRD2 play an important role in BC patients with obesity. Corresponding to our
investigation, another study observed the low expression of LAMA3 in 20 BC cell lines,
which might be related to tumour metastasis [43], but there was no information for sEV
LAMA3 in BC. In a large cohort study, the nuclear expression of TPX2 was observed to be
correlated with the clinical stage, negative ER and PR status in BC [44]. In contrast, in our
current study, TPX2 was found to be significantly downregulated in sEVs derived from BC
cell lines. The reason for this downregulation in sEVs and the functional implications of
sEV TPX2 require further investigation in the future. Among the significantly upregulated
potential biomarkers, it was found that IFITM1 was overexpressed in inflammatory BC
cells [45]. However, the function and expression pattern of BC-related sEV IFITM1 have
not been reported yet. The VTA1 protein binds to EV biogenesis-related proteins, an
endosomal sorting complex required for transport (ESCRT), to facilitate EV formation [46],
suggesting that VTA1 might cause an increase in the number of sEVs in BC. There is no
information available regarding sEV CEMPZ, CLTA, CHMP1A, and SEC13 in BC. For the
clinical application of these potential sEV biomarkers for BC diagnosis, further validation
in clinical samples is required, and it needs to be clarified that those biomarker candidates
are specific to BC, not for the entire spectrum of cancer.

In the human plasma samples, the characterisation of sEV particles yielded diverse
results compared to those of the BC cell lines, likely due to the complexity of human samples.
Notably, the TEI and UCT isolates exhibited various peaks in the size distribution. The UCT
isolate had the largest portion of total particles within the largest size range. Paradoxically,
the TEI isolates, which contained the highest abundance of protein contamination, exhibited
the smallest particle size in the highest peak. The protein contamination in the UCT isolates
from the plasma samples was higher than that in the UC isolates, while the BC cell results
showed similar amounts between UC and UCT. Owing to the variability in the values across
the plasma samples, the ratio of the particle number to the protein amount did not show
any significant differences among the isolation methods. In contrast to the isolates from the
BC cells, the UC isolates from the human plasma demonstrated noticeably higher purity
than those of the isolates obtained using the other methods. Western blotting revealed
weak signals for all the sEV marker proteins in the plasma isolates. This could be attributed
to the higher protein contamination observed in the plasma isolates, as shown in the TEM
results and GO analysis, making it challenging to detect specific sEV marker proteins in
only 20 µg of proteins.

The proteomic analysis in this study provides additional evidence of distinct proteomic
profiles in sEVs, depending on the sample type and isolation methods [15,19,47]. The PCA
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plots demonstrated that the TEI isolates from the BC plasma exhibited a broader cluster
compared to the other two isolates, while the UC isolates showed a much tighter cluster.
These findings suggest that the sEV proteome isolated using the TEI method demonstrated
lower consistency compared to those isolated using the other two methods. Like the PCA
plots, the GO analysis of the total protein in the isolates demonstrated similar proportions
of sEV-related proteins and lipoprotein-related proteins in UC and UCT. The total number
of identified proteins and sEV proteins in the plasma samples was significantly lower
than that of identified proteins and sEV proteins in the BC cell lines. This is likely due
to the use of frozen plasma from the biobank. Muller et al. found that sEVs in frozen
plasma can be damaged during the freezing process, leading to decreased sEV purity [48].
Furthermore, as observed in this research, string-like aggregates were found in the TEM
images of the plasma-derived sEVs in this study. Therefore, the ideal option would be
to use fresh blood samples, although the frozen samples did not appear to affect the
biological activity of the sEVs. In this study, to ensure comparability between the isolation
methods, it was crucial to use the same plasma sample for all the methods, which allowed
for guaranteed consistency and a valid comparison of the isolation techniques. In the
top 10 significant GO terms for the cellular components of identified sEV proteins, the
TEI isolates exhibited a higher percentage of sEV-related proteins compared to the UC
and UCT isolates, with both the UC and UCT isolates showing similar percentages in
the plasma samples. This result can be attributed to the relatively lower purity achieved
using the TEI method compared to the other two methods, potentially resulting in fewer
losses of sEVs but a higher presence of lipoprotein-related proteins. Both the UC and UCT
isolates exhibited similar percentages of lipoprotein-related proteins in the plasma samples.
However, to ensure a precise comparison of the abundance of lipoproteins, it is imperative
to supplement the analysis with further validation through techniques such as ELISA or
western blotting.

In a previous study, there was no report for validating UCT methods for isolating
sEVs from human plasma samples. Only one paper demonstrated that UC isolates in
human serum detected using western blotting showed more intense sEV marker expression
compared to that of UCT isolates [16]. The innovation for our study is that we compared the
isolation efficiency in terms of size, morphology, concentration, and purity for proteomic
analysis in BC plasma.

The STING network analysis demonstrated that sEV biomarker candidates isolated
using UC from BC plasma were associated with the clotting cascade, while those isolated
using UCT were associated with the complement and coagulation cascades. The comple-
ment and coagulation cascades are involved in innate immune responses, which are a
more plausible function for BC biomarkers. Interestingly, the potential biomarker cluster
identified in both UC and UCT isolates had functions related to lipoprotein particles. One
study suggested that the direct interaction between lipoproteins and EVs is an important
factor in transferring biological information and EV uptake pathways [49]. Moreover, the
increased uptake of lipoproteins facilitates the proliferation of BC cells [50]. Therefore,
lipoproteins should be considered as potential sEV-related proteins and even potential
sEV protein biomarkers rather than mere contamination in sEV isolates. Nonetheless, the
absence of standardised isolation methods makes it challenging to separate lipoprotein
particles from sEVs [51]. Consequently, establishing a definitive link between the isolated
lipoproteins and sEVs, as opposed to contaminants, may require substantial efforts.

In BC plasma, the expressions of the sEV ALB, COL1A1, CSN1S1, EEF1A2, and RPL3
were significantly upregulated, while the expressions of C1S, C5, C7, and CFHR2 were
downregulated, and these dysregulated proteins are considered as biomarker candidates
for BC diagnosis. Although ALB has normally been known as contamination within
sEV isolates, like lipoprotein, in sEV research [52], sEV ALB has also previously been
found in BC patients’ plasma [53]. The role of ALB in BC plasma-derived sEV is still
unclear, but low expressions of ALB in serum were found to be associated with poor
BC prognosis [54]. Despite the previous discovery of COL1A1 [55], EEF1A2 [56,57], and
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RPL3 [58] as metastasis-related proteins in BC and CSN1S1 [59], C5 [60], and C7 [61] as BC
prognosis-related proteins, the function or biomarker potential of these proteins within
sEVs remains unknown.

The sEV proteins that have been identified in BC cell lines and in human BC plasma
hold promise as markers in BC diagnosis, including APOA4, C3, C7, CLU, F2, and SER-
PINC1. These proteins are related to innate immune responses and the regulation of
the insulin-like growth factor (IGF) transport and uptake by IGF-binding proteins. In
a previous study, sEVs derived from BC cells were found to stimulate IGF-1 to induce
transcription factors related to EMT in neighbouring cells [11], suggesting that those sEV
proteins might influence the EMT process in BC mediated by the IGF transport. However,
functional studies to uncover its specific role in BC metastasis and further validation will be
mandatory for the practical application of these biomarkers in BC diagnosis. APOA4 plays
a crucial role in HDL and VLDL metabolism [62]. Given the similar densities of sEVs and
HDLs, their differentiation relies solely on size distinctions [63]. VLDL, being significantly
smaller than sEVs, poses a challenge in achieving complete separation [64,65]. The possible
contribution of APOA4 from lipoproteins rather than sEVs [66] will need to be established
in future studies.

Recently, many advanced isolation methods have been developed. One of the tech-
niques is asymmetrical-flow field-flow fractionation (AF4) [67]. The combination of UC
and AF4 demonstrated efficient removal of lipoproteins from human serum samples [68].
Furthermore, for human plasma, the combination of immunoaffinity chromatography and
AF4 successfully isolated exomeres, which are a smaller extracellular particle than sEVs,
without any lipoprotein contaminants [69,70]. Methods such as AF4 and immunoaffinity
chromatography combined with AF4 require additional specialised equipment and an-
tibodies. The application of UCT is an accessible approach in a research laboratory and
offers a cost-effective approach to isolate sEVs. However, it should be noted that lipopro-
tein and other vesicle-like contaminants are still present. This study’s focus was limited
to the isolation and proteomics of sEVs. Given the challenges associated with isolating
individual EV subpopulations, future studies may incorporate methods for eliminating
vesicle-like contamination, particularly when the differentiation of the sub-populations of
EVs is required.

4. Materials and Methods
4.1. Cell Lines and Cell Culture

The MDA-MB-231 triple-negative breast cancer (TNBC) cell line (RRID: CVCL_0062,
ATCC®CRL-1435TM) was maintained in IMDM medium (Gibco, 12440061, Waltham, MA,
USA) supplemented with 10% (v/v) foetal bovine serum (FBS) and 1% (v/v) antibiotics
(50 U/mL of penicillin and 50 µg/mL of streptomycin). The SK-BR-3 HER+ BC cell line
(RRID: CVCL_0033, ATCC®HTB-81TM) was cultured in McCoy’s 5a medium (Gibco,
16600082) supplemented with 10% (v/v) FBS and 1% (v/v) antibiotics. The MCF-7 ER/PR+

BC cell line (RRID: CVCL_0031, ATCC®CRL-1740TM) was cultured in RPMI-1640 medium
(Gibco, 11875093) supplemented with 10% (v/v) FBS and 1% (v/v) antibiotics. The MCF-
10A human mammary epithelial cell line (ATCC®HTB-81TM) was cultured using MEGM™
BULLETKIT™ (Lonza, CC-3150, Basel, Switzerland). All the cell lines that were used were
negative for mycoplasma testing and were authenticated within the last three years through
Short Tandem Repeat profiling by employing the PowerPlexR 18D System (Promega,
Madison, WI, USA).

All the cell lines were cultured in a cell incubator (Thermo Scientific, Waltham, MA,
USA) with 5% CO2 at 37 ◦C. When the cultures reached 80% confluency, the cells were
washed with DPBS and detached with 0.25% trypsin-EDTA (1 mL per 25 cm2 of surface
area) at 37 ◦C for 2 min. Two volumes of complete growth media were added, and the
suspension was then transferred to a 15 mL Falcon tube and centrifuged at 1000 rpm for
5 min at room temperature (RT). The cells were resuspended in complete growth media
for passaging.
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4.2. Preparation of Cell Culture Medium for Extracellular Vesicle Experiment

Exosome-depleted cell media were appropriate cell media mixed with 10% (v/v)
exosome-depleted FBS (Gibco, A2720801) and 1% (v/v) antibiotics (50 U/mL of penicillin
and 50 µg/mL of streptomycin).

The BC cell lines were cultured until they reached a confluency of 60–70%. The cells
were gently washed with DPBS twice and incubated with the exosome-depleted medium
for 48 h (H). The medium was collected after 48 h to isolate the sEVs. The supernatant was
collected and pre-purified by centrifugation to remove any cell debris. The supernatant
was first centrifuged at 300× g for 5 min. It was then subjected to two more rounds of
centrifugation at 2000× g for 20 min at 4 ◦C and at 10,000× g for 20 min. Finally, the
supernatant was filtered through a 0.22 µm filter (Merck, Rahway, NJ, USA).

4.3. Plasma Sample Acquisition and Pre-Purification

All the plasma samples were obtained from the Health Precincts Biobank, which is
a part of UNSW Biospecimen Services. A total of six individual plasma samples were
used in this study, including 3 mL plasma samples from BC patients (n = 3) and 2 mL
plasma samples from non-cancer controls (n = 3). Human ethics approval was obtained
from UNSW Australia Human Research Ethics Advisory Panels (2022/HC220456) for
using human plasma samples to conduct the EV analysis. The plasma samples were first
centrifuged at 2000× g for 20 min at 4 ◦C followed by centrifugation at 10,000× g for
20 min at 4 ◦C. The final supernatant was filtered through a 0.22 µm filter and stored at
−80 ◦C for downstream experiments.

4.4. sEV Isolation

To isolate sEVs from both the cell culture media and plasma, the TEI (Invitrogen (Waltham,
MA, USA), 4478359 for the cell culture media and 4484450 for the plasma), UC, and a combination
of UC and TEI (UCT) were used according to the manufacturers’ instructions.

TEI: The pre-purified cell supernatant was mixed with a 0.5 volume of the reagent
and incubated overnight (o/n) from 2 ◦C to 8 ◦C. Following incubation, the sample was
centrifuged at 10,000× g for 1 H from 2 ◦C to 8 ◦C. The resulting pellet was collected and
resuspended in filtered PBS. Similarly, for the pre-purified plasma, the sample was mixed
with a 0.5 volume of filtered PBS and a 0.2 volume of the reagent and incubated at RT for
10 min. After incubation, the sample was centrifuged at 10,000× g for 5 min at RT, and the
pellet was collected in filtered PBS.

UC: UC was performed using a Beckman Optima XPN-100 and an L-100 XP (Beckman
Coulter, Brea, CA, USA) equipped with Type 70 Ti and SW 55 Ti rotors. The pre-purified
cell supernatant was ultracentrifuged at 100,000× g for 70 min twice, and the pellet was
collected in PBS. The pre-purified plasma was ultracentrifuged at 120,000× g for 2 h twice
before the pellet was collected in filtered PBS.

UCT combination method: The pre-purified cell supernatant was ultracentrifuged
once at 100,000× g for 70 min using a Beckman Optima XPN-100, and the pellet was
resuspended in 500 µL of filtered PBS. The redissolved pellet was mixed with a 0.5 volume
of the TEI reagent and incubated o/n from 2 ◦C to 8 ◦C. The sample was centrifuged at
10,000× g for 1 h from 2 ◦C to 8 ◦C. For the plasma, samples were ultracentrifuged once at
120,000× g for 2 h using a Beckman Optima L-100 XP. The pellet was redissolved in 200 µL
of filtered PBS, mixed with a 0.2 volume of the TEI reagent, and incubated for 10 min at RT.
The sEVs were obtained as a pellet after centrifugation at 10,000× g for 5 min. For the sEV
characterisation, the pellet was resuspended in filtered PBS.

4.5. Protein Quantification

A Qubit Protein Assay (Invitrogen, Q33211) was used to quantify the protein con-
centration following the manufacturer’s instructions. In brief, 10 µL of the isolates were
combined with 190 µL of the Qubit working solution to yield a total volume of 200 µL. The
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mixture was then incubated at RT for 15 min, and the resulting solution was read using a
Qubit fluorometer.

To quantify the protein content in the sEV isolates, a Pierce BCA protein assay kit
(Thermo Scientific, 23225) was employed following the manufacturer’s instructions. To
create a standard curve spanning a range of 0–500 µg/mL, nine points of serial dilution
with BSA were prepared. The sample was diluted 1:10 in distilled water to yield a total
volume of 150 µL, which was then mixed with 150 µL of the BCA working solution. All
the samples and standard points were in replicates and incubated at 37 ◦C for 2 h. The
absorbance of each sample was measured using a Synergy HT microplate reader (Bio-Tek,
Winooski, VT, USA) at a wavelength of 562 nm, and the obtained absorbance values were
converted to micrograms per millilitre using the standard curve. The final concentration
was multiplied by the dilution factor to obtain the actual protein content in the sEV isolates.

4.6. Western Blotting

Ten or twenty micrograms of protein were separated on a 4–12% NuPAGE Bis-Tris gel
(Invitrogen, NP0335BOX) and blotted onto 0.45 µm polyvinylidene fluoride membranes
(Millipore/Merck, Rahway, NJ, USA). The membranes were incubated with 5% BSA for
1 H at RT for blocking. After blocking, the membranes were incubated with primary
antibodies at 4 ◦C o/n and washed three times with TBST. The washed membranes were
incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 H
at RT and washed three times. The membranes were then imaged using an enhanced
chemiluminescence (ECL) substrate (Thermo Scientific, 34580) and ImageQuant LAS 4000
system (GE Healthcare, Chicago, IL, USA). Anti-rabbit (Cell signalling, 7074, Danvers, MA,
USA) and anti-mouse (Cell signalling, 7076) secondary antibodies were used. Calnexin
(Abcam, ab133615, Cambridge, UK), CD63 (Abcam, ab134045), CD9 (Abcam, ab263019),
CD81 (Abcam, ab79559), Flotillin-1 (Abcam, ab133497), HSP70 (Abcam, ab181606), Syntenin
(Abcam, ab133267), and TSG101 (Abcam, ab125011) were purchased from Abcam. All the
antibodies were diluted at a ratio of 1:2000 except for CD81, which was diluted at 1:500.

4.7. Nanoparticle Tracking Analysis (NTA)

NTA was performed using a NanoSight NS300 system (NanoSight Technology, Malvern,
UK) equipped with a 532 nm wavelength green laser and NTA software (NTA version 3.3;
Malvern Instruments, Malvern, UK). The isolated EV samples from the cell supernatant
were diluted with freshly filtered PBS (0.22 µm) and loaded into the detection chamber by a
1 mL syringe. The same settings were applied to all the samples: camera level: 9, detection
threshold: 7, capture: 60 s, number of captured images: 5, and temperature: 25 ◦C. The
original particle concentrations were calculated based on the measured concentrations and
the dilution factor.

4.8. Transmission Electron Microscopy (TEM)

TEM was performed using a JEOL 1400 with a magnification scale ranging from 100
to 200 nm and a voltage of 100 kV. A two-hundred mesh carbon-coated copper grid (Ted
Pella, Redding, CA, USA) was made hydrophilic by a glow discharge. Seven microlitres
(µL) of each sample were absorbed in a grid for 10 min at RT, followed by negative staining
with filtered 2% aqueous uranyl acetate.

4.9. Flow Cytometry

Immunomagnetic bead capturing was applied for accurate EV quantification in flow
cytometry. The same number of particles in the EV samples measured by NTA were
incubated with the following antibody-conjugated magnetic beads: 10 µL of anti-CD9
magnetic beads (2.7 µm, 1.0 × 107/mL, Thermo Fisher Scientific, 10620D) and anti-CD81
magnetic beads (2.7 µm, 1.0 × 107/mL, Thermo Fisher Scientific, 10622D) in 200 µL of
PBS with 2% BSA o/n at 4 ◦C. The EV-captured beads were washed twice with PBS and
2% BSA and separated during the washing step using a MagJET separation rack (Thermo
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Fisher Scientific). The EVs captured by the magnetic beads were stained with the following
antibodies: a mixture of APC-conjugated anti-CD9 (Thermo Fisher Scientific, A15698); anti-
CD81 (Biolegend, 349510, San Diego, CA, USA); and anti-CD63 (Thermo Fisher Scientific,
A15712) for hybridised EV detection. The isotype control was APC-conjugated anti-mouse
IgG1 (Thermo Fisher Scientific, MA518093) and was incubated at 4 ◦C in the dark for
30 min. The beads were washed twice, and 500 µL of PBS was added. The sample was
analysed using BD LSR Fortessa X-20 flow cytometry (Becton Dickinson, Franklin Lakes,
NJ, USA). The data were processed using FlowJo software (Version 10). We used the ratio
between the geometric means of the fluorescence intensity (gMFI) from each marker and
the IgG isotype control to quantify each marker level.

4.10. Protein Digestion

The digestion was performed with RIPA buffer (Thermo Scientific, 89900) containing
a proteinase and phosphatase inhibitor cocktail (100×) (Thermo Scientific, 78440). The
proteins were precipitated using acetone precipitation. The proteins were reduced with
20 mM dithiothreitol and 20 mM ammonium bicarbonate at 37 ◦C for 30 min and alkylated
with 40 mM iodoacetamide solution for 15 min at RT. Trypsin (Promega, V5111) was added
to a final 1:100 (wt/wt) enzyme-to-protein ratio for o/n digestion. The digested peptides
were purified using Pierce detergent removal spin columns, 125 µL, 25 columns (Thermo
Fisher Scientific, 87776) and C18 tips (Thermo Fisher Scientific, SP301) and extracted in 80%
ACN and 0.1% TFA.

4.11. Label-Free Quantitative Proteomics

The digested peptides were solubilised in 10 µL of 0.1% formic acid and analysed by
LC-MSMS using a Q Exactive Plus mass spectrometer (Thermo Scientific). The samples
were loaded onto a micro-C18 precolumn (300 µm × 5 mm, Dionex, Sunnyvale, CA, USA)
with H2O:CH3CN at 10 µL/min and then switched to a Valco 10-port valve (Dionex) in line
with a fritless nano-column (75 µm × 20 cm) containing reverse-phase C18 media (1.9 µm,
120 Å, Dr. Maisch HPLC GmbH, Ammerbuch, Germany). The samples were eluted using
a 120 min linear gradient of H2O:CH3CN (98:2, 0.1% formic acid) to H2O:CH3CN (64:36,
0.1% formic acid) at a flow rate of 200 µL/min. All the MS/MS spectra were obtained in
data-dependent acquisition (DDA) mode from m/z 350 to 1750 at a resolution of 70,000 at
m/z 200 and an accumulation target value of 106 ions. Up to ten of the most abundant ions
(AGC target set to 105; minimum AGC target set to 1.5 × 104) with charge states of ≥+2
and ≤+6 were fragmented by high-energy collision dissociation.

4.12. Proteomic Analysis

For the total proteomic analysis of the raw data, the data were analysed using Pro-
teome Discoverer 2.4.1.15 with ion-based label-free quantification and compared against
a Homo sapiens database (UniProtSwissProt, downloaded on Uniport, May 2022). The
peptides in the raw data file were merged and identified with SEQUEST HT. The fixed
modification was cysteine carboamidomethylation, and the variable modification was the
oxidation of methionine. The digestion enzyme was trypsin with two missed tryptic cleav-
ages. A 10 ppm peptide mass tolerance and a 0.6 Da fragment ion mass tolerance were used.
The minimum peptide and maximum peptide lengths were 6 and 144, respectively. The
false discovery rate (FDR) was less than 1%, as calculated using the Percolator algorithm.

4.13. Statistical Analysis

One-way ANOVA with multiple comparisons was used for the statistical analysis.
The data were plotted as means ± standard deviations (SDs) and generated by GraphPad
Prism (version 9.5.1, San Diego, CA, USA). The p value was considered as statistically
significant. The statistically significant p values were indicated as follows: * p < 0.05,
** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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The principal component analysis (PCA) was performed using the “statistical analysis”
tool of Metaboanalyst [71]. For the Gene Ontology (GO) analysis of the enrichment, DAVID
(https://david.ncifcrf.gov/ (accessed on 20 April 2023) was used. The sEV-related proteins
were identified using Funrich 3.1.4 [72] with the Exocarta database (released on 29 July
2015) and Vesiclepedia (version 4.1), limited to Homo sapiens. Venn diagrams were drawn
using Funrich 3.1.4 and molbiotools (https://molbiotools.com/ (accessed on 2 May 2023).
The biological role and intercellular interaction of the upregulated and downregulated sEV
proteins in the BC cell lines and plasma were analysed using STRING (version 11.5) [73] of
Cytoscape (version 3.9.1) [74] with the MCODE plugin (version 2.0.2) [75]. The interaction
score was ≥0.4. The degree cutoff and node score cutoff were 2 and 0.2, respectively.

5. Conclusions

The two most frequently used sEV isolation methods, UC and TEI, are highly impacted
by limitations, such as lower purities and sEV concentrations. In addition, there is currently
no standardised method for sEV isolation specifically for proteomic analysis. In our current
study, we thoroughly evaluated the combined approach compared to the sole UC and TEI
methods, taking into account both the quantity and quality of the isolated sEVs, with a focus
on suitability for proteomic investigations. Our findings provide valuable guidance for
selecting the suitable approach among three isolation methods depending on the specific
research objectives, sample types, and downstream analysis requirements. Regarding
the exploration of sEV biomarkers for BC in clinical settings, our study has uncovered a
solution to these problems through the implementation of a combined approach, which
involves a half-cycle of UC followed by the TEI kit. This combination not only enhances the
concentration of sEVs and efficiency of the sEV isolation process compared to traditional
techniques but also identifies increased numbers of potential sEV protein biomarkers in BC
plasma samples. These significant findings collectively demonstrate that the integration
of UC and TEI isolation techniques significantly enhances the proteomic analysis of sEV-
derived proteins in the context of plasma research. Although there have been many
advanced isolation techniques, UCT can be easily implemented without the need for
specialised equipment. To conclude, our study provides compelling evidence that the
combination of UC and TEI isolation techniques is a promising method for isolating
sEVs from human plasma samples and studying their potential protein biomarkers in
BC. Moreover, in contrast to previous studies that demonstrated UCT’s efficiency using a
straightforward approach, this paper stands alone in its comprehensive exploration of UCT
isolation efficiency across multiple criteria, including size, morphology, concentration, and
purity, specifically for proteomic analysis in human samples. Future studies are warranted
to further optimise this method and validate its effectiveness in a large set of clinical cohorts.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms242015462/s1.

Author Contributions: Y.L. (Yong Li) and Y.L. (Yujin Lee) conceived the idea of the study. Y.L. (Yujin Lee)
performed the experiments, wrote the article, and created the figures and tables. Y.L. (Yong Li)
provided guidance throughout the preparation of this manuscript. J.N. and V.C.W. provided technical
support. J.N., V.C.W., P.G. and Y.L. (Yong Li) revised the paper. All authors have read and agreed to
the published version of the manuscript.

Funding: This work is mainly supported by the St. George Hospital Cancer Research Trust Fund
(190481) and St George and Sutherland Medical Research Foundation (RG220652). Y.L. (Yujin Lee)
is supported by the University International Postgraduate Award (UIPA) Scholarship from UNSW
Sydney, Australia.

Institutional Review Board Statement: Human ethics approval was obtained from UNSW Australia
Human Research Ethics Advisory Panels (2022/HC220456) for using human plasma samples to
conduct EV analysis.

Informed Consent Statement: Informed consent was obtained from all the subjects involved in the study.

https://david.ncifcrf.gov/
https://molbiotools.com/
https://www.mdpi.com/article/10.3390/ijms242015462/s1
https://www.mdpi.com/article/10.3390/ijms242015462/s1


Int. J. Mol. Sci. 2023, 24, 15462 23 of 26

Data Availability Statement: All the data are available on request.

Acknowledgments: We thank the staff in the Electron Microscope Unit at UNSW Sydney for the use
of the TEM Facility. We also thank Bairen Pang, Joanna Biazik, and Qi Wang for technical support.
The graphical abstract was produced using BioRender.com (accessed on 21 September 2023) (2023).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Siegel, R.L.; Miller, K.D.; Wagle, N.S.; Jemal, A. Cancer statistics, 2023. CA Cancer J. Clin. 2023, 73, 17–48. [CrossRef] [PubMed]
2. Cronin, K.A.; Scott, S.; Firth, A.U.; Sung, H.; Henley, S.J.; Sherman, R.L.; Siegel, R.L.; Anderson, R.N.; Kohler, B.A.; Benard, V.B.;

et al. Annual report to the nation on the status of cancer, part 1: National cancer statistics. Cancer 2022, 128, 4251–4284. [CrossRef]
[PubMed]

3. DeSantis, C.E.; Ma, J.; Gaudet, M.M.; Newman, L.A.; Miller, K.D.; Goding Sauer, A.; Jemal, A.; Siegel, R.L. Breast cancer statistics,
2019. CA Cancer J. Clin. 2019, 69, 438–451. [CrossRef]

4. 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.
[CrossRef] [PubMed]

5. Kim, D.K.; Kang, B.; Kim, O.Y.; Choi, D.S.; Lee, J.; Kim, S.R.; Go, G.; Yoon, Y.J.; Kim, J.H.; Jang, S.C.; et al. EVpedia: An integrated
database of high-throughput data for systemic analyses of extracellular vesicles. J. Extracell. Vesicles 2013, 2. [CrossRef] [PubMed]

6. Kim, D.K.; Lee, J.; Kim, S.R.; Choi, D.S.; Yoon, Y.J.; Kim, J.H.; Go, G.; Nhung, D.; Hong, K.; Jang, S.C.; et al. EVpedia: A community
web portal for extracellular vesicles research. Bioinformatics 2015, 31, 933–939. [CrossRef]

7. Sun, Z.; Shi, K.; Yang, S.; Liu, J.; Zhou, Q.; Wang, G.; Song, J.; Li, Z.; Zhang, Z.; Yuan, W. Effect of exosomal miRNA on cancer
biology and clinical applications. Mol. Cancer 2018, 17, 147. [CrossRef]

8. Chaudhary, P.; Gibbs, L.D.; Maji, S.; Lewis, C.M.; Suzuki, S.; Vishwanatha, J.K. Serum exosomal-annexin A2 is associated with
African-American triple-negative breast cancer and promotes angiogenesis. Breast Cancer Res. 2020, 22, 11. [CrossRef]

9. Martinez, V.G.; O’Neill, S.; Salimu, J.; Breslin, S.; Clayton, A.; Crown, J.; O’Driscoll, L. Resistance to HER2-targeted anti-cancer
drugs is associated with immune evasion in cancer cells and their derived extracellular vesicles. Oncoimmunology 2017, 6, e1362530.
[CrossRef]

10. Higginbotham, J.N.; Demory Beckler, M.; Gephart, J.D.; Franklin, J.L.; Bogatcheva, G.; Kremers, G.J.; Piston, D.W.; Ayers, G.D.;
McConnell, R.E.; Tyska, M.J.; et al. Amphiregulin exosomes increase cancer cell invasion. Curr. Biol. 2011, 21, 779–786. [CrossRef]

11. Leal-Orta, E.; Ramirez-Ricardo, J.; Garcia-Hernandez, A.; Cortes-Reynosa, P.; Salazar, E.P. Extracellular vesicles from MDA-MB-
231 breast cancer cells stimulated with insulin-like growth factor 1 mediate an epithelial-mesenchymal transition process in
MCF10A mammary epithelial cells. J. Cell Commun. Signal. 2021, 16, 531–546. [CrossRef] [PubMed]

12. Boukouris, S.; Mathivanan, S. Exosomes in bodily fluids are a highly stable resource of disease biomarkers. Proteom. Clin. Appl.
2015, 9, 358–367. [CrossRef] [PubMed]

13. Cvjetkovic, A.; Lötvall, J.; Lässer, C. The influence of rotor type and centrifugation time on the yield and purity of extracellular
vesicles. J. Extracell. Vesicles 2014, 3, 23111. [CrossRef]

14. Tang, Y.T.; Huang, Y.Y.; Zheng, L.; Qin, S.H.; Xu, X.P.; An, T.X.; Xu, Y.; Wu, Y.S.; Hu, X.M.; Ping, B.H.; et al. Comparison of
isolation methods of exosomes and exosomal RNA from cell culture medium and serum. Int. J. Mol. Med. 2017, 40, 834–844.
[CrossRef] [PubMed]

15. Liu, W.Z.; Ma, Z.J.; Kang, X.W. Current status and outlook of advances in exosome isolation. Anal. Bioanal. Chem. 2022, 414,
7123–7141. [CrossRef]

16. Ryu, K.J.; Lee, J.Y.; Park, C.; Cho, D.; Kim, S.J. Isolation of Small Extracellular Vesicles from Human Serum Using a Combination
of Ultracentrifugation with Polymer-Based Precipitation. Ann. Lab. Med. 2020, 40, 253–258. [CrossRef] [PubMed]

17. Shi, M.M.; Yang, Q.Y.; Monsel, A.; Yan, J.Y.; Dai, C.X.; Zhao, J.Y.; Shi, G.C.; Zhou, M.; Zhu, X.M.; Li, S.K.; et al. Preclinical efficacy
and clinical safety of clinical-grade nebulized allogenic adipose mesenchymal stromal cells-derived extracellular vesicles. J.
Extracell. Vesicles 2021, 10, e12134. [CrossRef]

18. Askeland, A.; Borup, A.; Østergaard, O.; Olsen, J.V.; Lund, S.M.; Christiansen, G.; Kristensen, S.R.; Heegaard, N.H.H.; Pedersen, S.
Mass-Spectrometry Based Proteome Comparison of Extracellular Vesicle Isolation Methods: Comparison of ME-kit, Size-Exclusion
Chromatography, and High-Speed Centrifugation. Biomedicines 2020, 8, 246. [CrossRef]

19. Martínez-Greene, J.A.; Hernández-Ortega, K.; Quiroz-Baez, R.; Resendis-Antonio, O.; Pichardo-Casas, I.; Sinclair, D.A.; Budnik,
B.; Hidalgo-Miranda, A.; Uribe-Querol, E.; Ramos-Godínez, M.D.P.; et al. Quantitative proteomic analysis of extracellular vesicle
subgroups isolated by an optimized method combining polymer-based precipitation and size exclusion chromatography. J.
Extracell. Vesicles 2021, 10, e12087. [CrossRef]

20. Pang, B.; Zhu, Y.; Ni, J.; Ruan, J.; Thompson, J.; Malouf, D.; Bucci, J.; Graham, P.; Li, Y. Quality Assessment and Comparison of
Plasma-Derived Extracellular Vesicles Separated by Three Commercial Kits for Prostate Cancer Diagnosis. Int. J. Nanomed. 2020,
15, 10241–10256. [CrossRef]

BioRender.com
https://doi.org/10.3322/caac.21763
https://www.ncbi.nlm.nih.gov/pubmed/36633525
https://doi.org/10.1002/cncr.34479
https://www.ncbi.nlm.nih.gov/pubmed/36301149
https://doi.org/10.3322/caac.21583
https://doi.org/10.1080/20013078.2018.1535750
https://www.ncbi.nlm.nih.gov/pubmed/30637094
https://doi.org/10.3402/jev.v2i0.20384
https://www.ncbi.nlm.nih.gov/pubmed/24009897
https://doi.org/10.1093/bioinformatics/btu741
https://doi.org/10.1186/s12943-018-0897-7
https://doi.org/10.1186/s13058-020-1251-8
https://doi.org/10.1080/2162402X.2017.1362530
https://doi.org/10.1016/j.cub.2011.03.043
https://doi.org/10.1007/s12079-021-00638-y
https://www.ncbi.nlm.nih.gov/pubmed/34309795
https://doi.org/10.1002/prca.201400114
https://www.ncbi.nlm.nih.gov/pubmed/25684126
https://doi.org/10.3402/jev.v3.23111
https://doi.org/10.3892/ijmm.2017.3080
https://www.ncbi.nlm.nih.gov/pubmed/28737826
https://doi.org/10.1007/s00216-022-04253-7
https://doi.org/10.3343/alm.2020.40.3.253
https://www.ncbi.nlm.nih.gov/pubmed/31858766
https://doi.org/10.1002/jev2.12134
https://doi.org/10.3390/biomedicines8080246
https://doi.org/10.1002/jev2.12087
https://doi.org/10.2147/IJN.S283106


Int. J. Mol. Sci. 2023, 24, 15462 24 of 26

21. Taylor, D.D.; Zacharias, W.; Gercel-Taylor, C. Exosome isolation for proteomic analyses and RNA profiling. Methods Mol. Biol.
2011, 728, 235–246. [CrossRef] [PubMed]

22. Jung, H.H.; Kim, J.Y.; Lim, J.E.; Im, Y.H. Cytokine profiling in serum-derived exosomes isolated by different methods. Sci. Rep.
2020, 10, 14069. [CrossRef] [PubMed]

23. Gámez-Valero, A.; Monguió-Tortajada, M.; Carreras-Planella, L.; Franquesa, M.; Beyer, K.; Borràs, F.E. Size-Exclusion
Chromatography-based isolation minimally alters Extracellular Vesicles’ characteristics compared to precipitating agents. Sci.
Rep. 2016, 6, 33641. [CrossRef] [PubMed]

24. Risha, Y.; Minic, Z.; Ghobadloo, S.M.; Berezovski, M.V. The proteomic analysis of breast cell line exosomes reveals disease patterns
and potential biomarkers. Sci. Rep. 2020, 10, 13572. [CrossRef] [PubMed]

25. Webber, J.; Clayton, A. How pure are your vesicles? J. Extracell. Vesicles 2013, 2, 19861. [CrossRef] [PubMed]
26. Skottvoll, F.S.; Berg, H.E.; Bjørseth, K.; Lund, K.; Roos, N.; Bekhradnia, S.; Thiede, B.; Sandberg, C.; Vik-Mo, E.O.; Roberg-Larsen,

H.; et al. Ultracentrifugation versus kit exosome isolation: NanoLC-MS and other tools reveal similar performance biomarkers,
but also contaminations. Future Sci. OA 2019, 5, Fso359. [CrossRef]

27. Gallart-Palau, X.; Serra, A.; Wong, A.S.; Sandin, S.; Lai, M.K.; Chen, C.P.; Kon, O.L.; Sze, S.K. Extracellular vesicles are rapidly
purified from human plasma by PRotein Organic Solvent PRecipitation (PROSPR). Sci. Rep. 2015, 5, 14664. [CrossRef]

28. Simpson, D.M.; Beynon, R.J. Acetone precipitation of proteins and the modification of peptides. J. Proteome Res. 2010, 9, 444–450.
[CrossRef]

29. Paskeh, M.D.A.; Entezari, M.; Mirzaei, S.; Zabolian, A.; Saleki, H.; Naghdi, M.J.; Sabet, S.; Khoshbakht, M.A.; Hashemi, M.;
Hushmandi, K.; et al. Emerging role of exosomes in cancer progression and tumor microenvironment remodeling. J. Hematol.
Oncol. 2022, 15, 83. [CrossRef]

30. Chen, K.E.; Healy, M.D.; Collins, B.M. Towards a molecular understanding of endosomal trafficking by Retromer and Retriever.
Traffic 2019, 20, 465–478. [CrossRef]

31. Walsh, R.B.; Dresselhaus, E.C.; Becalska, A.N.; Zunitch, M.J.; Blanchette, C.R.; Scalera, A.L.; Lemos, T.; Lee, S.M.; Apiki, J.; Wang,
S.; et al. Opposing functions for retromer and Rab11 in extracellular vesicle traffic at presynaptic terminals. J. Cell Biol. 2021,
220, e202012034. [CrossRef] [PubMed]

32. Stenmark, H. Rab GTPases as coordinators of vesicle traffic. Nat. Rev. Mol. Cell Biol. 2009, 10, 513–525. [CrossRef]
33. Hsu, C.; Morohashi, Y.; Yoshimura, S.; Manrique-Hoyos, N.; Jung, S.; Lauterbach, M.A.; Bakhti, M.; Grønborg, M.; Möbius, W.;

Rhee, J.; et al. Regulation of exosome secretion by Rab35 and its GTPase-activating proteins TBC1D10A-C. J. Cell Biol. 2010, 189,
223–232. [CrossRef] [PubMed]

34. Schillaci, O.; Fontana, S.; Monteleone, F.; Taverna, S.; Di Bella, M.A.; Di Vizio, D.; Alessandro, R. Exosomes from metastatic cancer
cells transfer amoeboid phenotype to non-metastatic cells and increase endothelial permeability: Their emerging role in tumor
heterogeneity. Sci. Rep. 2017, 7, 4711. [CrossRef] [PubMed]

35. Nicknam, A.; Khojasteh Pour, S.; Hashemnejad, M.A.; Hussen, B.M.; Safarzadeh, A.; Eslami, S.; Taheri, M.; Ghafouri-Fard, S.;
Jamali, E. Expression analysis of Rho GTPase-related lncRNAs in breast cancer. Pathol. Res. Pract. 2023, 244, 154429. [CrossRef]

36. Yang, C.; Zhang, G.; Zhang, Y.; Zhang, S.; Li, J.; Liu, Y. Exosome miR-134-5p restrains breast cancer progression via regulating
PI3K/AKT pathway by targeting ARHGAP1. J. Obstet. Gynaecol. Res. 2021, 47, 4037–4048. [CrossRef]

37. Sheldon, H.; Heikamp, E.; Turley, H.; Dragovic, R.; Thomas, P.; Oon, C.E.; Leek, R.; Edelmann, M.; Kessler, B.; Sainson, R.C.; et al.
New mechanism for Notch signaling to endothelium at a distance by Delta-like 4 incorporation into exosomes. Blood 2010, 116,
2385–2394. [CrossRef]

38. Wang, Q.; Lu, Q. Plasma membrane-derived extracellular microvesicles mediate non-canonical intercellular NOTCH signaling.
Nat. Commun. 2017, 8, 709. [CrossRef]

39. Goodwin, P.J.; Stambolic, V. Obesity and insulin resistance in breast cancer-chemoprevention strategies with a focus on metformin.
Breast 2011, 20 (Suppl. S3), S31–S35. [CrossRef]

40. Dwyer, A.R.; Truong, T.H.; Kerkvliet, C.P.; Paul, K.V.; Kabos, P.; Sartorius, C.A.; Lange, C.A. Insulin receptor substrate-1 (IRS-1)
mediates progesterone receptor-driven stemness and endocrine resistance in oestrogen receptor+ breast cancer. Br. J. Cancer 2021,
124, 217–227. [CrossRef]

41. Drew, B.G.; Hamidi, H.; Zhou, Z.; Villanueva, C.J.; Krum, S.A.; Calkin, A.C.; Parks, B.W.; Ribas, V.; Kalajian, N.Y.; Phun, J.; et al.
Estrogen receptor (ER)α-regulated lipocalin 2 expression in adipose tissue links obesity with breast cancer progression. J. Biol.
Chem. 2015, 290, 5566–5581. [CrossRef] [PubMed]

42. Jafari, N.; Kolla, M.; Meshulam, T.; Shafran, J.S.; Qiu, Y.; Casey, A.N.; Pompa, I.R.; Ennis, C.S.; Mazzeo, C.S.; Rabhi, N.; et al.
Adipocyte-derived exosomes may promote breast cancer progression in type 2 diabetes. Sci. Signal. 2021, 14, eabj2807. [CrossRef]
[PubMed]

43. Sathyanarayana, U.G.; Padar, A.; Huang, C.X.; Suzuki, M.; Shigematsu, H.; Bekele, B.N.; Gazdar, A.F. Aberrant promoter
methylation and silencing of laminin-5-encoding genes in breast carcinoma. Clin. Cancer Res. 2003, 9, 6389–6394. [PubMed]

44. Matson, D.R.; Denu, R.A.; Zasadil, L.M.; Burkard, M.E.; Weaver, B.A.; Flynn, C.; Stukenberg, P.T. High nuclear TPX2 expression
correlates with TP53 mutation and poor clinical behavior in a large breast cancer cohort, but is not an independent predictor of
chromosomal instability. BMC Cancer 2021, 21, 186. [CrossRef] [PubMed]

https://doi.org/10.1007/978-1-61779-068-3_15
https://www.ncbi.nlm.nih.gov/pubmed/21468952
https://doi.org/10.1038/s41598-020-70584-z
https://www.ncbi.nlm.nih.gov/pubmed/32826923
https://doi.org/10.1038/srep33641
https://www.ncbi.nlm.nih.gov/pubmed/27640641
https://doi.org/10.1038/s41598-020-70393-4
https://www.ncbi.nlm.nih.gov/pubmed/32782317
https://doi.org/10.3402/jev.v2i0.19861
https://www.ncbi.nlm.nih.gov/pubmed/24009896
https://doi.org/10.4155/fsoa-2018-0088
https://doi.org/10.1038/srep14664
https://doi.org/10.1021/pr900806x
https://doi.org/10.1186/s13045-022-01305-4
https://doi.org/10.1111/tra.12649
https://doi.org/10.1083/jcb.202012034
https://www.ncbi.nlm.nih.gov/pubmed/34019080
https://doi.org/10.1038/nrm2728
https://doi.org/10.1083/jcb.200911018
https://www.ncbi.nlm.nih.gov/pubmed/20404108
https://doi.org/10.1038/s41598-017-05002-y
https://www.ncbi.nlm.nih.gov/pubmed/28680152
https://doi.org/10.1016/j.prp.2023.154429
https://doi.org/10.1111/jog.14983
https://doi.org/10.1182/blood-2009-08-239228
https://doi.org/10.1038/s41467-017-00767-2
https://doi.org/10.1016/S0960-9776(11)70291-0
https://doi.org/10.1038/s41416-020-01094-y
https://doi.org/10.1074/jbc.M114.606459
https://www.ncbi.nlm.nih.gov/pubmed/25468909
https://doi.org/10.1126/scisignal.abj2807
https://www.ncbi.nlm.nih.gov/pubmed/34813359
https://www.ncbi.nlm.nih.gov/pubmed/14695139
https://doi.org/10.1186/s12885-021-07893-7
https://www.ncbi.nlm.nih.gov/pubmed/33622270


Int. J. Mol. Sci. 2023, 24, 15462 25 of 26

45. Ogony, J.; Choi, H.J.; Lui, A.; Cristofanilli, M.; Lewis-Wambi, J. Interferon-induced transmembrane protein 1 (IFITM1) overex-
pression enhances the aggressive phenotype of SUM149 inflammatory breast cancer cells in a signal transducer and activator of
transcription 2 (STAT2)-dependent manner. Breast Cancer Res. 2016, 18, 25. [CrossRef] [PubMed]

46. Colombo, M.; Moita, C.; van Niel, G.; Kowal, J.; Vigneron, J.; Benaroch, P.; Manel, N.; Moita, L.F.; Théry, C.; Raposo, G. Analysis of
ESCRT functions in exosome biogenesis, composition and secretion highlights the heterogeneity of extracellular vesicles. J. Cell
Sci. 2013, 126 Pt 24, 5553–5565. [CrossRef]

47. Wang, Z.G.; He, Z.Y.; Liang, S.; Yang, Q.; Cheng, P.; Chen, A.M. Comprehensive proteomic analysis of exosomes derived from
human bone marrow, adipose tissue, and umbilical cord mesenchymal stem cells. Stem Cell Res. Ther. 2020, 11, 511. [CrossRef]

48. Muller, L.; Hong, C.S.; Stolz, D.B.; Watkins, S.C.; Whiteside, T.L. Isolation of biologically-active exosomes from human plasma. J.
Immunol. Methods 2014, 411, 55–65. [CrossRef]

49. Menard, J.A.; Cerezo-Magaña, M.; Belting, M. Functional role of extracellular vesicles and lipoproteins in the tumour microenvi-
ronment. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2018, 373, 1737. [CrossRef]

50. Kuemmerle, N.B.; Rysman, E.; Lombardo, P.S.; Flanagan, A.J.; Lipe, B.C.; Wells, W.A.; Pettus, J.R.; Froehlich, H.M.; Memoli, V.A.;
Morganelli, P.M.; et al. Lipoprotein lipase links dietary fat to solid tumor cell proliferation. Mol. Cancer Ther. 2011, 10, 427–436.
[CrossRef]

51. Takov, K.; Yellon, D.M.; Davidson, S.M. Confounding factors in vesicle uptake studies using fluorescent lipophilic membrane
dyes. J. Extracell. Vesicles 2017, 6, 1388731. [CrossRef] [PubMed]

52. Rontogianni, S.; Synadaki, E.; Li, B.; Liefaard, M.C.; Lips, E.H.; Wesseling, J.; Wu, W.; Altelaar, M. Proteomic profiling of
extracellular vesicles allows for human breast cancer subtyping. Commun. Biol. 2019, 2, 325. [CrossRef]

53. Tutanov, O.; Orlova, E.; Proskura, K.; Grigor’eva, A.; Yunusova, N.; Tsentalovich, Y.; Alexandrova, A.; Tamkovich, S. Proteomic
Analysis of Blood Exosomes from Healthy Females and Breast Cancer Patients Reveals an Association between Different Exosomal
Bioactivity on Non-tumorigenic Epithelial Cell and Breast Cancer Cell Migration in Vitro. Biomolecules 2020, 10, 495. [CrossRef]
[PubMed]

54. Fujii, T.; Tokuda, S.; Nakazawa, Y.; Kurozumi, S.; Obayashi, S.; Yajima, R.; Shirabe, K. Implications of Low Serum Albumin as a
Prognostic Factor of Long-term Outcomes in Patients with Breast Cancer. In Vivo 2020, 34, 2033–2036. [CrossRef] [PubMed]

55. Meng, C.; He, Y.; Wei, Z.; Lu, Y.; Du, F.; Ou, G.; Wang, N.; Luo, X.G.; Ma, W.; Zhang, T.C.; et al. MRTF-A mediates the activation of
COL1A1 expression stimulated by multiple signaling pathways in human breast cancer cells. Biomed. Pharmacother. 2018, 104,
718–728. [CrossRef]

56. Giudici, F.; Petracci, E.; Nanni, O.; Bottin, C.; Pinamonti, M.; Zanconati, F.; Scaggiante, B. Elevated levels of eEF1A2 protein
expression in triple negative breast cancer relate with poor prognosis. PLoS ONE 2019, 14, e0218030. [CrossRef]

57. Hassan, M.K.; Kumar, D.; Patel, S.A.; Dixit, M. EEF1A2 triggers stronger ERK mediated metastatic program in ER negative breast
cancer cells than in ER positive cells. Life Sci. 2020, 262, 118553. [CrossRef]

58. Deng, N.; Zhang, X.; Zhang, Y. BAIAP2L1 accelerates breast cancer progression and chemoresistance by activating AKT signaling
through binding with ribosomal protein L3. Cancer Sci. 2023, 114, 764–780. [CrossRef]

59. Mou, M.A.; Keya, N.A.; Islam, M.; Hossain, M.J.; Al Habib, M.S.; Alam, R.; Rana, S.; Samad, A.; Ahammad, F. Validation of
CSN1S1 transcriptional expression, promoter methylation, and prognostic power in breast cancer using independent datasets.
Biochem. Biophys. Rep. 2020, 24, 100867. [CrossRef]

60. Imamura, T.; Yamamoto-Ibusuki, M.; Sueta, A.; Kubo, T.; Irie, A.; Kikuchi, K.; Kariu, T.; Iwase, H. Influence of the C5a-C5a
receptor system on breast cancer progression and patient prognosis. Breast Cancer 2016, 23, 876–885. [CrossRef]

61. Zhang, H.; Zhao, Y.; Liu, X.; Fu, L.; Gu, F.; Ma, Y. High Expression of Complement Component C7 Indicates Poor Prognosis of
Breast Cancer and Is Insensitive to Taxane-Anthracycline Chemotherapy. Front. Oncol. 2021, 11, 724250. [CrossRef]

62. Gordon, S.M.; Deng, J.; Lu, L.J.; Davidson, W.S. Proteomic characterization of human plasma high density lipoprotein fractionated
by gel filtration chromatography. J. Proteome Res. 2010, 9, 5239–5249. [CrossRef] [PubMed]

63. Brennan, K.; Martin, K.; FitzGerald, S.P.; O’Sullivan, J.; Wu, Y.; Blanco, A.; Richardson, C.; Mc Gee, M.M. A comparison of
methods for the isolation and separation of extracellular vesicles from protein and lipid particles in human serum. Sci. Rep. 2020,
10, 1039. [CrossRef] [PubMed]

64. Yuana, Y.; Levels, J.; Grootemaat, A.; Sturk, A.; Nieuwland, R. Co-isolation of extracellular vesicles and high-density lipoproteins
using density gradient ultracentrifugation. J. Extracell. Vesicles 2014, 3, 23262. [CrossRef] [PubMed]

65. Mørk, M.; Handberg, A.; Pedersen, S.; Jørgensen, M.M.; Bæk, R.; Nielsen, M.K.; Kristensen, S.R. Prospects and limitations of
antibody-mediated clearing of lipoproteins from blood plasma prior to nanoparticle tracking analysis of extracellular vesicles. J.
Extracell. Vesicles 2017, 6, 1308779. [CrossRef]

66. van der Pol, E.; Böing, A.N.; Harrison, P.; Sturk, A.; Nieuwland, R. Classification, functions, and clinical relevance of extracellular
vesicles. Pharmacol. Rev. 2012, 64, 676–705. [CrossRef]
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