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Abstract
Purpose Circulating blood plasma derived extracellular vesicles (BEVs) containing proteins hold promise for their use as 
minimally invasive biomarkers for predicting response to cancer therapy. The main goal of this study was to establish the 
efficiency and utility of the particle purification liquid chromatography (PPLC) BEV isolation method and evaluate the role 
of BEVs in predicting breast cancer (BC) patient response to neoadjuvant chemotherapy (NAC).
Methods PPLC isolation was used to separate BEVs from non-EV contaminants and characterize BEVs from 17 BC patients 
scheduled to receive NAC. Using LC–MS/MS, we compared the proteome of PPLC-isolated BEVs from patients (n = 7) 
that achieved a pathological complete response (pCR) after NAC (responders [R]) to patients (n = 10) who did not achieve 
pCR (non-responders [NR]). Luminal MCF7 and basaloid MDA-MB-231 BC cells were treated with isolated BEVs and 
evaluated for metabolic activity by MTT assay.
Results NR had elevated BEV concentrations and negative zeta potential (ζ-potential) prior to receipt of NAC. Eight pro-
teins were enriched in BEVs of NR. GP1BA (CD42b), PECAM-1 (CD31), CAPN1, HSPB1 (HSP27), and ANXA5 were 
validated using western blot. MTT assay revealed BEVs from R and NR patients increased metabolic activity of MCF7 and 
MDA-MB-231 BC cells and the magnitude was highest in MCF7s treated with NR BEVs.
Conclusion PPLC-based EV isolation provides a preanalytical separation process for BEVs devoid of most contaminants. 
Our findings suggest that PPLC-isolated BEVs and the five associated proteins may be established as predictors of chem-
oresistance, and thus serve to identify NR to spare them the toxic effects of NAC.
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Introduction

Extracellular vesicles (EVs) are heterogeneous populations 
of cell derived membrane vesicles with different sizes and 
origins. Microvesicles, exosomes, and apoptotic bodies are 
subsets of EVs which can be distinguished by their size, den-
sity, structure, and cargo composition (surface markers, and 
luminal cargo), however, some of these features are over-
lapping. EVs carry several molecules (cargoes), including 
DNA, RNA, protein, drugs, and pathogen products [1–19] 

that act to protect these molecules from the extracellular 
milieu. It has been shown that cancer cells [20, 21] and the 
blood of cancer patients [22–24] typically produce more 
EVs compared to normal cells and healthy patients, respec-
tively. Interest in cancer EV-associated biomolecules stem 
from their complex role in neoplasia, tumor progression, 
metastasis, and for their potential use as tumor biomarkers 
[25–27]. Altered enrichment of RNA and protein in EVs 
reported in cancer and other diseases [28–36] suggest that 
EVs may serve as disease biomarkers. Several features of 
blood plasma derived EVs (BEVs) including their abun-
dance (up to  1010 EVs/mL of blood), stability, cargo content, 
potential to inform on real-time state of the producer cells/
hosts, and their accessibility for longitudinal sampling make 
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them particularly attractive as disease biomarkers for use in 
the diagnostic setting and in monitoring patient response and 
resistance to therapy.

Given the potential biological and clinical importance 
of EVs, preanalytical processing of samples including high 
quality and reproducible EV isolation methods that elimi-
nates impurities has proven an important criterion for their 
study. Current EV isolation methods such as differential 
ultracentrifugation, precipitation, ultrafiltration, density 
gradient, flow cytometry, immunocapture, microfluidic iso-
lation, and asymmetric flow field flow fractionation (AF4) 
[37–41] suffer difficulties in recovery of EVs as single, 
functional vesicles and preparative quantities that support 
downstream investigation and use without interference of 
extracellular contaminants. These EV isolation methods 
exhibit low specificity because they are unable to separate 
EVs from contaminants, such as lipoproteins and biomolecu-
lar membraneless condensates (MCs) [1, 42, 43]. Indeed, 
lipoproteins, including high-density lipoproteins (HDL) 
and low-density lipoproteins (LDL) have similar size and 
density range as EVs. For example, exosomes, a type of 
EVs range in size from 30  to 150 nm [8], which fall within 
the size ranges of HDLs (as small as 10 nm), LDLs (20 nm 
to 200 nm), and smaller chylomicrons (70–1000 nm). In 
addition, the density of exosomes is between 1.15 g/mL and 
1.2 g/mL, which falls within the range of HDL densities of 
1.06–1.21 g/mL [44]. Thus, need for preanalytical methods 
to separate EVs from other molecules prior to their study 
and characterization and ultimately any use in diagnostics is 
now well recognized. Moreover, establishing rigorous pre-
analytical conditions will also minimize artifacts introduced 
by the interference of soluble proteins and improve inter-
laboratory reproducibility.

Here, we present the results of a novel size-guided Parti-
cle Purification Liquid Chromatography (PPLC) [1] method 
to enable the separation of blood plasma into EVs, lipopro-
teins, albumin, and MCs. BEVs were isolated from other 
non-EV blood components to examine the effects of PPLC 
BEV isolation method prior to proteomic and functional 
analysis. To further establish the efficiency and utility of 
the PPLC BEV isolation method for clinical specimens, we 
isolated BEVs from blood plasma of a discovery cohort of 
17 breast cancer patients prior to the receipt of neoadjuvant 
chemotherapy (NAC) and analyzed their physicochemical 
properties, proteome, and function. Physicochemical charac-
terization of the patient-derived BEVs showed that patients 
who responded to chemotherapy or the responder (R) group 
had significantly reduced BEV concentration and negative 
zeta potential (ζ-potential) compared to non-responders 
(NR). LC–MS/MS analysis and validation identified 5 dif-
ferentially present proteins (DPPs) in NR BEVs compared 
to R BEVs. Furthermore, using an in vitro model, we show 
that BEVs isolated from NRs retained functional activity 

and increased breast cancer cell metabolic activity. Based 
on our results, we recommend an efficient BEV isolation 
method for downstream physicochemical characterization, 
proteomic and functional studies that may help to expedite 
standardization of the EV biomarker field.

Methods

Nomenclature

Blood plasma derived extracellular vesicles (BEVs) encom-
passes all EVs found in the blood plasma of patients, 
whether they were released from blood cells or any other 
cells in the body that release EVs into the blood stream.

Plasma isolation from breast cancer patients

Using an Institutional Review Board (IRB) approved sample 
collection protocol at Stony Brook Medicine, breast cancer 
patients (n = 17) were consented for serial venous blood col-
lections before initiation of NAC. The clinical characteristics 
of the patients with available sample for this sub-study are 
shown in Table 1. Whole blood was immediately processed 
as shown (Fig. 1a). BEVs were isolated from 300 uL of clar-
ified plasma using PPLC (Fig. 1b). The IRB-approved regis-
try is compliant with all relevant ethical regulations regard-
ing research involving human participants. Informed consent 
was obtained from all individual participants included in the 
study. Plasma samples were stored at − 80 °C. 

Separation of blood plasma components with PPLC

The PPLC gSEC column [1] (Fig. 1) was packed with size-
exclusion dextran-based Sephadex™ G-50 fine (17–0042-
01), G-75 (17–0050-01), G-100 (17–0060-01) and 2% 
agarose-based gel filtration Sepharose CL-2B beads from 
Cytiva (formerly GE healthcare, Marlborough, MA, 
USA). The column was prepared by layering the beads 
from the smallest (G-50) to largest (Sepharose CL-2B) in 
a 25 cm × 0.5 cm Econo-Column® (Bio-Rad, Hercules, 
CA, USA) at room temperature by gravity. Analytes were 
eluted with 1 × phosphate-buffered saline (PBS). Fractions 
were collected in Greiner UV-Star® 96-well plates using 
a FC204 fraction collector (Gilson, Middleton, WI, USA), 
with 12 drops per well. UV–Visible spectroscopy (absorb-
ance) and fluorescence of the fractions were measured using 
a Synergy H1 plate reader. Fractions in each peak shown in 
the absorbance profiles (Figs. 2, 3) were pooled and stored at 
− 80 °C. The BEV samples (peak 1) from each donor were 
thawed once to measure BEV ζ-potential, protein concentra-
tions, EV marker western blots and transmission electron 
microscopy (TEM) images. They were thawed a second time 
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for proteomic analysis. They were thawed a third time for 
proteomic validations by western blot. The samples were 
re-stored at − 80 °C after each thaw. 

Assessment of BEV concentration, size distribution, 
and surface charge

The concentration and size of BEVs were determined using 
the PPLC algorithm described previously [1]. In brief, 
the Wang et al. model [45] was applied which calculates 
the scattering cross-section of concentric vesicles with an 
arbituary size, lipid concentration, membrane thickness, or 
number of layers. The model uses the open-source light-
scattering package HoloPy (holopy.readthedocs.io/) and is 
available on GitHub (https:// github. com/ anna- wang/ vesic 
le- turbi dity). The EV turbidity spectra corresponding to P1 
wells (Fig. 2) was calculated from the absorbance measured 
in the visible range (400–600 nm) with a 5 nm step using 
the formula previously described [1]. For analysis of the 
surface charge, BEVs were diluted in 0.1X PBS (1/1000) 
and ζ-potential measurements were acquired using nanopar-
ticle tracking analysis (NTA) (ZetaView PMX110, v8.04.02, 
Particle Metrix, Mebane, NC, USA) as previously described 
[3]. The shutter was kept at 70, and sensitivity was adjusted 
to 2–4 points below the noise level to capture small particles.

Immunogold labeling and TEM

Equal volumes of BEVs from each group were pooled. 
10 µL were spotted onto TEM grids. The grids were placed 
into blocking buffer for 1 h and then incubated with anti-
CD9 (1:500 dilution) at 4 °C overnight. Subsequently, PBS 
was used to rinse the grids, which were floated on drops 
of the secondary antibody attached to 10-nm gold particles 
(AURION) at room temperature for 1.5 h. The grids were 
rinsed with PBS and placed into 2.5% glutaraldehyde in 
0.1 M phosphate buffer for 15 min. Finally, the grids were 
stained with uranyl acetate and viewed under a Tecnai G2 
20 Twin transmission electron microscope (FEI; 200 kV).

LC–MS/MS and data analysis

BEVs from 17 cancer patients were concentrated using 
amicon ultra-0.5 centrifugal filter units (Millipore Sigma) 
by centrifuging at 14,000 g for 25 min to remove excess 
1 × PBS. The pellets were at 20 ug of BEVs in 100 μl for 
LC–MS/MS. Protein concentration was determined using 
the Bradford assay. Before LC–MS/MS, BEV protein sam-
ples were denatured in 5% SDS, 100 mM TEAB, sonicated 
and reduced with 10 mM TCEP for 20 min at 50 °C. Sam-
ples were cooled down for 5 min and treated with 25 mM 
of iodoacetamide for 20 min, at room temperature (RT) in 
the dark. Samples bound to S-Trap solid phase cartridges 
as described[46]. Protein precipitates are washed with 90% 
methanol, 50 mM TEAB and digested with trypsin at 47 °C 
for two hours and eluted with sequential 50 mM TEAB, 
0.2% formic acid and 50% acetonitrile, 0.2% formic acid 

Table 1  Patient demographic and clinicopathological features

Characteristic TOTAL 
(N = 17)

R (N = 7) NR (N = 10)

Race
 Caucasian 13 4 9
 African American 2 2 0
 Hispanic 1 0 1
 Asian 1 1 0

Age, years
  < 40 1 0 1
 40–49 8 4 4
  ≥ 50 8 3 5

Menopausal status
 Postmenopausal 7 4 3
 Perimenopausal 1 0 1
 Premenopausal 9 3 6

Receptor Status
 HR + , HER2 − 5 0 5
 HR + , HER2 + 4 3 1
 HR − , HER2 + 3 3 0
 TN (HR − , HER2 −) 5 1 4

Clinical stage
 II 10 4 6
 III 7 3 4

Clinical T stage
 1 3 1 2
 2 10 4 6
 3 3 1 2
 Unavailable 1 1 0

Clinical N stage
 0 10 3 7
 1 5 3 2
 2 1 0 1
 Unavailable 1 1 0

Pathologic stage (AJCC 7th)
 N/A 7 7 0
 I 5 0 5
 II 4 0 4
 Unavailable 1 0 1

Histologic grade (hg)
 1 1 0 1
 2 8 3 5
 3 8 4 4

Ki-67 score
  ≤ 20% 2 0 2
  > 20% 13 6 7
 Unavailable 2 1 1

https://github.com/anna-wang/vesicle-turbidity
https://github.com/anna-wang/vesicle-turbidity
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by centrifugation at 4000 × g for 1 min each. Peptides were 
separated by C18 reverse phase LC–MS/MS. HPLC C18 
columns (100 µm ID × 20 cm) were self-packed with 3u 
Reprosil resin. Peptides were separated using a flow rate of 
300 nl/minute, and a gradient elution step changing from 

0.1% formic acid to 40% acetonitrile (ACN) over 90 min, 
followed with 90% ACN wash and re-equilibration steps. 
Parent peptide mass and collision-induced fragment mass 
information were collected using an orbital trap (Q-Exactive 
HF; Thermo) instrument followed by protein database search 

Fig. 1  PPLC for separation of BEVs from other blood plasma particles. A Blood plasma clarification. B Components of PPLC.

Fig. 2  PPLC efficiently sepa-
rates BEVs from other blood 
particles. A 280 nm absorbance 
profile of collected peaks (P1-
P3). B Collected fractions from 
P1-P3 probed for EV marker 
CD9, lipoprotein ApoA1 and 
albumin (ALB) via western blot 
and accompanied with silver 
stain. Numbered lanes represent 
chosen fraction from corre-
sponding well number from 
96-well plates where fractions 
were collected. C 3D spectral 
profile of P1-P3. D Unique 
spectral signature for each peak 
distinguishing EVs from other 
blood particles. E TEM images 
of particles in P1-P3.
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using Proteome Discoverer 2.4 (Thermo). Electrospray 
ionization was achieved using spray voltage of ~ 2.2 kV. 
Information-dependent MS and MS–MS acquisitions were 
made using a 100 ms survey scan (m/z 375–1400) at 60,000 
resolution, followed typically by ‘top 20’ consecutive second 
product ion scans at 15,000 resolution. Peptide and spectra 
false discovery rates were set to 0.05. Label free quantita-
tion comparisons were performed using spectral counts and 
precursor abundances.

Western blotting

Equal BEV protein weight (Bradford assay) or particle 
number (NTA) from both groups were loaded into 4–20% 
(gradient) Mini-PROTEAN TGX precast gels and resolved 
by SDS-PAGE at a constant 100 V. The separated proteins 
were blotted onto PVDF membranes and membranes were 
blocked with 5% milk dissolved in 1 × TBST (50 mM Tris, 
150 mM NaCl, and 0.1% Tween, pH 7.6) buffer for 1 h at 
room temperature on slow shaker. The membranes were 
incubated at 4 °C overnight with primary antibodies against 
CD9 [602.29 cl.11, Developmental Studies Hybridoma Bank 
(DSHB)], CD63 (H5C6, DSHB), ApoA1 (sc-376818, Santa 
Cruz), and from proteintech® we used ALB (16,475–1-
AP), CD81 (66,866–1-Ig), Calnexin (66,903–1-Ig), CD42b 
(12,860–1-AP), CD31 (66,065–2-Ig), Calpain 1 (10,538–1-
AP), HSP27 (18,284–1-AP), and Annexin V (11,060–1-AP). 

After 2 10-min washes with 1 × TBST, membranes were 
incubated with appropriate IRDye secondary antibodies at 
room temperature on slow shaker for 1.5 h. The membranes 
were washed in 1 × TBST for 5 min prior to band detection 
using the LI-COR Odyssey Infrared Imaging System. Pro-
tein band intensities were quantified using Image J (NIH, 
Bethesda, MD). Revert™ 700 total protein membrane stain-
ing (LI-COR) or silver stain (BIO-RAD) was used as an 
internal control for target normalization according to manu-
facturer’s instructions. Revert™ 700 total protein membrane 
staining was also used for protein foot printing.

Data visualization, PPI analysis, and pathway 
identification

Venn diagrams were generated using VENNY platform 
(v2.1) [47]. Heatmaps were generated using Heatmapper 
[48]. Average linkage cluster and Euclidean distance meas-
urement was applied to rows and columns of all heatmaps. 
Principal component analysis (PCA) plot was generated 
using ClustVis [49]. Protein–protein interaction (PPI) net-
work was visualized, and functional enrichment analysis was 
determined using STRING (https:// string- db. org/) database 
V11.5 [50]. Pathways were identified using WEB-based 
GEne SeT AnaLysis Toolkit 2019 (WebGestalt) (www. 
webge stalt. org) [51]. The parameters used in WebGestalt 
were over-representation analysis (ORA) of gene symbols 

Fig. 3  Biophysical properties of BEVs from breast cancer patients 
prior to NAC. A 280 nm absorbance profile of PPLC peaks (P1-P3) 
from blood plasma of breast cancer patients with R (n = 7) and NR 
(n = 10). B BEV size and C concentration determined by turbidity 
spectra measurements. D ζ-potential of BEVs measured by Nano 
Tracking Analysis (NTA). Error bars are SEM of pentaplicate meas-
urements. E Protein concentration of BEVs measured by Bradford 
assay. F Western blot protein footprint of pooled (all R patients com-
bined, and all NR patients combined) samples loaded by equal pro-
tein and equal particle number G Representative western blot of BEV 

markers CD63 and CD81. Calnexin used as negative control. Lanes 
R1, 2, 3 each are a pool of 2 different patients (R = 6). Lanes NR 1, 
2, 3 each are a pool of 3 different patients (NR = 9). Protein analysis 
of CD63 and CD81 from individual patients is shown in Supplemen-
tary Fig. 1. H TEM images of pooled BEVs from 2 different fields of 
view. Each right-sided image is the left image zoomed in to the BEV 
that it is directly next to. Arrows indicate CD9-immunogold labeled 
BEVs. For R and NR, the top left image is at 20kX and the bottom 
left image is at 30kX. Scale bar: 200 nm. Unpaired t-test with Welch’s 
correction used to determine differences between groups. *, p < 0.05 

https://string-db.org/
http://www.webgestalt.org
http://www.webgestalt.org
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GP1BA, CD31, CAPN1, HSPB1, and ANXA5 within the 
cancer Wikipathway functional database referenced to the 
genome.

BEV labeling, internalization, and MTT assays

Pooled BEVs (100 μg) were concentrated using amicon 
ultra-0.5 centrifugal filter units (Millipore Sigma) by centri-
fuging at 14,000 g for 5 min to remove excess PBS. Result-
ing volumes were filled to 100 μl to label BEVs with green, 
fluorescent dye (SYTO™ RNASelect™ stain for RNA—
Invitrogen™) according to the manufacturer’s instructions. 
After labeling, unincorporated dye was removed using exo-
some spin columns (MW3000—Invitrogen™) according 
to the manufacturer’s instructions. PBS mixed with dye 
was used as negative control. 5000 cells/100 μl of luminal 
A MCF7 and basaloid MDA-MB-231 breast cancer cells 
seeded in each well (5 wells per 3 independent experi-
ments) of a 96-well plate were treated with labeled BEVs at 
100 μg/mL and incubated for 24 and 48 h (hours). 100 µg/
mL of BEVs was used based on preliminary dose–response 
experiments that showed it was within the linear range of 
the curve compared to lower (low response) and higher 
concentrations (saturating response) of BEVs (Supplemen-
tary Fig. 4). Images of cells with internalized fluorescently 
labeled BEVs were obtained after 24 h using a Lionheart FX 
automated microscope at 10x. Cell viability was assessed 
using an MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl 
tetrazolium bromide) assay, each well was treated with 
20 μl of MTT reagent and incubated at 37 °C for 3 h. After 
3 h, 100 μl of MTT solvent was added to each well and the 
plate was covered from light while shaking for 30 min. The 
absorbance of solubilized MTT reagent was measured using 
a spectrophotometer at 590 nm.

Statistical analysis

The log10 values of spectral counts and precursor abun-
dances of all proteins were compared using a one-way 
ANOVA Šídák's multiple comparisons test. The mean of 
each protein for R and NR were compared. Differences were 
considered significant with p-adjusted values < 0.05. For val-
idation experiments, samples from individual patients were 
pooled as described in the legend of Fig. 6A or pooled as R 
(n = 6) versus NR (n = 9) in two independent experiments. 
For viability experiments, error bars represent standard error 
of the mean (SEM) of three replicate wells. Experiments 
were repeated at least twice with similar results. Two-tailed 
unpaired t-test with Welch’s correction was used to deter-
mine differences between groups in all figures, unless noted 
otherwise. Error bars represent SEM for all graphs unless 
noted otherwise. GraphPad Prism (v9.2.0) was used to plot 
all graphs and perform all statistical analyses.

Results

PPLC separates BEVs from major contaminants

Here we evaluated the utility of PPLC (Fig. 1) for isolating 
BEVs that are free of major contaminants. PPLC was used 
to separate blood plasma and UV–Visible spectroscopy (UV-
VIS) analytics was applied to determine EV size, concen-
tration, and to retrieve information on analytes in subpopu-
lations. As shown in Fig. 2a, the PPLC separation profile 
shows four distinct peaks i.e., P1, P2a-2c, P3, P4. Western 
blot analysis was used to distinguish EVs and lipoprotein 
markers in the individual fractions (Fig. 2b, Top). Silver 
staining showed the protein footprint of the different frac-
tions (Fig. 2b, Bottom). Integration of the western blot and 
silver stain results demonstrate that the first peak (Fig. 2a, 
P1 blue bar) contains EVs depleted by > 90% of lipoproteins 
(ApoA1) and albumin (ALB). The first few fractions of P1 
(Fig. 2b, F47-F60) are the most enriched, as indicated by 
the EV marker CD9 and absence of detectable lipoprotein 
marker (ApoA1) and albumin (ALB). The ascending part of 
P2 (P2a) contains the most of ApoA1 protein with no CD9 
(Fig. 2b), indicating strong presence of lipoproteins, per-
haps from the largest type: chylomicron (80–1200 nm [52]), 
very-low-density lipoproteins (VLDL, 30–90 nm [52]), and 
low-density lipoproteins (LDL, 18–25 nm [52]), as expected 
from a size-exclusion chromatography (SEC) based purifi-
cation. The top part of P2 (P2b) contains the least diverse 
proteins with thick banding at ~ 66 KDa and no ApoA1 or 
CD9 consistent with ALB enrichment. Interestingly, a sec-
ond ApoA1-containing population appeared in the descend-
ing part of P2 (P2c), indicating presence of high-density 
lipoproteins (HDL), which are the smallest lipoproteins 
(5–20 nm [52]). P3 contained a unique and diverse protein 
profile that may reflect a novel class of membraneless con-
densates (MCs), with size not larger than a few nanometers. 
P4 contained little or no detectable proteins indicating the 
enrichment in sub-nanometer molecules such as sugars, 
nucleotides, amino acids, vitamins, minerals and/or salts. 
This fraction was not analyzed further.

The integrative western blot and silver stain analyses cor-
roborates the 3D (Fig. 2c) and individual spectral (Fig. 2d) 
data, where P1 exhibits a typical EV profile with a shoulder 
in the turbidity range that is well detected even within P2 
(Fig. 2c, d). As shown in Fig. 2d, P2a showed a unique sharp 
absorbance peak at ~ 415 nm. P2b is distinguished with a 
443 nm peak, absent in P2c. P3 on the other hand sharply 
blue-shifted to 275 nm. This analysis was confirmed by the 
negative-stain TEM visualization of the fractions (Fig. 2e) 
that showed P1 had highly pure 100–400 nm vesicles. P2a 
contained a mixture of smaller vesicles 30–150 nm com-
prising VLDL (typical range 30–90 nm). P2b showed pure 
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aggregates of dense particles with a primary particle size 
of 18–25 nm, typical size range for LDL. P2c also shows 
dense particles with relatively smaller sizes (5–20 nm), a 
typical size range for HDL. P3 contained aggregates of MCs 
(Fig. 2e). Altogether, our data demonstrate that PPLC can 
efficiently separate and characterize complex biological sam-
ples such as blood plasma in real-time, retrieve subpopula-
tions of EVs of interest, such as CD9 + EVs.

Comparison of the physicochemical properties 
of BEVs from R and NR breast cancer patients

Using the PPLC workflow (Fig. 1), we separated blood 
plasma from 7 R and 10 NR breast cancer patients. The 
EV fractions (P1) shown in Fig. 3a (top for R and bot-
tom for NR) were collected. PPLC analytics was used to 
determine BEV size and concentration. The sizes (98.6 to 
102.3 nm) of BEVs from R and NR are not significantly dif-
ferent (Fig. 3b). In contrast, BEV concentration per mL of 
blood plasma was significantly lower in R compared to NR 
(Fig. 3c). Additionally, the electrostatic properties (measured 
as ζ potential) of BEV membrane show that R BEVs bear 
subtle negative charge (− 27.8 ± 6.1 mV) that is significantly 
different from the ζ-potential (− 35.3 ± 7.4 mV) of NR BEVs 
(Fig. 3d). There is no difference in the total protein content 
of R versus NR BEVs (Fig. 3e) and the protein footprint 
between R and NR BEVs was similar irrespective of whether 
equal protein (25 µg) or equal particle number (4E + 09) was 
used (Fig. 3f). Western blot analysis shows that some R and 
NR BEVs contain CD63 and CD81 EV markers but nega-
tive for endoplasmic reticulum marker calnexin (Fig. 3g, 
Supplementary Fig. 1). Additionally, negative-stain TEM 
coupled with CD9 immuno-labelling of R and NR BEVs 
validates that the BEVs are similar and are CD9 reactive 
(Fig. 3h). Together, these data show that despite individual 
variabilities, NR patient blood plasma contain more BEVs 
(Fig. 3c) that bear more negative surface charge (Fig. 3d).

No significant differences in BEV size, concentration 
and ζ‑potential based on HER2, ER, PR receptor 
status, lymph node involvement, and molecular 
subtype grouping

Patients who are ER + (n = 9), PR + (n = 8), or HER2 + (n = 7) 
have similar BEV size, concentration and ζ-potential com-
pared to those who are ER- (n = 8), PR- (n = 9), and HER2- 
(n = 10) (Fig.  4a–c). No significant difference in BEV 
size, concentration and ζ-potential were detected between 
triple negative breast cancer (TNBC) patients (n = 5) and 
12 patients designated as other (Fig. 4d). We also did not 
observe statistically significant difference in BEV size, con-
centration and ζ-potential between patients who were lymph 
node positive or negative prior to NAC (Fig. 4e). Grouping 

the patients according to tumor molecular subtype did not 
provide significant differences in BEV size, concentration, 
and ζ-potential (Fig. 4f).

Global protein profiling of BEVs from R and NR

Global protein profiling of BEVs was conducted using quan-
titative LC–MS/MS. Each patient sample was subjected to 
LC–MS/MS twice for technical replicates (R = 14; NR = 20). 
Relative protein quantification between R and NR were per-
formed using spectral counts (SpC), which compares the 
number of MS/MS spectra assigned to each protein. Using 
log10 values of SpC for all proteins with a sum SpC ≥ 5 
across all samples (n = 34) and SpC ≥ 2 for at least one sam-
ple out of all samples, we identified 907 proteins (Fig. 5a, 
Supplementary Table I). The percentage of proteins detected 
exclusively for R and NR were 0.7% (6) and 10.8% (98) 
respectively (Fig. 5b). We also found 88.5% (803) of pro-
teins to be in common between R and NR (Fig. 5b). A com-
parison of R and NR BEV proteins to the top-100 Exocarta 
(http:// www. exoca rta. org) and Vesiclepedia (www. micro 
vesic les. org) EV proteins, revealed 1 NR protein exclusively 
in the Exocarta list, 5 NR proteins in the Exocarta and Vesi-
clepedia list, 11 of R and NR proteins in the Exocarta list, 
15 of R and NR proteins in the Vesiclepedia list and 52 of R 
and NR proteins both in the Exocarta and Vesiclepedia list 
(Fig. 5c). Therefore, more than 50% of the top-100 Exocarta 
and Vesiclepedia EV proteins were identified in R and NR 
BEVs. Common EV markers CD9, HSP90AB1, HSPA8, 
YWHAZ, and ANXA5 were among those identified in our 
study (Supplementary Table II). To identify differentially 
enriched proteins in the BEVs, we averaged the log10 values 
of spectral counts (SpC) of the technical replicates for all 
907 proteins to further analyze the samples as biological rep-
licates (R = 7; NR = 10) and performed the stringent Šídák’s 
multiple comparisons test. To limit counting bias associated 
with proteins falsely discovered by the SpC method, we used 
the area under the curve (AUC) method that accounts for 
peptide precursor abundances. Hence, we averaged the log10 
values of precursor abundances for all 907 proteins to per-
form a Šídák’s multiple comparisons test. The SpC method 
yielded 60 differentially enriched proteins with P-adjusted 
values < 0.05 (Fig. 5d, Supplementary Fig. 2a, Table 2), 
and the AUC method yielded 19 differentially enriched pro-
teins with P-adjusted values < 0.05 (Fig. 5e, Supplementary 
Fig. 2b, Table 3). While the 19 proteins identified via the 
AUC method clustered the NR from the R group (Fig. 5e), a 
principal component analysis (PCA) plot revealed an imper-
fect clustering with a responding patient overlapping with 
the NR group (Fig. 5f). Therefore, to further narrow down a 
list of proteins that can differentiate R from NR breast cancer 
patients, we compared the SpC (60) and AUC (19) protein 
list using a 2-way Venn diagram and identified 8 proteins 

http://www.exocarta.org
http://www.microvesicles.org
http://www.microvesicles.org
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(GP1BA (CD42b), PECAM-1 (CD31), CAPN1, HSPB1 
(HSP27), ANXA5, RAB11A, SLC2A3, and G6PD) to be 
unique to both lists (Fig. 5g). Hierarchical clustering heat-
map of the 8 proteins showed that R and NR BEV proteomes 
clustered separately (Fig. 5h). This was further confirmed 
with a PCA plot showing that R and NR BEVs are separated 
by the biplot of PC1 and PC2 representing a nearly perfect 
clustering (Fig. 5i). The enrichment levels of the 8 proteins 
are presented in Supplementary Figs. 3a–b. These data sug-
gest that R and NR BEVs undergo alterations in their protein 
composition.  

Validation of the eight proteins significantly 
enriched in BEVs from NR

The levels of the 8 proteins identified by proteomic analy-
sis to be enriched in NR BEVs were analyzed by western 
blot for validation. The analysis confirmed the presence 
of GP1BA (CD42b), PECAM-1 (CD31), CAPN1, HSPB1 
(HSP27), and ANXA5 (Fig.  6a). However, RAB11A, 
SLC2A3, and G6PD were not detected. Quantitatively, the 
relative band intensities of the proteins were significantly 
higher in NR compared to R BEVs (Fig. 6b). These results 
corroborate the proteomics data (Supplementary Figs. 3a–b) 

and strongly suggests that GP1BA (CD42b), PECAM-1 
(CD31), CAPN1, HSPB1 (HSP27), and ANXA5 are dif-
ferentially present proteins (DEPs) in BEVs from NR breast 
cancer patients.

Functional and pathway enrichment analysis 
of identified BEV proteins from NR

STRING [50] database was used to visualize protein–protein 
interaction (PPI) networks and determine functional enrich-
ment of GP1BA (CD42b), PECAM-1 (CD31), CAPN1, 
HSPB1 (HSP27), and ANXA5 (Fig. 6c). Functional analysis 
of the PPI network revealed wound healing (biological pro-
cess), extracellular vesicle and external side of plasma mem-
brane (cellular component) gene ontology (GO) terms to be 
significantly (PPI enrichment p-value = 0.000921) enriched 
(Fig. 6c). Pathway analysis using WebGestalts cancer Wikip-
athways functional database revealed CAPN1 to be within 
the gene set of the Integrin-mediated cell adhesion pathway 
(Fig. 6d). HSPB1 was found to be within the gene set of the 
MAPK signaling pathway and significantly (p-value = 0.05) 
enriched within the gene set of the ATM signaling network 
in development and disease (Fig. 6d).

Fig. 4  Comparison of BEV size, concentration and ζ-potential based 
on HER2, ER, PR, receptor status, lymph node involvement, and 
molecular subtype grouping. BEV size, concentration and ζ-potential 
comparison between breast cancer patients that are: A ER + (n = 9) 
and ER- (n = 8); B PR + (n = 8) and PR- (n = 9); C HER2 + (n = 7) 

and HER2- (n = 10); D triple negative (TNBC) (n = 5) and other 
(n = 12); E lymph node (LN) + (n = 9) and LN- (n = 8) prior to NAC; 
F HER2 + (n = 7), Luminal A (n = 5), Luminal B (n = 3) and TNBC 
(n = 5). Unpaired t-test with Welch’s correction used to determine dif-
ferences between groups 
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Cancer cells internalize BEVs from R and NR

To investigate differential biological activity of BEVs from 
R and NR patients, we evaluated the ability of the luminal 
MCF-7 and basaloid MDA-MB-231 breast cancer cell lines 
to internalize BEVs derived from the patient cohort. Pooled 
BEVs from R and NR patients were labeled with SYTO™ 
green stain as previously described [5]. Cells treated with 
SYTO™ labelled PBS were used as negative control. 
Results from fluorescence microscopy show the absence of 
detectable fluorescence in cells after 24 h (hours) of being 
treated with PBS containing SYTO™ green stain (Fig. 7a, 
b). Whereas positive fluorescence signals in cultured MCF7 
(Fig. 7a) and MDA-MB 231 (Fig. 7b) cells support tumor 
cell uptake of BEVs obtained from both R and NR patients. 
While we observed BEV uptake by breast cancer cells, dif-
ferential uptake was not evaluated due to limited samples.

BEVs from R and NR increase metabolic activity 
of breast cancer cells

Having confirmed that breast cancer cells are able to 
internalize BEVs from both R and NR, we next investi-
gated the effect of BEVs on breast cancer cell metabolic 
activity. As shown in Fig. 7c, treatment of MCF7 cells 
with BEVs from R and NR showed a significant increase 
in MTT conversion to formazan at 24 and 48 h over PBS 
control. Notably, this effect was significantly greater with 
BEVs from NR patients 48 h post treatment (Fig. 7c). 
To validate this effect, MDA-MB 231 cells treated with 
BEVs from R and NR were also analyzed for MTT activ-
ity. The result showed that unlike the response of MCF7 
cells, only BEVs from NR significantly increased MTT 
conversion in MDA-MB 231 cells post treatment both 
at 24 h and 48 h (Fig. 7d). These data shows that BEVs 
released by both R and NR can increase the conversion of 
MTT to formazan suggesting an increase in mitochondrial 
activity (metabolic) and/or cell proliferation (mitogenic) 

Fig. 5  Stringent proteomic analysis reveals 8 proteins significantly 
enriched in NR BEVs. A Heatmap of total proteins identified (907) 
in technical replicates of BEV samples (R = 14, NR = 20). B 2-way 
Venn diagram of proteins in (A) with spectral counts (SpC) ≥ 2 in at 
least one patient of each group. C 4-way Venn diagram comparing 
proteins in (A) to top-100 EV proteins of Exocarta and Vesiclepedia 
repository. D Heatmap of averaged technical replicate log10 values of 
SpC for proteins in (A) with a p-adjusted value < 0.05 measured by 
a Šídák's multiple comparison test. E Heatmap of averaged technical 

replicate log10 values of precursor abundances (AUC) for proteins 
in (A) with a p-adjusted value < 0.05 measured by a Šídák's multiple 
comparison test. F principal component analysis (PCA) plot depict-
ing imperfect clustering of R and NR patients using the 19 proteins 
identified by the AUC method. G 2-way Venn diagram of 60 and 19 
proteins identified via SpC and AUC, respectively. H Heatmap of 8 
proteins common to SpC (60) and AUC (19). I PCA plot depicting 
clustering of R and NR patients using the identified 8 proteins.
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and that the effects of BEVs may differ by tumor cell 
lines or tumor subtypes.

Discussion

The interrogation of EVs as mediators of intercellular/
interorgan communication is of increasing interest for their 
role in health and disease and potential clinical utility. The 
accessibility of EVs in body fluids, such as urine, saliva, 
semen, breast milk, amniotic fluid, and blood, make EVs a 
highly attractive source for novel diagnostic and predictive 
biomarkers, as well as for the discovery of novel therapeutic 
targets. Under normal and some harsh handling of EV sam-
ples, EV-associated biomolecular cargos are highly stable 
over time [13]. This stability makes EVs highly informative 
biomolecules when compared to other components of liquid 
biopsies, such as less stable circulating tumor cells.

Our primary objective was to characterize and establish 
the preanalytical conditions for isolating pure EVs from 
blood plasma prior to biomarker identification. It is impor-
tant to note that while this study was conducted with blood 
plasma from R and NR breast cancer patients, it is reason-
able to assume that the findings and principles are generaliz-
able to blood plasma EV studies and the EV isolation and 
characterization strategy applicable to other body fluids [1].

Our study supports the use of PPLC to improve the 
isolation of BEVs and separate them from contaminants, 
such as lipoproteins, albumin, and MCs. Lipoproteins and 
albumin are the most abundant circulating proteins in blood 
plasma [61, 62]. Their abundance in plasma and non-spe-
cific binding properties are well recognized challenges in 
protein-based biomarker discovery, particularly for detecting 
moderate and low abundance proteins. While methods for 
depleting lipoproteins and albumin from samples have been 
developed [63, 64] including delipidation, these methods (i) 
involve the use of organic solvents that denature proteins, (ii) 
decrease specificity in proteomic studies (immunoprecipita-
tion) [65], and/or (iii) reduce the recovery of membrane-
associated proteins such as those present on EVs. Hence, 
PPLC has the potential to address these shortcomings as 
described in Figs. 2 and 3.

It has been reported that breast cancer patients prior to 
receiving NAC contain significantly elevated levels of EVs 
in their blood serum compared to healthy patients [66]. In 
addition, elevated levels of blood plasma EVs have been 
associated with therapy failure and disease progression in 
breast cancer patients undergoing NAC [67]. However, the 

Table 2  Averaged log10 values 
of spectral counts (SpC) of 
the technical replicates for 
the total 907 proteins yielded 
60 differentially enriched 
proteins ordered by p-adjusted 
value < 0.0001**** to < 0.05* 
using the stringent Šídák’s 
multiple comparisons test.

Protein name

FLNA**** GC**
MYH9**** TAGLN2**
FERMT3**** SSC5D**
ITGB3**** CAPZB**
F13A1**** ACTR2**
ITGA2B**** ALAD**
F5**** UBA1**
SLC4A1**** GANAB**
TUBB1**** GRB2**
MMRN1**** HSP90AB1**
ILK**** ANXA5**
ENO1**** PECAM1**
VASP**** GAPDH*
CLTC**** RAP1B*
YWHAH**** PNP*
C9**** ARPC2*
PDLIM1**** ARPC1B*
GP1BA**** BIN2*
LIMS1**** CA2*
HSPB1**** HK1*
G6PD**** TALDO1*
TLN1*** LBP*
WDR1*** PARK7*
PGK1*** ARPC3*
HSP90AA1*** TUBB*
PRDX6*** F13B*
LDHB*** SLC2A3*
RAB11A*** ATP5A1*
CAPN1*** ALOX12*
FCGBP** ANPEP*

Table 3  Area under the curve 
(AUC) proteomic analysis 
performed by averaging the 
log10 values of precursor 
abundances of the total proteins 
(907) yielded 19 differentially 
enriched proteins ordered by 
p-adjusted value < 0.0001**** 
to < 0.05* using the stringent 
Šídák’s multiple comparisons 
test.

Protein name

S100A4****
RAB11A***
SLC2A3***
UGP2***
HSPB1**
CAPN1**
LDHA**
ANXA5**
ALMS1**
GP1BA*
G6PD*
PECAM1*
CAPZA2*
MYL9*
MYL6*
EEF1A1*
STX11*
OR6B1*
TPT1*
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composition of these cancer derived blood EVs and their 
ability to alter recipient cellular behavior is unknown. 
Hence, our longer-term objective is to determine the utility 

of BEV-associated proteins to study patient response to can-
cer treatment. Using a small discovery cohort, we observed 
striking differences in the physicochemical properties of 

Fig. 6  Validation and poten-
tial biological functions of 5 
differentially present proteins 
(DPPs) in NR BEVs. A Western 
blot validation of 5 DPPs using 
total protein as loading control. 
R1, 2, 3 each are a pool of 2 
different patients (R = 6). NR 1, 
2, 3 each are a pool of 3 differ-
ent patients (NR = 9). B Protein 
band intensity of 5 DPPs 
normalized to total protein from 
three independent experiments 
(equal protein or equal EV num-
ber loaded). C STRING protein 
interaction network analysis 
of 5 DPPs. D HSPB1 and 
CAPN1 gleaned via WebGestalt 
WikiPathway cancer database. 
E HSPB1 linkage to chemore-
sistance. Unpaired t-test with 
Welch’s correction was used to 
determine differences between 
groups. *p < 0.05. **p < 0.01 

Fig. 7  Breast cancer cells internalize R and NR BEVs and the inter-
nalized BEVs promote metabolic activity of breast cancer cells. A–B 
Images of (A) MCF-7 cells and (B) MDA-MB 231 cells incubated 
with SYTO™ RNASelect™ stained BEVs (100  µg) for 24  h (h). 
DAPI is in blue and SYTO™ RNASelect™, which stained BEV 
RNA is in green. Fluorescence images were manually obtained with 
Lionheart FX automated microscope at 10X. The inset is the zoomed-
out image. Red rectangles correspond to the enlarged area. Scale bar: 

50  µm. C–D MTT assay for metabolic activity of (C) MCF-7 and 
(D) MDA-MB 231 cells following 24–48 h incubation with 100 µg/
ml of BEVs. Ordinary one-way ANOVA (Brown-Forsythe and Bart-
lett’s tests, with Šídák’s multiple comparisons test) was used to deter-
mine the statistical significance within the group. Binary Student’s 
t-test (Welch’s correction) was used between groups and time points. 
*p < 0.0113, ****p < 0.0001, **p < 0.004, #p < 0.0112, ##p < 0.0056, 
####p < 0.0001 
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BEVs from patients who responded (R) to NAC and those 
that did not (NR) for the treatment of locally advanced breast 
cancer.

While the differences in the proteome of BEVs may be 
used to differentiate NR patients, the significantly elevated 
concentration and more negative zeta potential (surface 
charge) of NR BEVs compared to R BEVs may influence 
different biological processes associated with BEVs, such as 
cellular uptake and cytotoxicity [68]. Under physiological 
conditions, cells are negatively charged so it may be likely 
that negatively charged BEVs may have an increased ten-
dency to repel cells. Hence, a plausible scenario may be that 
NR patients with more BEVs which are highly negatively 
charged may trap NAC and prevent it from reaching the 
patient’s cancer cells resulting in chemoresistance.

Using LC–MS/MS, a set of proteins were identified that 
were differentially enriched in NR compared to R support-
ing the potential utility of our approach to detect circulating 
EV biomarkers associated with patient response. The pro-
teomics data highlights the importance of BEV cargo and 
uncovers the potential for future research into the mecha-
nisms of chemoresistance in breast cancer patient cohort. 
A closer look at the function of HSPB1 within the gene set 
of the ATM signaling network in disease (Fig. 6d) revealed 
its direct link in activating the pentose phosphate pathway 
(PPP) to inhibit oxidative stress. The gene set signaling net-
work suggests that upon DNA damage, ATM is activated 
which leads to HSPB1 activation, followed by PPP activa-
tion to inhibit oxidative stress. Chemotherapy causes DNA 
damage [53] and oxidative stress [54] to slow cancer cell 
cycle progression that eventually leads to activation of cell 
death [55]. Interestingly, HSPB1 has been shown to be over-
expressed in many types of human cancers, including breast 
cancer and a poor prognostic for patient survival [56–58]. 
In addition, overexpression of HSPB1 causes resistance to 
doxorubicin-induced apoptosis in breast cancer cells [59] 
and chemotherapy in breast cancer patients [60]. How-
ever, the mechanisms for the resistance to chemotherapy 
is not understood. Here, we show that HSPB1 is enriched 
in BEVs of NR breast cancer patients and propose a pos-
sible HSPB1-mediated mechanism of chemoresistance by 
inhibiting oxidative stress upon chemotherapy-induced DNA 
damage (Fig. 6e). Also discovered was the increase in meta-
bolic activity of breast cancer cells when treated with NR 
BEVs. The biological implication of this result hints at the 
NR BEVs counteracting the expected effects of NAC on 
NR patients breast cancer cells. However, these implications 
require further investigation.

Conclusion

The study of BEV-associated proteins in cancer and other 
diseases and their potential clinical utility requires analyte 
validity and reproducibility of results. Here, we used PPLC 
to isolate near-pure BEVs from a small breast cancer patient 
cohort and showed that they retained function for experi-
mental studies and demonstrated their utility to identify 
differentially present BEV proteins related to patient treat-
ment response. Future efforts will be directed at validating 
our results in a larger sample size and in functionally char-
acterizing BEV protein effects on tumor growth in model 
systems.

Limitations of the study and interpretation

The patient blood plasma samples used in this study were 
obtained using blood collection tubes containing the anti-
coagulant EDTA and used within one year of storage at 
− 80 °C after a single freeze thaw. Because tube type and 
different anticoagulants can alter plasma chemistry [69], 
fractionation methods for BEVs may require optimization 
based on tube type. Although we previously showed that 
storage condition can affect the biologic activity of semen 
derived EVs [13], the effect of time of collection and stor-
age condition was not studied, and this is as a limitation of 
this study.

Moreover, our study included a single hospital, Stony 
Brook University Renaissance School of Medicine Hos-
pital with a limited patient cohort and sample size. Thus, 
our results require validation with a larger patient pop-
ulation from different geographic locations and diverse 
backgrounds. Our study also included only cancer patients. 
Inclusion of healthy donors may improve the predictive 
and statistical power of our results. Finally, we only ana-
lyzed BEVs in this study and did not relate our findings to 
other plasma analytes (lipoproteins, albumin, and MCs) 
or blood serum [36, 70] that may share or add additional 
informative biomarkers.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10549- 022- 06733-x.
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