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Abstract: Exosomes carry molecular contents reflective of parental cells and thereby hold great
potential as a source of biomarkers for non-invasive cancer detection and monitoring. However,
simple and rapid exosomal molecular detection remains challenging. Here, we report a facile method
for exosome surface protein detection using quantum dot coupled with immunomagnetic capture
and enrichment. In this method, exosomes were captured by magnetic beads based on CD81 protein
expression. Surface protein markers of interest were recognized by primary antibody and then
detected by secondary antibody-conjugated quantum dot with fluorescent spectroscopy. Validated
by ELISA, our method can specifically detect different surface markers on exosomes from different
cancer cell lines and differentiate cancer exosomes from normal exosomes. The clinical potential was
demonstrated with pilot plasma samples using HER2-positive breast cancer as the disease model.
The results show that exosomes from HER2-positive breast cancer patients exhibited a five times
higher level of HER2 expression than healthy controls. Exosomal HER2 showed strong diagnostic
power for HER2-positive patients, with the area under the curve of 0.969. This quantum dot-based
exosome method is rapid (less than 5 h) and only requires microliters of diluted plasma without
pre-purification, practical for routine use for basic vesicle research, and clinical applications.

Keywords: exosome; breast cancer; molecular detection; quantum dot; magnetic bead; fluorescent
spectroscopy

1. Introduction

Extracellular vesicles (EVs) are membrane-bound vesicles that are released into ex-
tracellular environment by a spectrum of cell types [1]. EVs include three major subtypes,
exosomes (EXOs), microvesicles (MVs), and apoptotic bodies, which are differentiated by
size, biogenesis, molecular constitutes, and functions [2-5]. Intense research in the past
decade has focused on EXOs due to their unique attributes [6]. EXOs are 30-200 nm in
size and they are formed via exocytosis after fusion of multivesicular bodies with plasma
membrane [7-10]. EXOs reflect both the nature of the parent cells as well as their patho-
physiological state [11-13]. The molecular composition of EXOs consists of a variety of
macromolecules including proteins, lipids, nucleic acids, and coding and non-coding RNA,
which are reflective of a cell of their origin [7,14]. For instance, the cancer protein marker
human epidermal growth factor 2 (HER2) is known to be overexpressed in primary cases
of cancer [15-17]. Elevated levels of HER2 positive EXOs have been reported in serum sam-
ples from breast cancer patients in comparison to healthy donors [18]. Thus, biomarkers
from tumor cells can be explored through exosomes.

EXOs enter blood and many other body fluids such as urine, saliva, ascites, and
cerebrospinal fluid [19-23]. In addition, EXOs are fairly stable, tolerating multiple cycles of
freezing and thawing, and can be preserved for years when stored in liquid nitrogen [24,25].
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Thus, EXOs hold great potential as a source of biomarkers for developing new generation
noninvasive liquid biopsy for cancer diagnostics and monitoring [3,4,26-31].

Detection of exosomal surface markers provides a powerful way for disease detection,
as oncogenic receptors often reside within regions of the plasma membrane. Surface
markers can be easily detected via target-specific labeling with optical contrast agents. For
examples, Liang et.al. detected pancreatic cancer by detecting ephrin type-A receptor 2 on
plasma exosomes with antibody-conjugated gold nanoparticles and dark field imaging [32].
In our previous research, we detected HER2-positive breast cancer using surface enhanced
Raman scattering (SERS) nanoparticles to label and detect plasma exosomes after capture
with target-specific antibodies onto a miniaturized device [33].

Among the different types of nanoparticle-based optical labels, quantum dots (QDs)
have significant advantages for exosome detection. QDs are only 2-10 nm in diameter,
which allows for efficient labeling and detection of exosomes at lower size range. QDs
have strong fluorescence properties and superior photostability [34]. Monodisperse QDs
with various functional ligands are readily accessible through commercial resources. Thus,
QDs have attracted increasing interests for molecular exosome detection [35—-43]. For
example, Bai et al. used QDs to label and detect EXOs of different surface markers after
trapping magnetic bead (MB)-isolated EXOs in a microfluidic micropillar chip [39]. Kim
et al. developed a colorimetric-based lateral-flow assay to improve exosome detection
using QD embedded in silica-encapsulated nanoparticles [43].

In this study, we demonstrate a simple yet effective method for EXO detection, using
QDs in conjunction with immunomagnetic exosome isolation with MB targeting tetraspanin
CD81 exosome markers. CD81 has been proven as a reliable marker for exosome identifica-
tion [44]. CD81 expression is low on platelet cells, a major contributor of normal EXOs in
plasma [45]. Thus, using CD81 capture ligands dramatically decreases the contamination
of normal EXOs, enhancing the sensitivity of detecting tumor-derived EXOs. Although
CD81 is not ubiquitously expressed on every exosome, CD81 expressions are common in
different cancer EXOs [32,33,46]. We use MB conjugated with CD81 antibody for exosome
capture to eliminate the need for long sample purification. For detection, we use highly
fluorescent and universal QD655 linked with secondary antibodies to recognize primary
antibodies that bind to targeted surface protein markers of interest on EXOs. This method
was tested with different surface markers on EXOs from cell-derived EXOs in the breast
cancer model. Using the method, we demonstrated that HER2-positive breast cancer can
be diagnosed with exosome HER2 with high diagnostic power. Due to advantages in
simplicity, speed, and low sample consumption, our QD-based method with magnetic
separation holds strong promises for molecular detection of EXOs for basic vesicle research
and clinical applications.

2. Materials and Methods
2.1. Materials

All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless other-
wise specified. Anti-rabbit CD81 antibody was purchased from Boster Biological Technol-
ogy (Pleasanton, CA, USA). Antibodies targeting HER2, epidermal cell adhesion molecule
(EpCAM), CD24, CD44, CD9, and CD63 were purchased from Biolegend (San Diego,
CA, USA). Breast cancer cell lines SKBR3, MDA-MB 231, MCF7, and normal breast cell
line MCF12A were purchased from ATCC (Manassas, VA, USA). PRMI and high glucose
DMEM media were purchased from VWR (Radnor, PA, USA). NHS-activated MBs, QD655
with secondary antibodies, fetal bovine serum (FBS), and BCA kit were purchased from
Fisher Scientific (Waltham, MA, USA).

2.2. Conjugation of Capture Antibody to MB

Prior to the conjugation, 20 pL of 10 mg/mL NHS-activated MBs were washed with
200 uL of ice-cold hydrochloric acid (1 mM) for 15 s. The beads were then collected using
Qiagen 12-tube magnets and mixed with 200 pL of anti-rabbit CD81 antibodies (50 ng/mL)
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for 2 h at room temperature (RT). During the first 30 min, the mixture was vortexed every
5 min for 15 s. Then, the mixture was vortexed every 15 min for 15 s. After 2 h, CD81
antibody-conjugated MBs were collected with magnetic stand, the flow-through was saved
for BCA analysis and the pellet was washed twice with 400 pL of Glycine (0.1 M, pH
2.0) and once with 400 pL of UP water. The CD81-MBs were then quenched for 2 h on a
rotator at RT using 400 uL of Ethanolamine (3M, pH 9.0). At the end of the 2 h, CD81-MBs
were collected and washed once with 400 pL of UP water followed by three consecutive
washes with 400 pL of Dulbecco’s phosphate buffer solution (DPBS). 200 puL of DPBS with
0.05% sodium azide was then used as a storage buffer and CD81-MBs were stored at 4 °C
until use.

2.3. Collection and Purification of Cell-Derived EXOs

Breast carcinoma cells MDA-MB-231, MCF7, and SKBR3 were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) (MDA-MB-231, MCF7) and RPMI 1640 medium (SKBR3)
supplemented with 10% FBS, 1% penicillin-streptomycin, 1% NEAA at 5% CO, and 37 °C.
Human breast normal cells MCF12A were cultured in DMEM: Nutrient Mixture F-12 with
5% fetal horse serum, 1% penicillin-streptomycin, 1% NEAA, 100 ng/mL cholera toxin,
0.5 mg/mL hydrocortisone, 10 ug/mL bovine insulin, and 20 ng/mL epidermal growth
factor. When cells reached a confluency of approximately 70%, the medium was exchanged
with serum-free medium and incubated for 48 h. Then, EXOs were isolated by differential
centrifugation, as described previously [33]. Briefly, the culture medium was collected and
centrifuged at 430 g for 10 min at RT. The supernatant was collected and centrifuged at
16,500 g for 30 min at 4 °C followed by 90 min centrifugation at 100,000x g at 4 °C. The
supernatant was discarded, and the pellet was redispersed in ice-cold sterile DPBS, filtered
with a 0.22 um polyethersulfone (PES) filter (Millipore Express), and centrifuged again at
100,000 g for 90 min at 4 °C. The final exosome pellet was resuspended in 1 mL of ice-cold
sterile DPBS and stored at —80 °C until use.

2.4. Source of EXOs from Patients and Human Donors

Plasma samples from human epidermal growth factor receptor 2 (HER2)-positive
breast cancer patients were obtained from BiolVT (Westbury, NY, USA). Whole blood
samples from different healthy donors were purchased Research Blood Components
(Watertown, MA, USA). To obtain plasma from whole blood samples, whole blood was
centrifuged at 2500 g for 15 min. The supernatant was collected and centrifuged again
to obtain the plasma. Both collected and purchased plasma samples were diluted with
sterile PBS and filtered with a 0.2 um PES syringe filter (VWR) before use. The plasma and
whole blood samples were not specifically collected for our research and we did not have
access to the identifying information of the subjects. Based on U.S. Department of Health &
Human Services regulations, our research is non-human subjects research.

2.5. Characterization of EXOs with Nanoparticle Tracking Analysis (NTA) and Scanning Electron
Microscopy (SEM)

Plasma and cell-derived EXOs were characterized with NTA using a Nanosight LM10
microscope (Malvern Instruments, Inc, Westborough, MA, USA) to determine the concen-
tration and size of EXOs. The samples were diluted to keep exosome concertation within
the range of 10° to 10° EXOs per mL in accordance with the manufacturer’s recommenda-
tions. All samples were analyzed in triplicate of 40 s videos with camera level set at 12 and
detection threshold set at 10. For SEM imaging, plasma exosomes from a HER2-positive
breast cancer patient were fixed with 2% glutaraldehyde for 1 h at RT. Exosomes were then
diluted with PBS and centrifuged at 100,000 x g for 2 h. The pellet was resuspended in
ultrapure water and a small amount (5 pL) was added onto a silicon chip and allowed to
dry under a fume hood for 5 h, followed by further drying in a desiccator for overnight.
Exosomes on the silica chip was coated with 2-3 nm gold film and then imaged with a
Nova NanoSEM650 field emission SEM. Images were taken with voltage of 15 kV and
magnification of 20,000 x.
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2.6. EXOs Capture and Fluorescent Detection

A total of 50 pL of EXOs at concentration of 1.0 x 10° /mL from breast cancer cells or
human plasma were added to 10 pL of CD81 antibody-conjugated MBs (1 mg/mL) and
mixed on a rotator for 1.5 h at RT. The MBs were then washed with DPBS and collected on
the 12-tube magnets. The beads were resuspended with 50 uL PBS containing 2 ug/mL of
target-specific antibodies. The mixture was mixed on a rotator for 2 h at RT and washed
twice with sterile DPBS and magnetic separation. At last, the beads were resuspended
with 50 uL of QD655 linked with secondary antibody (Invitrogen, 10 nM in BlockAid)
and incubated on a rotator for 1 h at RT. After four instances of washing with DPBS and
magnetic separation, the sample was resuspended in 50 pL. of DPBS and transferred into
a micro-quartz cuvette for fluorescence characterization. The fluorescence spectra were
measured using a HITACHI F-2710 Fluorescence Spectrophotometer, with an excitation
wavelength of 375.0 nm and emission from 600.0 to 700.0 nm. All the spectra were measured
with the same instrumentation parameters including scanning speed (300 nm/min) and
PMT voltage (400 V). A sample without a primary antibody was used as a negative control
for background subtraction.

2.7. Enzyme-Linked Immunosorbent Assay (ELISA)

A total of 50 uL of cell-derived EXOs (1.0 x 10°/mL) were added into a 96-well
polystyrene plate (Nunc MaxiSorp) and incubated at 4 °C overnight. Captured EXOs were
washed 3 times with DPBS, followed by blocking with 200 uL of 1% BSA at RT for 2 h.
EXOs were then washed three times with DPBS and treated sequentially with following
solutions: 50 pL of 2 pg/mL of target-specific antibodies (2 h, RT), 50 uL of anti-mouse
secondary antibody conjugated with horseradish peroxidase (HRP, 1:3400 dilution in 1%
BSA, 2 h, RT), and 100 uL of 3,3’,5,5-tetramethylbenzidine (TMB, 30 min, RT). Oxidation
of TMB was stopped with 100 pL of 2 M sulfuric acid (H,SOj4). Each step was followed
by three washes with DPBS containing 0.1% tween 20 (DPBST), and two with DPBS. The
optical density was measured at 450 nm using a BioTEK ELx800 microplate reader. DPBS
without primary antibody was used as the negative control.

2.8. Micro BCA Assay

To confirm successful conjugation of CD81 antibodies to MBs, the unreacted antibodies
were quantitatively measured using micro BCA assay. The assay was performed according
to the standard manufacturer protocol. Briefly, 150 uL of Working Reagent (WR, 25:24:1
MA:MB:MC) was added into each well, together with 150 uL of each standard in a range
from 0.0-1.0 ug/mL. The microplate was incubated at 37 °C for 2 h. Absorbance was
measured with BioTEK ELx800 microplate reader at 540 nm.

2.9. Statistical Analysis

Statistical analysis was performed to compare the expression levels of targeted proteins
on different cell lines and between cancer and healthy controls using analysis of variance
(ANOVA) with the post hoc Scheffe method. A p-value < 0.05 was considered significantly
different. The mean difference between different groups was considered to be significant if
the absolute value was greater than the minimum significant difference derived from the
Scheffe method. The diagnostic value of HER2 in breast cancer patients was evaluated by
receiver operation characteristic (ROC) curve analysis using R packages.

3. Results & Discussion
3.1. Design of the Methodology

Figure 1a shows the schematic design of exosomal surface marker detection using
QDs in conjunction with magnetic separation with immuno-MBs. The method involves
three straightforward steps: (1) capturing cell-derived or plasma EXOs with anti-CD81
antibody-conjugated MBs; (2) labeling surface cancer markers of interest on the captured
EXOs with specific primary antibodies; and (3) binding the secondary antibody-conjugated
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QD655 to the primary antibodies and detecting them using fluorescence spectroscopy. To
facilitate comparison between different samples, we use EXOs of the same concentration
(1.0 x 10°/mL). EXOs were pre-filtered with a 0.2 um filter to remove cell debris or other
impurities. Purity of exosomes were examined by NTA and SEM. NTA not only determines
the size distribution of exosomes, but also measure the concentration. SEM can further
examine the morphology of exosomes. Figure 1b shows the SEM of plasma EXOs from a
HER?2-positve breast cancer patient. The morphology (round shape) and size distribution
(lower than 200 nm) of the particles under SEM confirm that they are EXOs. We would like
to emphasize the EXOs we detected by QDs are much purer than those we characterized
by NTA and SEM. This is as we use MBs linked with CD81 antibodies to further purify
EXOs. Non-exosome vesicles, protein aggregates, and other cellular impurifies that were
in the size range of EXOs were thus eliminated. The MBs also enrich EXOs to improve

detection sensitivity.
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Figure 1. Schematic of the QD-based EXO assay (a), and characterization of EXOs (b), and QDs (c—e). EXOs were
captured from biofluids with MB via CD81 monoclonal antibodies. Targeted surface cancer marker was recognized with
primary antibody and then detected with secondary antibody-conjugated QD655. Signals were measured with fluorescence
spectroscopy to quantify the QDs and correspondingly the surface protein markers on EXOs. (b) SEM image of plasma
exosomes from a BC patient. (c) Absorption spectrum and (d) emission spectrum of IgG-QD655. (e) DLS characterization of
the hydrodynamic size of IgG-QD655 and MB.

To further improve detection sensitivity, we chose commercially available far red-
fluorescent QD655 (emission peak around 655 nm) (Figure 1c,d). This QD655 is one of
the brightest QDs, with quantum yield of 0.6. In particular, the size of QDs is small,
usually 2-10 nm. Even after conjugation with secondary antibody, the mean hydrodynamic
size is only approximately 12 nm (Figure 1e). For signal readout, a regular fluorescence
spectrometer is used to measure the exosome solution in a microliter cuvette (50 uL). This
capture, labeling, and detection method is extremely simple and easy to operate, practical
for use in research and clinic labs.
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3.2. Characterization of the Specificity and Sensitivity

Using MDA-MB-231 EXOs as the model, we examined the specificity of the QD-based
EXO assay. Figure 2a shows the fluorescence spectrum of EXOs targeting high expression
marker CD44 (olive), in comparison to three controls: EXOs targeting negative marker
EpCAM (blue), absence of CD44 primary antibody (red), and absence of both EXOs and
CD44 primary antibody (black). Figure 2b shows the intensity plot of Figure 2a.
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Figure 2. Examination of the specificity (a,b) and sensitivity (c,d) of the QD-based EXO assay. (a) Fluorescence spectra of
MDA-MB-231 EXOs treated under four different conditions. (b) Intensity plot of (a) using the fluorescence intensity at
655 nm. (c) Fluorescence spectra of SKBR3 EXOs targeting HER? at different concentrations. (d) Dose-response curve based
on data in (c) using the fluorescence intensity at 655 nm. Signals were background corrected using the signals without the
presence of HER2 primary antibody. Error bar is the standard deviation from triplicate experiments. Ab: antibody.

The results show that a strong fluorescence peak from QD655 was observed for EXOs
targeting CD44 whereas fluorescence signals from QD655 were not detected for the three
negative controls, suggesting the high specificity of our QD-based EXO assay. The three
controls gave similar background signals that were most likely due to the scattering of the
MBs and EXOs as well as instrumental noise.
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Using SKBR3 EXOs as the model, we examined the sensitivity of our assay using high
expression HER? as the protein marker. A series of dilutions of SKBR3 EXOs were made to
determine the limit of detection (LOD). Figure 2c shows a mean of fluorescence spectra
(n = 3) of different EXO concentrations and Figure 2d shows the dose-response curve of
data from the fluorescence peak at 655 nm. All data were background corrected using the
signals at 655 nm without the presence of a HER2 primary antibody. The results showed
that the intensity of QD655 fluorescence signals increased with the increase in the EXO
concentration. Signals reach saturation after 1.0 x 1010 EXOs/mL. The studies showed
that the LOD was 9.3 x 10® EXOs/mL. The concentration of exosomes in human plasma is
>10% /mL. Thus, our assay can detect exosomes at a concentration at least 107 times lower
than a typical concentration of exosomes in plasma. This sensitivity was achieved using an
excitation wavelength of 375 nm, scanning speed of 300 nm per min, and voltage at 400 V.
The limit of quantification (LOQ) was determined to be 4.7 x 107 EXOs/mL. The working
concertation for the rest of the studies was set to 1.0 x 10° EXOs/mL.

3.3. Validation with ELISA

To validate our assay for the detection of surface proteins on EXOs, we analyzed six
different surface markers on SKBR3 EXOs and compared the results with those using ELISA
(Figure 3). The six proteins were categorized into three different groups: epithelial marker
EpCAM, breast cancer markers HER2, CD24, and CD44, and exosome markers CD9 and
CD63. These markers have a varied expression on the SKBR3 cells, with high expression of
HER2, moderate to high EpCAM and CD24, and low expression of CD44 [47-49].

Figure 3a shows the mean fluorescence spectra of all the markers (n = 3) and Figure 3b
shows the expression profile of these markers on the SKBR3 EXOs based on the data
from Figure 3a. The results show that SKBR3 EXOs have a high expression HER2 marker,
moderate to high expression of CD9, CD63, CD24, and EpCAM, and very low expression of
CD44 marker. These results are consistent with our previous reports using a Raman-based
assay [33].

The measured expressions of the six markers on SKBR3 EXOs with ELISA were shown
in Figure 3¢c,d. ELISA was performed in an indirect mode, in which EXOs were adsorbed
onto a 96-well plate, labeled with primary antibodies, and detected with HRP-conjugated
secondary antibodies. Similar to our QD-based method, the ELISA results showed high
expression HER2, moderate to high expression of CD9, CD63, CD24, and EpCAM, and
very low expression of CD44. A side-by-side comparison (Figure 3d) shows a strong
correlation of the two methods, with a correlation coefficient of 0.972. Compared to ELISA,
our QD-based assay is much quicker, with a turnaround time of 4.5 h in contrast to 2 days
for ELISA.
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Figure 3. Comparison of QD-based assay and ELISA for the detection of exosome surface protein markers. (a) Fluorescence

spectra of targeted markers on the surface of SKBR3 EXOs using the QD-based method. (b) Protein expression profile based
on data in (a) at the mean intensity of 655 nm. (c) Protein expression profile of targeted surface markers on the surface
of SKBR3 EXOs determined using ELISA. (d) Comparison of QD-based assay with ELISA for measurement of protein
expressions on exosomes. Error bar is the standard deviation from triplicate experiments.

3.4. Detection of Different Protein Markers on EXOs Derived from Different Cell Lines

Using the QD-based assay, we compared the expression of four common breast cancer-
associated surface protein markers EpCAM, HER2, CD44, and CD24 on three breast cancer
cell lines, SKBR3, MDA-MB-231, and MCF7, and compared with those from a normal breast
cell line MCF12A. Flow cytometry shows distinct expression patterns of these markers
on these cell lines (Figure 4). SKBR3 is a HER2-positive breast cancer cell line. It also
has a strong expression of EpCAM and moderate expression of CD24. MDA-MB-231 is
a triple-negative metastatic breast cancer cell line. It is known to have extremely high
expression of CD44, but not CD24. The MCF cells have strong expression of EpCAM and
moderate expression of CD44 and CD24. The MCF12A normal cells have a weak expression
of EpCAM, HER2, CD44, and CD24.
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Figure 4. Flow cytometry analysis of different cell surface protein markers for MDA-MB-231 (a), SKBR3 (b), and MCF7 (c)
breast cancer cell lines and normal breast cell line MCF12A (d).

NTA characterization (Figure 5a—d) shows the size of EXOs derived from SKBR3,
MDA-MB-231, MCF7, and MCF12A was 167 + 80, 149 + 65, 145 + 45, and 138 + 71 nm,
respectively. Figure 5e—h shows fluorescence spectra of each marker on EXOs derived
from each cell line. Signals were corrected with the background, the fluorescence spectrum
without primary antibody. Figure 5i is a quantitative comparison of the background-
corrected fluorescence intensity at 655 nm. Figure 5j is a heatmap comparison using the
data from Figure 5i. Compared to the protein expression of these markers on cells (Figure 4),
it is clear that EXOs reflect the surface protein expression of their originating cells. For
example, CD44 is highly expressed on MDA-MB-231 EXOs. HER2 is highly expressed on
SKBR3 EXOs but it is negative on MDA-MB-231 EXOs and MCF12A normal exosomes. It
has a low expression on MCF7 exosomes. Expression of EpCAM follows a decreased order
of SKBR3, MCF7, MCF12A, and MDA-MB-231. The normal MCF12A EXOs are negative
for HER2, but have low expression of CD44 and CD24.
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Figure 5. Detection of surface protein markers on EXOs derived from different breast cancer cells (MDA-MB-231, MCF7, and
SKBR3) in comparison to normal cells (MCF12A). (a—d) Size distribution of EXOs measured with NTA. (e-h) Fluorescence
spectra of EXOs targeting different surface markers. (i) Comparison of protein marker expressions based on the fluorescence
mean intensity at 655 nm. The p-values among the four cell-lines for markers EpCAM, HER2, CD44, and CD24 are
23 x1078,6.2 x 10719,1.3 x 107, and 3.0 x 1079, respectively. (j) Heatmap comparison of protein expression based on
data in (i). Error bar is the standard deviation from triplicate experiments.

3.5. Detection of Breast Cancer Via Plasma EXOs

The clinical potential of our QD-based EXO method for cancer diagnostics was evalu-
ated using HER2-positive breast cancer as the disease model. HER2-positive BC is one of
the major BC subtypes. Identification of HER2 overexpression directs effective treatment
with trastuzumab. For proof-of-concept studies, we analyzed plasma from eight HER2-
positive breast cancer patients and eight healthy donors. All plasma samples in this study
were diluted with 1x PBS, and filtered through a 0.2 pm PES filter. No further purification
was performed. Figure 6 shows the size of plasma samples from all the human subjects.
The size of EXOs ranged from 107 &+ 35 to 189 £ 48 nm, without statistically significant
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Figure 6. Size distribution of EXOs in plasma from different HER2-positive breast cancer patients (Patient 1 to Patient 8)
and different healthy donors (Healthy 1 to Healthy 8) measured by NTA.

Figure 7a,b show the fluorescence spectrum of EXOs from patients (a) and healthy
controls (b). The results showed that six cancer patients (75%) showed fluorescence signals
from 0.5 to 2.4 while all eight healthy controls gave signals lower than 0.45. Statistical
analysis with ANOVA showed that the mean fluorescence intensity of HER2 expression on
the plasma EXOs from the cancer patients was significantly different from that of healthy
control, with a p-value of 6.44 x 102 (Figure 7c). The HER2 expression was approximately
five times higher than that of healthy control (1.24 + 0.74 for patient versus 0.25 & 0.12
for healthy control). Further ROC analysis with sensitivity and specificity showed that
exosomal HER? expression was a strong diagnostic marker for HER-positive patients, with
AUC = 0.96875. This is consistent with previous studies by our group using the Raman
method [33] and other groups using surface plasm resonance [50]. The studies showed our
QD-based exosome assay can detect breast cancer via HER2 detection and quantification

using plasma exosomes from patients.
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Figure 7. Detection of HER2-positive breast cancer using QD-based EXO assay. (a) Average fluorescence spectra from
triplicate experiments of HER2-targeted EXOs from each patient with HER2-positive breast cancer. (b) Average fluorescence
spectra from triplicate experiments of HER2-targeted EXOs from each healthy donor. (¢) Comparison of the exosomal HER2
expression between patient (1 = 8) and healthy control (n = 8). (d) Roc curve for detecting HER2-positive breast cancer by

QD-based EXO assay.

4. Conclusions

In conclusion, we have demonstrated that exosomal surface markers can be quantita-
tively detected using QDs in conjunction with magnetic separation with microbeads. In this
method, exosomes were captured and concentrated onto magnetic microbeads, followed
by recognition of targeted surface markers with primary antibody, and then detection with
secondary antibody-conjugated QDs. Using this QD-based method, we can specifically
and quantitatively detect different surface protein markers on exosomes from different
breast cancer cell lines. We can also differentiate cancer exosomes from normal exosomes
using cancer-associated surface protein markers. Using pilot clinical samples, we have
shown that HER2-positive breast cancer can be detected by analysis of HER2 expression
on plasma exosomes using QDs in conjunction with magnetic separation and enrichment.
Cancer patients show about five times higher HER2 expression than healthy donors. The
high AUC value (AUC = 0.96875) suggests exosomal HER2 as a strong diagnostic marker
for HER2-positive patients.

Compared to previous methods using QDs, our method is simple and rapid. Our
method follows a straightforward capture, labeling, and measurement methodology, re-
quiring only ~45 h total time. It does not require extensive pre-preparation of plasma
samples and sophisticated instrumentation. Detection was simply performed with bulk
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fluorescence measurement with a routine fluorescence spectrometer. The method is also
highly sensitive, with LOD of 9.3 x 10° EXOs/mL that is over 100 times lower than a typical
exosome concentration in plasma. Due to the advantages in simplicity, high sensitivity,
and widely accessible instrumentation, our method can be widely used in research and
clinical laboratory.

We would like to point out that our research results need to be further validated
with a larger cohort before clinical applications. However, we believe the sample size
in this study is sufficient for proof-of-concept studies. As demonstrated in Figure 7, a
post hoc analysis of the data had a power level >95%. Additionally, we would like to
point out that the throughput at the current stage is also limited. However, the method
can be adapted for simultaneous analysis of multiple samples using multi-well magnetic
microplates such as the EpiMag HT magnetic separator. For signal readout, a portable
fluorescence spectrometer may be used to measure samples directly in the microplates in
the absence of the magnets.

Author Contributions: Conceptualization, X.H.; methodology, X.H., R.O. and V.V,; software, X.H.;
validation, X.H. and V.V,; formal analysis, X.H., V.V,, CE.G. and Y.W.,; investigation, X.H.; resources,
X.H.; data curation, X.H., R.O. and V.V,; writing—original draft preparation, V.V.; writing—review
and editing, X.H.; visualization, X.H.; supervision, X.H.; project administration, X.H.; funding acqui-
sition, X.H. and Y.W. All authors have read and agreed to the published version of the manuscript.

Funding: This work was support by the National Institutes of Health/National Cancer Institute
(Grant no. 1R15CA238890-01A1).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We acknowledge Mitchell Lee Taylor for the help on the characterization of
exosomes with SEM imaging.

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

References

1.  Raposo, G.; Stoorvogel, W. Extracellular Vesicles: Exosomes, Microvesicles, and Friends. J. Cell Biol. 2013, 200, 373-383. [CrossRef]

2. Simpson, R].; Lim, JW.; Moritz, R.L.; Mathivanan, S. Exosomes: Proteomic Insights and Diagnostic Potential. Expert Rev. Proteom.
2009, 6, 267-283. [CrossRef]

3.  Choi, D.-S;; Lee, ].; Go, G.; Kim, Y.-K.; Gho, Y.S. Circulating Extracellular Vesicles in Cancer Diagnosis and Monitoring: An
Appraisal of Clinical Potential. Mol. Diagn. Ther. 2013, 17, 265-271. [CrossRef]

4. Soung, Y.; Ford, S.; Zhang, V.; Chung, J. Exosomes in Cancer Diagnostics. Cancers 2017, 9, 8. [CrossRef] [PubMed]

5. Kalishwaralal, K.; Kwon, W.Y.; Park, K.S. Exosomes for Non-Invasive Cancer Monitoring. Biotechnol. ]. 2019, 14, e1800430.
[CrossRef] [PubMed]

6. Kowal, J.; Tkach, M.; Théry, C. Biogenesis and Secretion of Exosomes. Curr. Opin. Cell Biol. 2014, 29, 116-125. [CrossRef]
[PubMed]

7. Théry, C.; Zitvogel, L.; Amigorena, S. Exosomes: Composition, Biogenesis and Function. Nat. Rev. Immunol. 2002, 2, 569-579.
[CrossRef] [PubMed]

8. Vlassov, A.V,; Magdaleno, S.; Setterquist, R.; Conrad, R. Exosomes: Current Knowledge of Their Composition, Biological
Functions, and Diagnostic and Therapeutic Potentials. Biochim. Biophys. Acta 2012, 1820, 940-948. [CrossRef]

9.  D’Souza-Schorey, C.; Di Vizio, D. Biology and Proteomics of Extracellular Vesicles: Harnessing Their Clinical Potential. Expert
Rev. Proteom. 2014, 11, 251-253. [CrossRef] [PubMed]

10. Mashouri, L.; Yousefi, H.; Aref, A.R.; Mohammad Ahadi, A.; Molaei, F; Alahari, S.K. Exosomes: Composition, Biogenesis, and
Mechanisms in Cancer Metastasis and Drug Resistance. Mol. Cancer 2019, 18, 75. [CrossRef]

11. Kalluri, R. The Biology and Function of Exosomes in Cancer. J. Clin. Investig. 2016, 126, 1208-1215. [CrossRef] [PubMed]

12.  van Niel, G.; Porto-Carreiro, I.; Simoes, S.; Raposo, G. Exosomes: A Common Pathway for a Specialized Function. J. Biochem.
(Tokyo) 2006, 140, 13-21. [CrossRef]

13. Stoorvogel, W.; Kleijmeer, M.].; Geuze, H.].; Raposo, G. The Biogenesis and Functions of Exosomes. Traffic Cph. Den. 2002, 3,
321-330. [CrossRef] [PubMed]

14. Kalluri, R.; LeBleu, V.S. The Biology, Function, and Biomedical Applications of Exosomes. Science 2020, 367. [CrossRef] [PubMed]

15. Sareyeldin, R.M.; Gupta, I.; Al-Hashimi, I.; Al-Thawadi, H.A.; Al Farsi, H.F; Vranic, S.; Al Moustafa, A.-E. Gene Expression and

MiRNAs Profiling: Function and Regulation in Human Epidermal Growth Factor Receptor 2 (HER2)-Positive Breast Cancer.
Cancers 2019, 11, 646. [CrossRef] [PubMed]


http://doi.org/10.1083/jcb.201211138
http://doi.org/10.1586/epr.09.17
http://doi.org/10.1007/s40291-013-0042-7
http://doi.org/10.3390/cancers9010008
http://www.ncbi.nlm.nih.gov/pubmed/28085080
http://doi.org/10.1002/biot.201800430
http://www.ncbi.nlm.nih.gov/pubmed/30358137
http://doi.org/10.1016/j.ceb.2014.05.004
http://www.ncbi.nlm.nih.gov/pubmed/24959705
http://doi.org/10.1038/nri855
http://www.ncbi.nlm.nih.gov/pubmed/12154376
http://doi.org/10.1016/j.bbagen.2012.03.017
http://doi.org/10.1586/14789450.2014.874290
http://www.ncbi.nlm.nih.gov/pubmed/24476411
http://doi.org/10.1186/s12943-019-0991-5
http://doi.org/10.1172/JCI81135
http://www.ncbi.nlm.nih.gov/pubmed/27035812
http://doi.org/10.1093/jb/mvj128
http://doi.org/10.1034/j.1600-0854.2002.30502.x
http://www.ncbi.nlm.nih.gov/pubmed/11967126
http://doi.org/10.1126/science.aau6977
http://www.ncbi.nlm.nih.gov/pubmed/32029601
http://doi.org/10.3390/cancers11050646
http://www.ncbi.nlm.nih.gov/pubmed/31083383

Nanomaterials 2021, 11, 1853 14 of 15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Wolff, A.C.; Hammond, M.E.H.; Allison, K.H.; Harvey, B.E.; Mangu, P.B.; Bartlett, ].M.S.; Bilous, M.; Ellis, 1.O.; Fitzgibbons,
P; Hanna, W.; et al. Human Epidermal Growth Factor Receptor 2 Testing in Breast Cancer: American Society of Clinical
Oncology/College of American Pathologists Clinical Practice Guideline Focused Update. J. Clin. Oncol. 2018, 36, 2105-2122.
[CrossRef] [PubMed]

Freitas, M.; Nouws, H.P.A.; Keating, E.; Fernandes, V.C.; Delerue-Matos, C. Inmunomagnetic Bead-Based Bioassay for the
Voltammetric Analysis of the Breast Cancer Biomarker HER2-ECD and Tumour Cells Using Quantum Dots as Detection Labels.
Microchim. Acta 2020, 187, 184. [CrossRef]

Perrier, A.; Gligorov, J.; Lefévre, G.; Boissan, M. The Extracellular Domain of Her2 in Serum as a Biomarker of Breast Cancer. Lab.
Investig. J. Tech. Methods Pathol. 2018, 98, 696-707. [CrossRef]

Pisitkun, T; Shen, R.-F.; Knepper, M. A. Identification and Proteomic Profiling of Exosomes in Human Urine. Proc. Natl. Acad. Sci.
USA 2004, 101, 13368-13373. [CrossRef]

Runz, S.; Keller, S.; Rupp, C.; Stoeck, A.; Issa, Y.; Koensgen, D.; Mustea, A.; Sehouli, J.; Kristiansen, G.; Altevogt, P. Malignant
Ascites-Derived Exosomes of Ovarian Carcinoma Patients Contain CD24 and EpCAM. Gynecol. Oncol. 2007, 107, 563-571.
[CrossRef]

Sauter, E. Exosomes in Blood and Cancer. Transl. Cancer Res. 2017, 6, S1316-51320. [CrossRef]

Whitehead, C.A.; Luwor, R.B.; Morokoff, A.P.; Kaye, A.H.; Stylli, S.S. Cancer Exosomes in Cerebrospinal Fluid. Transl. Cancer Res.
2017, 6. [CrossRef]

Nair, S.; Tang, K.D.; Kenny, L.; Punyadeera, C. Salivary Exosomes as Potential Biomarkers in Cancer. Oral Oncol. 2018, 84, 31-40.
[CrossRef] [PubMed]

Boukouris, S.; Mathivanan, S. Exosomes in Bodily Fluids Are a Highly Stable Resource of Disease Biomarkers. Proteom. Clin.
Appl. 2015, 9, 358-367. [CrossRef]

Chen, I.-H.; Xue, L.; Hsu, C.-C.; Paez, ].S.P; Pan, L.; Andaluz, H.; Wendt, M.K; Iliuk, A.B.; Zhu, ].-K.; Tao, W.A. Phosphoproteins
in Extracellular Vesicles as Candidate Markers for Breast Cancer. Proc. Natl. Acad. Sci. USA 2017, 114, 3175-3180. [CrossRef]
Halvaei, S.; Daryani, S.; Eslami-S, Z.; Samadi, T.; Jafarbeik-Iravani, N.; Bakhshayesh, T.O.; Majidzadeh-A, K.; Esmaeili, R.
Exosomes in Cancer Liquid Biopsy: A Focus on Breast Cancer. Mol. Ther. Nucleic Acids 2018, 10, 131-141. [CrossRef]

Alderton, G.K. Fishing for Exosomes. Nat. Rev. Cancer 2015, 15, 453. [CrossRef]

Zhou, B; Xu, K,; Zheng, X.; Chen, T.; Wang, J.; Song, Y.; Shao, Y.; Zheng, S. Application of Exosomes as Liquid Biopsy in Clinical
Diagnosis. Signal Transduct. Target. Ther. 2020, 5, 144. [CrossRef] [PubMed]

Makler, A.; Asghar, W. Exosomal Biomarkers for Cancer Diagnosis and Patient Monitoring. Expert Rev. Mol. Diagn. 2020, 20,
387-400. [CrossRef]

Li, A.; Zhang, T.; Zheng, M.; Liu, Y.; Chen, Z. Exosomal Proteins as Potential Markers of Tumor Diagnosis. |. Hematol. Oncol. 2017,
10, 175. [CrossRef]

Jalalian, S.H.; Ramezani, M.; Jalalian, S.A.; Abnous, K.; Taghdisi, S.M. Exosomes, New Biomarkers in Early Cancer Detection.
Anal. Biochem. 2019, 571, 1-13. [CrossRef] [PubMed]

Liang, K.; Liu, F; Fan, J.; Sun, D.; Liu, C.; Lyon, C.J.; Bernard, D.W.; Li, Y.; Yokoi, K.; Katz, M.H.; et al. Nanoplasmonic
Quantification of Tumour-Derived Extracellular Vesicles in Plasma Microsamples for Diagnosis and Treatment Monitoring. Nat.
Biomed. Eng. 2017, 1, 1-11. [CrossRef] [PubMed]

Kwizera, E.A.; O’Connor, R.; Vinduska, V.; Williams, M.; Butch, E.R.; Snyder, S.E.; Chen, X.; Huang, X. Molecular Detection and
Analysis of Exosomes Using Surface-Enhanced Raman Scattering Gold Nanorods and a Miniaturized Device. Theranostics 2018, 8,
2722-2738. [CrossRef]

Kairdolf, B.A.; Smith, A.M.; Stokes, T.H.; Wang, M.D.; Young, A.N.; Nie, S. Semiconductor Quantum Dots for Bioimaging and
Biodiagnostic Applications. Annu. Rev. Anal. Chem. Palo Alto Calif. 2013, 6, 143-162. [CrossRef]

Panagopoulou, M.S.; Wark, A.W.; Birch, D.].S.; Gregory, C.D. Phenotypic Analysis of Extracellular Vesicles: A Review on the
Applications of Fluorescence. |. Extracell. Vesicles 2020, 9, 1710020. [CrossRef]

Boriachek, K.; Islam, M.N.; Gopalan, V.; Lam, A.K.; Nguyen, N.-T.; Shiddiky, M.].A. Quantum Dot-Based Sensitive Detection of
Disease Specific Exosome in Serum. Analyst 2017, 142, 2211-2219. [CrossRef]

Madhankumar, A.B.; Mrowczynski, O.D.; Patel, S.R.; Weston, C.L.; Zacharia, B.E.; Glantz, M.].; Siedlecki, C.A.; Xu, L.-C.; Connor,
J.R. Interleukin-13 Conjugated Quantum Dots for Identification of Glioma Initiating Cells and Their Extracellular Vesicles. Acta
Biomater. 2017, 58, 205-213. [CrossRef]

Dobhal, G.; Ayupova, D.; Laufersky, G.; Ayed, Z.; Nann, T.; Goreham, R.V. Cadmium-Free Quantum Dots as Fluorescent Labels
for Exosomes. Sensors 2018, 18, 3308. [CrossRef] [PubMed]

Bai, Y;; Lu, Y.; Wang, K.; Cheng, Z.; Qu, Y.; Qiu, S.; Zhou, L.; Wu, Z,; Liu, H.; Zhao, ].; et al. Rapid Isolation and Multiplexed
Detection of Exosome Tumor Markers Via Queued Beads Combined with Quantum Dots in a Microarray. Nano-Micro Lett. 2019,
11, 59. [CrossRef] [PubMed]

Rodrigues, M.; Richards, N.; Ning, B.; Lyon, C.J.; Hu, T.Y. Rapid Lipid-Based Approach for Normalization of Quantum-Dot-
Detected Biomarker Expression on Extracellular Vesicles in Complex Biological Samples. Nano Lett. 2019, 19, 7623-7631.
[CrossRef]

Zhang, M.; Vojtech, L.; Ye, Z.; Hladik, F.; Nance, E. Quantum Dot Labeling and Visualization of Extracellular Vesicles. ACS Appl.
Nano Mater. 2020, 3, 7211-7222. [CrossRef]


http://doi.org/10.1200/JCO.2018.77.8738
http://www.ncbi.nlm.nih.gov/pubmed/29846122
http://doi.org/10.1007/s00604-020-4156-4
http://doi.org/10.1038/s41374-018-0033-8
http://doi.org/10.1073/pnas.0403453101
http://doi.org/10.1016/j.ygyno.2007.08.064
http://doi.org/10.21037/tcr.2017.08.13
http://doi.org/10.21037/tcr.2017.08.31
http://doi.org/10.1016/j.oraloncology.2018.07.001
http://www.ncbi.nlm.nih.gov/pubmed/30115473
http://doi.org/10.1002/prca.201400114
http://doi.org/10.1073/pnas.1618088114
http://doi.org/10.1016/j.omtn.2017.11.014
http://doi.org/10.1038/nrc3990
http://doi.org/10.1038/s41392-020-00258-9
http://www.ncbi.nlm.nih.gov/pubmed/32747657
http://doi.org/10.1080/14737159.2020.1731308
http://doi.org/10.1186/s13045-017-0542-8
http://doi.org/10.1016/j.ab.2019.02.013
http://www.ncbi.nlm.nih.gov/pubmed/30776327
http://doi.org/10.1038/s41551-016-0021
http://www.ncbi.nlm.nih.gov/pubmed/28791195
http://doi.org/10.7150/thno.21358
http://doi.org/10.1146/annurev-anchem-060908-155136
http://doi.org/10.1080/20013078.2019.1710020
http://doi.org/10.1039/C7AN00672A
http://doi.org/10.1016/j.actbio.2017.06.002
http://doi.org/10.3390/s18103308
http://www.ncbi.nlm.nih.gov/pubmed/30279349
http://doi.org/10.1007/s40820-019-0285-x
http://www.ncbi.nlm.nih.gov/pubmed/34137993
http://doi.org/10.1021/acs.nanolett.9b02232
http://doi.org/10.1021/acsanm.0c01553

Nanomaterials 2021, 11, 1853 15 of 15

42.

43.

44.

45.

46.

47.

48.

49.

50.

Wu, M.; Chen, Z,; Xie, Q.; Xiao, B.; Zhou, G.; Chen, G.; Bian, Z. One-Step Quantification of Salivary Exosomes Based on Combined
Aptamer Recognition and Quantum Dot Signal Amplification. Biosens. Bioelectron. 2021, 171, 112733. [CrossRef] [PubMed]
Kim, H.-M,; Oh, C,; An, J.; Baek, S.; Bock, S.; Kim, J.; Jung, H.-S.; Song, H.; Kim, ]-W.; Jo, A.; et al. Multi-Quantum Dots-Embedded
Silica-Encapsulated Nanoparticle-Based Lateral Flow Assay for Highly Sensitive Exosome Detection. Nanomaterials 2021, 11, 768.
[CrossRef] [PubMed]

Kowal, J.; Arras, G.; Colombo, M.; Jouve, M.; Morath, J.P.; Primdal-Bengtson, B.; Dingli, F.; Loew, D.; Tkach, M.; Théry, C.
Proteomic Comparison Defines Novel Markers to Characterize Heterogeneous Populations of Extracellular Vesicle Subtypes.
Proc. Natl. Acad. Sci. USA 2016, 113, E968-E977. [CrossRef]

Tomlinson, M.G. Platelet Tetraspanins: Small but Interesting. J. Thromb. Haemost. JTH 2009, 7, 2070-2073. [CrossRef]

Yoshioka, Y.; Konishi, Y.; Kosaka, N.; Katsuda, T.; Kato, T.; Ochiya, T. Comparative Marker Analysis of Extracellular Vesicles in
Different Human Cancer Types. J. Extracell. Vesicles 2013, 2. [CrossRef] [PubMed]

Sheridan, C.; Kishimoto, H.; Fuchs, R.K.; Mehrotra, S.; Bhat-Nakshatri, P.; Turner, C.H.; Goulet, R.; Badve, S.; Nakshatri, H.
CD44+/CD24- Breast Cancer Cells Exhibit Enhanced Invasive Properties: An Early Step Necessary for Metastasis. Breast Cancer
Res. BCR 2006, 8, R59. [CrossRef]

Subik, K.; Lee, J.-F,; Baxter, L.; Strzepek, T.; Costello, D.; Crowley, P; Xing, L.; Hung, M.-C.; Bonfiglio, T.; Hicks, D.G.; et al. The
Expression Patterns of ER, PR, HER2, CK5/6, EGFR, Ki-67 and AR by Immunohistochemical Analysis in Breast Cancer Cell Lines.
Breast Cancer Basic Clin. Res. 2010, 4, 35-41. [CrossRef]

Soysal, S.D.; Muenst, S.; Barbie, T.; Fleming, T.; Gao, F.; Spizzo, G.; Oertli, D.; Viehl, C.T.; Obermann, E.C.; Gillanders, W.E.
EpCAM Expression Varies Significantly and Is Differentially Associated with Prognosis in the Luminal B HER2(+), Basal-like,
and HER? Intrinsic Subtypes of Breast Cancer. Br. J. Cancer 2013, 108, 1480-1487. [CrossRef]

Sina, A.A.L; Vaidyanathan, R.; Dey, S.; Carrascosa, L.G.; Shiddiky, M.].A.; Trau, M. Real Time and Label Free Profiling of Clinically
Relevant Exosomes. Sci. Rep. 2016, 6, 30460. [CrossRef]


http://doi.org/10.1016/j.bios.2020.112733
http://www.ncbi.nlm.nih.gov/pubmed/33096430
http://doi.org/10.3390/nano11030768
http://www.ncbi.nlm.nih.gov/pubmed/33803623
http://doi.org/10.1073/pnas.1521230113
http://doi.org/10.1111/j.1538-7836.2009.03613.x
http://doi.org/10.3402/jev.v2i0.20424
http://www.ncbi.nlm.nih.gov/pubmed/24009892
http://doi.org/10.1186/bcr1610
http://doi.org/10.1177/117822341000400004
http://doi.org/10.1038/bjc.2013.80
http://doi.org/10.1038/srep30460

	Introduction 
	Materials and Methods 
	Materials 
	Conjugation of Capture Antibody to MB 
	Collection and Purification of Cell-Derived EXOs 
	Source of EXOs from Patients and Human Donors 
	Characterization of EXOs with Nanoparticle Tracking Analysis (NTA) and Scanning Electron Microscopy (SEM) 
	EXOs Capture and Fluorescent Detection 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Micro BCA Assay 
	Statistical Analysis 

	Results & Discussion 
	Design of the Methodology 
	Characterization of the Specificity and Sensitivity 
	Validation with ELISA 
	Detection of Different Protein Markers on EXOs Derived from Different Cell Lines 
	Detection of Breast Cancer Via Plasma EXOs 

	Conclusions 
	References

