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Abstract: Extracellular Vesicles (EVs) gained significant interest within the last decade as a new source
of biomarkers for the early detection of diseases and a promising tool for therapeutic applications.
In this work, we present Extracellular Vesicles Quantitative Capillary Electrophoresis (EVqCE)
to measure an average mass of RNA in EVs, determine EV concentrations and the degree of EV
degradation after sample handling. We used EVqCE to analyze EVs isolated from conditioned
media of three cancer cell lines. EVqCE employs capillary zone electrophoresis with laser-induced
fluorescent detection to separate intact EVs from free nucleic acids. After lysis of EVs with a detergent,
the encapsulated nucleic acids are released. Therefore, the initial concentration of intact EVs is
calculated based on a nucleic acid peak gain. EVqCE works in a dynamic range of EV concentrations
from 108 to 1010 particles/mL. The quantification process can be completed in less than one hour
and requires minimum optimization. Furthermore, the average mass of RNA was found to be in
the range of 200–400 ag per particle, noting that more aggressive cancer cells have less RNA in
EVs (200 ag per particle) than non-aggressive cancer cells (350 ag per particle). EVqCE works well
for the degradation analysis of EVs. Sonication for 10 min at 40 kHz caused 85% degradation of
EVs, 10 freeze-thaw cycles (from −80 ◦C to 22 ◦C) produced 40%, 14-day storage at 4 ◦C made 32%,
and vortexing for 5 min caused 5% degradation. Presently, EVqCE cannot separate and distinguish
individual EV populations (exosomes, microvesicles, apoptotic bodies) from each other. Still, it is
tolerant to the presence of non-EV particles, protein-lipid complexes, and protein aggregates.

Keywords: Extracellular Vesicles; exosomes; capillary electrophoresis; nucleic acids; cancer cells;
quantitation; the degree of degradation; MDA-MB-231; NCIH1975; CCL-119

1. Introduction

Extracellular Vesicles (EVs) are biological particles released from various cells and
found in large numbers in the body fluid, including blood, saliva, amniotic fluid, and urine.
Most EVs consist of different molecules like proteins and nucleic acids (mRNA, miRNA,
DNA), delimited by a phospholipid bilayer. EVs have a diameter range from 50–1000 nm,
which can be distinguished as three broad classes, including exosomes (50–150 nm, origi-
nating from the endosomal pathway) and microvesicles (100–1000 nm, released from the
plasma membrane) and apoptotic bodies (>1000 nm, budded during cell death) [1–4]. In
practice, it is difficult to isolate different sub-categories of EVs since the collected samples
contain heterogeneous EV populations. The significant overlap in size, similarities in
composition, and lack of specific surface biomarkers have made their classification an
extremely challenging experimental task [5].

EVs are increasingly recognized as important diagnostic and therapeutic entities. The
understanding of EVs is correlated with the analysis of their physicochemical properties
and concentrations. Therefore, accurate quantitative analysis of EVs and their contents
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is considered an essential and challenging topic [6–11]. EV quantification has proven
technically challenging due to their small size and heterogeneity in size and composition.
Generally, the current quantification of EVs can be classified into two categories. First, some
methods quantify total biomolecular content (proteins, RNAs, lipids) [6,12] or counting the
number of vesicles carrying particular EV biomarkers such as surface proteins or internal
miRNAs [13,14]. In the second category, there are methods based on counting particles by
their physical properties, e.g., size [15,16].

EV concentration is usually determined by measuring total protein concentration
in EV-enriched samples using Bradford, Lowry, and bicinchoninic acid assays due to
their convenience and sensitivity [17,18]. The quantification of a specific subset of EVs
based on a membrane marker using immuno-recognition approaches is carried out by
enzyme-linked immunosorbent assay (ELISA), surface plasmon resonance (SPR), and flow
cytometry [19–21]. The determination of other biomolecular content such as RNAs or lipids
is not typical for the quantification of EVs.

Another type of EV detection is based on direct particle counting. Nanoparticle track-
ing analysis (NTA) is the most commonly used technique to determine the size distribution
and the concentration of EVs in solution [22–26]. Nevertheless, difficulties arise from NTA
being a label-free technique whereby vesicles present in complex biological suspensions
may be diverse and hard to distinguish from other types of particles like protein aggre-
gates [26,27]. Also, considering the small size of EVs typically below the diffraction limit
of visible light, small EVs cannot be resolved by standard optical microscopy. Like NTA,
dynamic light scattering (DLS) determines the sizes and measures the concentration of EVs.

Recently, CE methods were developed for the detection and quantification of EVs.
Takanori et al. conducted the determination by a microcapillary electrophoresis chip and a
laser dark-field microscope with a camera [28]. This system enabled the sensitive imaging of
individual EVs by light scattering. The concentration of EVs was found by counting bright
spots. Marco et al. introduced a CE separation method with laser-induced fluorescent
detection (CE-LIF) to quantify EVs [29]. The proteins were labeled by carboxyfluorescein
diacetate succinimidyl ester (CFDA-SE) inside EVs, and the total fluorescent signal from
EVs was measured to determine the concentration of EVs. Several EV subpopulations were
separated using their different electrophoretic mobilities. Similarly, Yumeki et al. described
an indirect CE-LIF method for semi-quantitation of EVs based on the immunological
reaction between membrane protein and fluorescent antibody [30]. None of the methods
could discriminate EVs from non-EV particles, protein-lipid complexes, protein aggregates
and measure a degradation level of EVs.

In this work, we extended our previously developed method, viral quantitative
capillary electrophoresis (Viral qCE), [31,32] for separation of intact EVs from impurities,
for measuring RNA amount per EV, concentrations of EVs, and their degradation levels
after isolations from cancer cells.

2. Materials and Methods
2.1. Chemicals and Materials

Sodium borate decahydrate (catalog no. SX0355-1, EMD Chemicals, Kankakee, IL,
USA); YOYO-1 Iodide (catalog no. N7565, Invitrogen, Rockford, IL, USA); yeast RNA
(catalog no. 55714, Calbiochem, San Diego, CA, USA); sodium dodecyl sulfate (cata-
log no. BP166-500, Fisher Scientific, Shanghai, China); RNase A (catalog no. 21210,
Affymetrix, USA); FM 5-95 (N-(3-Trimethylammoniumpropyl)-4-(6-(Diethylamino)phenyl)
hexatrienyl) Pyridinium Dibromide), (catalog no. T23360); fluorescent latex beads (cat.no.
1493, ApogeeMix, Hemel Hempstead, UK), bare silica capillary with O.D. 362.0 µm and
I.D. 75.3 µm (catalog. no. TSP075375, Phoenix, AZ, USA). All buffers and samples were
prepared from nuclease-free de-ionized water using a Synergy UV system supplied with a
13 kDa cut-off, BioPak Point-of-Use ultrafilter (Millipore, MA, USA).

Anti-Human CD9 PE (catalog no. 353008) and anti-Human CD63 APC (catalog no.
0S32703) characterized EVs in flow cytometry. The cancer cell lines, breast cancer (MDA-
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MB-231), lung adenocarcinoma cell line (NCI-H1975), and T lymphoblast cell lines (CCL-
119) were purchased from ATCC (USA). Dulbecco’s phosphate-buffered saline (catalog
no. D8537, Sigma, Gillingham, UK), Dulbecco’s modified eagle’s medium-high glucose
(catalog no. D5796, Sigma Gillingham, UK), RPMI-1640 medium (catalog no. R8758, Sigma,
Gillingham, UK), fetal bovine serum (FBS, catalog no. 17D192, Sigma, Gillingham, UK),
penicillin and streptomycin (10,000 U/mL, catalog no. 15140-122, Gibco, Grand Island, NY,
USA) were used in cell culturing.

To prepare EV-depleted FBS, 50 mL of FBS was ultracentrifuge at 100,000× g for 17 h
in the SW28 swinging bucket rotor (Beckman Coulter, Brea, CA, USA). After centrifuga-
tion, the supernatants were collected slowly into a separate tube and stored at 4 ◦C for
further use.

2.2. Isolation of EVs

MDA-MB-231 cells were grown in DMEM medium, while both NCIH-1975 cells
and CCL-119 cells were cultured in RPMI-1640 medium, at 37 ◦C in 5% CO2/air. Above
mentioned media were supplemented with 10% EV-depleted FBS and 1% of penicillin
and streptomycin antibiotics. MDA-MB-231, NCIH1975, and CCL-119 cells were cultured
individually from 48 h to 72 h or up to 70–80% confluency before the harvesting of EVs.

The method of EV collection from cancer cell-conditioned media involved a series of
centrifugations, which sequentially increased the speed and time and thus pelleted the
smaller particles. To harvest the EVs from cancer cells, a conditioned medium harvested
from the cultured cells was centrifuged at 300× g for 10 min to remove cell debris and
large protein complexes. The pellet was discarded, then the supernatant was collected.
Subsequent ultracentrifugation with 2000× g for 30 min was performed to remove large
EVs and apoptotic bodies. The pellet was discarded, and the supernatant was further
subjected to ultracentrifugation at 100,000× g for 3 h at 4 ◦C using the SW28 Ti rotor
(Beckman Coulter, Brea, CA, USA). The pellet was collected and resuspended with 1 mL of
PBS and stored at 4 ◦C until further use. The schematic of EVs isolation and enrichment
procedure is presented in Figure S1.

2.3. Nanoparticle Tracking Analysis (NTA)

The ZetaView nanoparticle tracking system PMX-110 (Particle Metrix, Meerbusch,
Germany) was used to characterize the harvested EVs. The particle concentration and the
size distribution confirmed the presence of EVs isolated from the cell culture-conditioned
media. Polystyrene beads of 102 nm in size (Microtrac 900383) were used as an external
control before each experiment. The EVs were diluted in 1× PBS to achieve a concentration
within the 105–107 particles/mL range for optimal analysis.

2.4. Flow Cytometry

Beckman Coulter MoFlo Astrios EQ was used for EV detection. The buffers were
filtered by 3 kDa (Amicon® Ultra-15 Centrifugal Filter Units) to reduce backgrounds.

For characterization and quantification in Table 1, EVs were subsequently incubated
in the dark for 20 min with two antibodies, i.e., anti-human CD9 PE and anti-human
CD63 APC. The control samples included the unstained EVs and pure buffer samples.
For quantification in CE experiments, EVs were subsequently incubated in the dark for
20 min with two dyes: YOYO-1 and FM 5–95 (1 µM). Control samples included unstained
EVs samples and pure buffer samples. All the data obtained from flow cytometry were
analyzed using the Kaluza analysis software.
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Table 1. Quantification of EVs performed by EVqCE, NTA, and flow cytometry.

Quantification Method
(Particles/mL) MBA-MB-231 NCl-H1975 CCL-119

EVqCE (5.1 ± 0.2) × 109 (1.4 ± 0.1) × 109 (1.3 ± 0.4) × 109

NTA (4.9 ± 0.1) × 109 (2.3 ± 0.2) × 109 (2.6 ± 0.3)× 109

Flow cytometry (1.7 ± 0.3) × 109 (3.6 ± 0.7) × 108 (6.0 ± 0.8)× 108

To find the flow rate in flow cytometry, control nanobeads of 110 nm were co-injected
with EVs. The average flow rate (µL/s) was determined for a total of 71555 particles under
0.3 psi within 120 seconds and was found to be equal to 4.125 × 10−3 µL/s. This value is
regarded as the average flow rate of EV samples during injection.

2.5. EV Staining and Lysis

EVs were stained with YOYO-1 dye to perform further quantification experiments.
For staining, EVs were incubated with 2 µM of YOYO-1 for 30 min at RT according to the
manufacturer’s protocol. Yeast RNAs were stained with 2 µM of YOYO-1 for 30 min at RT
and used as standard RNA for the calibration curve. Chemical lysis of EVs was performed
using 0.1% SDS. Ribonuclease A (RNAse A) 378 µg/mL was used to eliminate the free
form RNA from EVs. The optimization of detergents was described in supplementary
materials.

2.6. Calibration Curve

A calibration curve of standard RNA was built to determine the RNA amount in EVs.
The standard RNA was diluted into a concentration between 1.5 × 10−2 to 1.0 × 105 ng/mL.
A solution of 2 µM of YOYO-1 was used for RNA staining. Three technical replicates from
each concentration were tested and described in supplementary materials.

2.7. Capillary Electrophoresis

A ProteomeLab PA 800 system (Beckman Coulter, CA, USA) was used to perform
all CE-LIF. Fluorophores were excited using a 488 nm solid-state laser (Beckman Coulter,
CA, USA), in which fluorescence was detected using a 520 ± 10 nm filter. The data were
acquired and analyzed using 32 Karat Software version 8.0 (Beckman Coulter, CA, USA).
The electrophoresis was performed using a fused silica capillary with a total length of
59.1 cm and an effective length of 49.0 cm from the injection point to the detection window.
For electrokinetic separation experiments, a plug of 50 nL sample was injected into the
capillary by applying a pressure pulse of 1.0 psi for 5 seconds. The analytes in the sample
were separated by applying 25.1 kV voltage along the capillary resulting in an electric
field of 424 V/cm. To determine the total fluorescence of samples, a continuous plug was
pushed through the capillary by applying 1.5 psi pressure for 10 minutes. The capillary
was maintained at a temperature of 15 ◦C at all times. The background electrolyte (BGE)
for all separation experiments was 25 mM Borax buffer. Before each run, the capillary was
rinsed by applying 20.0 psi of 0.1 M HCl, 0.1 M NaOH, and dH2O for 2 min each and
25 mM Borax buffer for 4 min. The buffer and rinsing solutions were passed through a
0.2 µm filter before use.

2.8. EV Degradation Conditions

EVs were exposed to the following conditions to determine the amount of degradation.
Vortexing: 50 µL of EVs were continuously vortexed for 5 minutes at 2000 rpm using an
analog vortex mixer (VWR, Bohemia, NY, USA). Sonication: 50 µL of EVs were placed in
a Branson Ultrasonic Cleaner (Model 3510, Branson Ultrasonics Corporation, USA) for
10 min at room temperature. Freeze-thaw cycles: 50 µL of EVs were exposed to 10 freeze-
thaw cycles. This was performed by freezing the samples at −80 ◦C for 30 seconds and
then allowing them to thaw at room temperature for 2.5 min completely. Three technical
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replicates from each concentration were tested and described in supplementary materials.
The optimization of degradation conditions was described in supplementary materials.

3. Result and Discussion
3.1. Characterization of EVs by NTA and Flow Cytometry

To confirm the presence of EVs in cancer cell-conditioned media, NTA and flow
cytometry were used. NTA provides counts and sizes of particles by measuring their
Brownian motion in solution. The EV samples isolated from MDA-MB-231, NCI-H1975,
CCL-119 cells showed different size distribution with maximums at 105.8 nm, 174.3 nm,
and 136.2 nm, respectively (Figure S2). The corresponding concentrations of EVs were
equal to 2.3 × 109, 2.6 × 109, 4.4 × 109, particle/mL, respectively.

In the flow cytometry analysis, anti-CD63 APC antibody and anti-CD9 PE antibody
were used to mark the positive subpopulation of EVs. CD63 and CD9 are enriched in certain
EV types and populations [33]. We found that from 20 to 45% of all detected particles in
the cancer cell-conditioned media were stained with both antibodies (Figure S3).

3.2. Separation of EVs by CE

EVqCE relies on different mobilities of negatively charged free nucleic acids (NAs)
and intact EV particles in a gel-free background electrolyte. The general scheme of the
method is depicted in Figure 1 and can be summarized as follows.

Figure 1. Schematic representation of EVqCE analysis. (A) A mixture of intact EVs with encapsulated
nucleic acid and the free nucleic acid is stained with YOYO-1 (green stars) and injected into the
capillary as a short plug. The electric field was applied (E > 0 V/cm), EVs, and the free nucleic acid
are separated into two fractions depending upon their mobility. (B) After lysis by SDS, the peak
representing the EV fraction disappeared, and the free nucleic acid peak increase.

After the ultracentrifugation, an EV-enriched sample is collected and stained with
YOYO-1 fluorescent dye and subjected to capillary zone electrophoresis. YOYO-1 is a
fluorogenic molecular probe binding to DNA and RNA. Once bound, it emits a bright
green fluorescence. It shows a high affinity to NAs with little or no interaction with proteins
and NA-free organelles. Here, we used YOYO-1 to stains both RNA and DNA, the one
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encapsulated in the EVs and the free NAs, which may be released during the EVs isolation
process. The EVs and free NAs were subject to electrophoresis and separated into two
distinct zones. EVs traveled faster to the cathode than the NAs due to their smaller charge
and bigger size and migrated slightly slower than an electroosmotic flow of BGE, while free
NAs moved slower than EV vesicles (Figure 1A). After lysis by SDS, the peak representing
the EV fraction disappeared, and the free NA peak increased. This increment corresponds
to the total amount of encapsulated NAs in intact EVs released into solution (Figure 1B).
The RSD of free NA peak from EVs was ~15% and ~9% for standard RNA (n = 3).

3.3. RNA Quantification of EVs from Cancer Cells

The control experiments were performed with individual CE analysis of EVs and
YOYO-1 (Figure 2A,B). No significant peaks were observed because YOYO-1 and EVs alone
did not fluoresce at 520 nm when excited at 488 nm. The EVs were mixed with YOYO-1 and
subjected to CE separation. After the separation, two main florescent zones were observed
corresponding to EVs stained with YOYO-1 and free NAs stained with the dye, respectively
(Figure 2C). The free NAs showed a wide peak, while the EVs showed multiple peaks.
The EV peaks are narrow because the EV particles have low diffusion coefficients. It was
difficult to quantify EVs directly because they produced multiple sharp peaks or spikes
on an electropherogram resulting in an irreproducible pattern. Moreover, NA-protein
aggregates may contribute to those spikes as well. All electropherograms of EVs in this
study showed the same pattern of EVs (6–12 min) separated from NAs (12–16 min). Three
representative EVqCE electropherograms of EVs from MDA-MB-231 cell line before lysis
are shown (Figure 2G–I).
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Figure 2. Experimental EVqCE electropherograms of EVs from cancer cells. (A) EVs without YOYO-
1; (B) 2µM YOYO-1 only; (C) A sample of enriched EVs from MDA-MB-231 cells with YOYO-1;
(D) EVs with YOYO-1 after lysis by 0.1% SDS, the EV fraction decreases, and the NA peak increases;
(E) After RNase treatment, RNA is hydrolyzed, leaving DNA only; (F) 150 ng/mL yeast RNA with
YOYO-1 as a control for free NAs. DNA and RNA are stained with YOYO-1 and detected by LIF;
(G–I) 3 replicates of EVs isolated from MDA-MB-231 cells stained with YOYO-1.

After that, we lysed the EVs by SDS and observed the increase of the NA peak
(Figure 2D). The lysis of EVs was confirmed by the disappearance of most spiked peaks
corresponding to the intact EVs. The main contributor to the gain of the NA peak was RNA
because, after the following RNAse treatment, the gain disappeared completely (Figure 2E).
The electropherograms for EVs isolated from NCI-H1975 and CCL-119 cell lines were very
similar to Figure 2. The CE separations for EVs from NCI-H1975 and CCL-119 are shown
in Figure S4.

The concentration of EVs was calculated in six steps, as shown in Figure S5. First,
the EVs sample stained with YOYO-1 was separated in CE. The observed NA fraction
contains free RNA and DNA from degraded EVs and cells. Second, the EV sample was
lysed with SDS, stained with YOYO-1, and separated again. After lysis, the resulted NA
fraction contains mainly RNA and a small amount of DNA from impurities and lysed EVs.
Third, the peak area of released RNA from EVs, ∆ARNA, was measured. It is calculated by
determining the area of the NA peak before (A) and after SDS treatment with RNase A as
in Equation (1).

∆ARNA = (AC − AD)− (AA − AB) (1)

AA, AB, AC and AD are respectively the peak areas of NA fractions without SDS
and RNAse, without SDS and with RNAse, with SDS and without RNAse, with SDS and
RNAse treatments (Figure S6).

The fourth step is the quantification of [∆ARNA] in mg/mL. A calibration curve
was built by plotting fluorescent intensities of RNA standards stained by YOYO-1 as a
function of their concentrations (Figure 3). The fluorescent intensities of the standards
were measured by the LIF detector and CE instrument. The concentration of the released
RNA in an EV sample after lysis could be acquired by measuring the peak area in the
form of a relative fluorescence unit (RFU) from an RNA fraction corresponding to a certain
concentration in the curve. The relationship between RFU and the concentration of standard
RNA on the calibration curve in Figure 3 can be modeled by Origin 9.0 software. The
concentration of unknown RNA can be found from the calibration curve and calculated
using Equation (2). Values of x and y need to be converted to logarithmic with an exponent
of 10.

y =
4.8078

1 + e
4.5693−x

0.7941
+ 2 (2)
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Figure 3. Calibration curve of standard RNA. A solution of 2µM of YOYO-1 was used for RNA
staining. Error bars are shown for three technical repeats.

In the fifth step, the concentration of intact EVs was found by flow cytometry. FM dyes
are lipophilic styryl compounds used for various labeling purposes, including the plasma
membrane and vesiculation [34]. To label intact EVs before testing, FM 5–95 were used to
mark the lipid membrane of EVs, while YOYO-1 stained capsulated NAs. The treatment
of SDS caused the partial elimination of YOYO-1 and FM 5–95 positive events. Positive
events are EVs showing signals from both YOYO-1 and FM 5–95 dyes in flow cytometry.
Particles stained by FM 5–95 and YOYO-1 were counted as intact EVs (Figure S7). After the
treatment of 0.1% SDS, the FM 5-95 and YOYO-1 positive events decreased significantly
because of EV lysis. The number of events can be transformed into EV concentration if the
average flow rate, v is known in flow cytometry. The concentration of EVs in a sample,
∆[EV], 1/µL, was calculated from Equations (3) and (4):

∆[EV] = [EV]1 − [EV]0 (3)

[EV] =
Nc

vt
(4)

[EV]1 and [EV]0 are the concentration of EVs before and after lysis. Nc is the number
of EV particles that pass the detector in time t.

In the sixth step, the average mass of RNA per EV (mRNA, g/particle) can be calculated
from Equation (5):

mRNA =
∆[RNA]

(
10−9)

∆[EV]
(5)

∆[EV] is the concentration (1/µL) of intact EVs in the sample determined by flow
cytometry. ∆[RNA] is the increase of concentration of RNA (ng/µL) in the same EV sample
after lysis determined by the calibration curve in Figure 3. The final value of mRNA for
EVs from MDA-MB-231, NCl-H1975, CCL-119 are (196 ± 3) × 10−18, (375 ± 4) × 10−18,
(333 ± 2) × 10−18 g/particle, respectively. For example, a typical mammalian cell contains
in the range of 1–2 × 10−11 g of total RNA, which is ∼100–200 times more than a bacterial
cell (∼0.1 × 10−12 g) [35].

The concentration of intact EVs in an unknown EV sample [EVs]* can be calculated
from Equation (6):

[EV]∗ =
∆[RNA]∗

(
10−9)

mRNA
(6)

To confirm the feasibility of EVqCE, EV samples were tested by different quantification
methods. The results from EVqCE analysis, nanoparticle tracking (NTA), and flow cytome-
try are summarized in Table 1. Three biological replicates from each concentration were
tested and described in supplementary materials. The concentrations from EVqCE were
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calculated using Equation (6), while the concentrations of EVs from flow cytometry were
calculated using Equation (4). The EV concentrations from NTA were acquired directly
from NTA reports. The majority of NTA results showed higher concentrations of EVs
due to additional counting of non-EV particles. Flow cytometry showed lower concentra-
tions due to the missing of the EV population smaller than 100 nm. The flow cytometry
scattering detector could not recognize very small particles. LODs for EVqCE analyses
were equal to 5.1 × 106, 2.7 × 106, 3.0 × 106 particle/mL for MDA-MB-231, NCl-H1975,
CCL-119, respectively.

3.4. Degradation Analysis of EVs

This study is based on the release of RNA from degraded EVs. In Equation (7), EV
degradation percentage (EVD) can be used to measure the level of EVs degradation by
calculating the percentage of EV lysis, which means their RNA lost protection by intact
EVs during processes commonly encountered during EVs storage or use.

EVD =
CA−CB
C − CB

·100% (7)

CA is the concentration of the RNA from EVs sample after the degradation process,
while CB is the concentration of RNA from EV samples before the degradation process.
C is the concentration of the RNA from the original sample after the treatment of 0.1% SDS.
All the above values are quantified from Equations (1)–(3). The EVD was measured for a
batch of EVs isolated from cancer cells after different treatments. Figure 4 illustrates the
electropherograms of EV degradation after various treatments and storage conditions.

Figure 4. Experimental EVqCE electropherograms of degradation analysis of EVs isolated from
cancer cell lines. (A) Effect of storage temperature on EVs at 4 ◦C for 7 days; (B) Effect of storage
temperature on EVs at 4 ◦C for 14 days; (C) EVs stained with YOYO-1 treated with 10 min vortexing;
(D) EVs with YOYO-1 treated with 10 freeze-thaw cycles; (E) EVs with YOYO-1 treated with 10 min
sonication. All experiments were made in triplicate.

Storage: To test the stability of EVs in storage, two samples were stored at 4 °C for
7 and 14 days. A degradation level of 32.4 ± 6.5% of EVs was observed after 14 days of
storage, higher than 7 days (3.1% ± 0.9) (Figure 4A,B).
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Vortexing: It is commonly used for transferring an EV pellet after centrifugation to
solution. The mild vortexing of EV samples for 5 min at 2000 rpm degraded them by
4.7 ± 1.8% (Figure 4C).

Freeze-thaw cycles: Storage of biological samples at very low temperatures poses
a risk associated with loss of activity or degradation attributed to cycles of freezing and
thawing. After 10 cycles, a 40.3 ± 7.0% degradation of EVs was observed (Figure 4D).

Ultrasonic treatment: A long-time sonication or ultrasonic treatment is often used
as a technique for producing lipid vesicles. In contrast, short and strong sonication or
ultrasonic treatment would cause a breakdown of EVs. Therefore, we analyzed the effects
of ultrasonic treatment on EVs using an ultrasonic bath with 40 kHz power. The EV sample
was degraded by 85.7 ± 25.8% after 10 minutes of treatment. It is worth mentioning that
EVs treated with sonication showed a higher fluorescent signal than the ones with 0.1%
SDS sometimes. This is because sonication allowed the permeability in the lipid bilayer
membrane of EVs; hence the YOYO-1 dye can enter inside and bind to NAs (Figure 4E).

The study demonstrated that the mechanical processes of vortexing and sonication
seem to promote RNA release much more than freezing and thawing of EV samples—
prolonged storage at 4 °C results in EV particles disintegration. Vortexing causes minor
damages to EVs. Freeze-thaw cycles produce moderate damages to EVs. Sonication
destroys EVs, leaving free RNA.

EVqCE also provides a facile way to investigate the level of EV degradation without
quantifying the total amount of EV present in each sample due to the separation of intact
EV particles from free NAs. Thus, the gain in the area under the NA peak after a given
degradative process can be used to measure the degradation level. This is a promising
study that can provide the guideline suggestion to EV-based drug carrier design.

4. Conclusions

In this study, EVs from three cancer cell lines including MDA-MB-231, NCl-H1975,
CCL-119, were isolated by ultracentrifugation. The EVs were characterized using NTA and
flow cytometry. EVs showed the membrane-based structure, a size between 30–200 nm,
and staining with anti-CD9 and anti-CD63 antibodies. Then EVs were stained by YOYO-1
and separated from free NAs. EVqCE allows a fast (~20 min) quantification of EVs from an
unknown sample. Further, this study determined the average mass of RNA (200–400 ag)
per EV. More aggressive cancer cells have less RNA than non-aggressive cancer cells, 200 ag
vs. 350 ag. More recent studies showed RNAs specifically enriched in EVs from cultured
prostate cancer lines PCA3, VCaP, LNCaP, and DU145 relative to exosomes from normal
cells [36]. EVqCE separates intact EV particles and measures the level of EV degradation by
releasing free RNA. A CE instrument can handle small volume samples (5–50 µL) because
it injects less than 1 µL of the sample.

However, EVqCE has several limitations. It cannot distinguish and separate EV
populations (exosomes, microvesicles, apoptotic bodies) from each other. The quantification
of EVs requires an additional test by flow cytometry at the beginning to find the average
mass of RNA for EVs from a sample type.

Overall, EVqCE provides a method for the analysis of EVs based on their total RNA
content. The future work may focus on EVqCE analysis of different subpopulations of EVs,
raw samples of blood, immune cells, and tumors.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/separations8080110/s1, Figure S1. Schematic representations of EV isolation from cancer
cells. Figure S2. Nanoparticle tracking analysis (NTA) of EVs. The size distribution of EVs derived
from cancer cell lines, MDA-MB231, NCl-H1975, CCL-119. The maximum peak of the respective EVs
is shown with the dotted line. Figure S3. Flow cytometry analysis of EV isolates from cancer cell
lines, MDA-MB231, NCl-H1975, CCL-119. Figure S4. Experimental EVqCE electropherograms of
EVs from NCI-H1975 and CCL-119 cell lines. (A) A sample of enriched EVs from NCI-H1975 cell line.
(B) Sample A after lysis by 0.1% SDS (C) A sample of enriched EVs from CCL-119 cell line. (D) Sample
B after lysis by 0.1% SDS. Figure S5. Six steps required for measuring EV concentration. Figure S6.

https://www.mdpi.com/article/10.3390/separations8080110/s1
https://www.mdpi.com/article/10.3390/separations8080110/s1
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Schematic illustration of RNA quantifications by EVqCE. EVs were stained with YOYO-1 (A) EVs
without any treatment. (B) RNAse A treated EVs showing the degradation of RNA. (C) SDS treated
EVs showing the degradation of intact EVs and the increase in the intensity of the peak for nucleic
acid. (D) SDS and RNase A treated EVs showing the degradation of RNA. Figure S7. Flow cytometry
analysis of EVs before and after the SDS treatment. EVs were stained and gated by anti-CD63 APC
and anti-CD9 PE antibodies. The lysis process was performed by 0.1% SDS. The number of double
positive (YOYO-1 and FM 5-95) events is shown at the top-right corner. Method Optimization. Data
on Biological and Technical Replicates.
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