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ABSTRACT: Extracellular vesicles (EVs) have garnered signifi-
cant attention due to their potential applications in disease
diagnostics and management. However, the process of isolating
EVs, primarily from blood samples, is still suboptimal. This is
mainly attributed to the abundant nature of soluble proteins and
lipoproteins, which are often separated together with EVs in the
end products of conventional isolation methods. As such, we devise
a single-step charge-based EV isolation method by utilizing
positively charged beads to selectively remove negatively charged
major impurities from human plasma via electrostatic interaction.
By carefully controlling the buffer pH, we successfully collected
EVs from undesired plasma components with superior purity and
yield compared to conventional EV collection methods. Moreover,
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the developed process is rapid, taking only about 20 min for overall EV isolation. The charge-based isolation can ultimately benefit
the EV-based liquid biopsy field for the early diagnosis of various diseases.

1. INTRODUCTION

Extracellular vesicles (EVs) are membranous vesicles released
by all cell types." EVs can be subcategorized into exosomes,
which originate from multivesicular bodies (MVBs) and
microvesicles (MVs) that are formed by plasma membrane
shedding. The diameter of exosomes falls in the range between
30 and 150 nm while MVs range from 40 nm to 1 ym.”” EVs
are found in bodily fluids, including blood, lymph, ascites,
cerebrospinal fluid, semen, and breast milk."”" As EVs carry
the information on their parental cell in the form of proteins,
lipids, and RNA molecules, they are popularly utilized in liquid
biopsies for disease diagnosis and monitoring.

However, the field of EV research and clinical translation
efforts has been obstructed by the absence of effective
standardized EV isolation methods. The International Society
for Extracellular Vesicles (ISEV) has therefore highlighted the
urgent requirement for establishing more efficient and
standardized EV isolation protocols.”'~'* Although several
isolation techniques such as size exclusion chromatography
(SEC), polymer precipitation (PP), ultracentrifugation (UC),
and density gradient centrifugation methods have been
developed for isolating EVs from blood, their wide applications
have been hampered by low EV purity mainly due to the
presence of soluble proteins and lipoproteins.">~>' To be more
specific, EV isolation by UC is time-consuming and requires a
costly and voluminous device. Moreover, the high g-force
associated with UC often leads to the aggregation and
disruption of EVs.”” On the other hand, a PP method, which
frequently involves polyethylene glycol (PEG), is inexpensive
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and allows the rapid isolation of EVs."* However, it suffers
from drawbacks associated with EV contamination by other
plasma constituents and the coisolation of polymers.'* The
same problem also applies to SEC where contamination by
similarly sized lipoproteins, which outnumbers EVs by 5- to 6-
fold in plasma, is unavoidable.'*** Overall, a low EV yield and
the requirement for time-consuming multiple steps associated
with current isolation methods augment the need for a new
isolation method.

We have designed a charge-based EV isolation method to
circumvent the shortfalls associated with currently established
EV isolation methods by considering the charge difference
between EVs and major impurities present in plasma, such as
lipoproteins and albumin (Figure 1a). Recent reports revealed
that EVs have heterogeneous charge distributions (from highly
negative to less negative), and there exists a proportion of EVs
with a generally less negative zeta potential, for example, —10
mV, when compared to lipoproteins which have lower average
zeta potentials of around —20 mV at pH 7.4.”"*** In addition,
albumin, one of the most abundant protein contaminants in
plasma, possesses similar zeta gotential to lipoproteins with an
isoelectric point (pI) of 4.7.°° Considering such findings, we
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Figure 1. Principle of the charge-based EV isolation process. (a) Charge differences between EVs and major contaminants such as high-density
lipoproteins (HDLs), low-density lipoproteins (LDLs), and albumin have been exploited for the isolation process. Buffer pH was carefully
optimized to ensure that negatively charged contaminants are selectively bound to positively charged beads while retaining a less negative EV
subpopulation in the solution. (b) EV isolation steps involved in the developed charge-based EV isolation process.

utilize a positively charged anion exchange resin to remove
highly negative soluble proteins and lipoproteins from a less
negatively charged EV subpopulation via electrostatic inter-
action (Figure 1a). The buffer pH was carefully controlled to
attain the maximal purity and yield of isolated EVs (Figure 1b).

2. MATERIALS AND METHODS

2.1. Preparation of Human Plasma. All human blood
samples were provided by the Division of Hematology-
Oncology and the Department of Internal Medicine, Korea
University College of Medicine. Sample preparations were
performed as per the guidelines of the Institutional Review
Board of Korea University (Anam Hospital) (2020AN0558)
and Korea Advanced Institute of Science and Technology
(review exempted). All studies were performed in accordance
with the Declaration of Helsinki. Blood was collected in
trisodium-citrate-containing tubes (BD). Cells and platelets
were removed by centrifugation at 10,000g for 30 min at 4 °C.

2.2. Cell Culture. PC-9 and THP-1 cells were respectively
cultured in an RPMI 1640 medium supplemented with 10%
exosome-depleted fetal bovine serum (dFBS), and 1% (v/v)
penicillin and streptomycin. Note that dFBS was prepared by
centrifuging FBS for 18 h at 100,000g.14 EVs were isolated
when approximately 80% of cell confluency was reached.

2.3. EV Isolation from Cell Culture Media. Cell culture
media were differentially centrifuged at 500g for 10 min, and at
5000g for 30 min, and at 10,000g for 30 min at 4 °C to remove
cells, cell debris, apoptotic bodies, and microvesicles. The
supernatant was then concentrated 100 times by using an
Amicon ultra 100 kDa centrifugal filter (Merck Millipore) and
stored at —20 °C.
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2.4. EV Collection by Ultracentrifugation. 0.5 mL of
platelet-free plasma was diluted with 4 mL of sterile phosphate-
buffered saline (PBS) and centrifuged at 100,000g for 1 h at 4
°C by using a Beckman SW60 rotor (Beckman Coulter)."*
Afterward, the supernatant was carefully discarded, and the
EV-containing pellet was resuspended in PBS.

2.5. EV Collection by PEG Precipitation. EV was
collected by a total exosome isolation (from plasma) kit
(Invitrogen). In brief, 0.5 mL of platelet-free plasma was mixed
with 025 mL of PBS. Afterward, 0.15 mL of exosome
precipitation reagent was mixed with the sample and incubated
at room temperature for 10 min. After incubation, the mixture
was centrifuged at 10,000g for S min at room temperature, and
the supernatant was carefully discarded. The pellet containing
the EVs was then resuspended in PBS.

2.6. EV Collection by Size Exclusion Chromatography
(SEC). SEC was performed by using an SEC column filled with
10 mL of Sepharose CL-2B resin (GE Healthcare Life
Sciences), according to the previously described protocol.”!
In brief, 0.5 mL of cell culture medium was loaded onto the
SEC column, and 0.5 mL of individual eluate fraction was
collected and stored for further downstream analysis.

2.7. Charge-Based EV lIsolation. 0.5 mL of platelet-
deprived plasma was first buffer exchanged with 10 mM buffers
of respective pHs by using a 7 kDa molecular weight cutoff
(MWCO) Zeba Spin Desalting Column (Thermo Scientific).
A buffer pH of 5.4 was constituted by an acetate buffer, while
phosphate buffers were used to prepare the buffers of pH 6.4
and pH 7.4. Buffers of pH 8.4 and 9.4 were formulated with
tris and carbonate/bicarbonate buffers, respectively. All buffer
concentrations were adjusted to 10 mM in this study.
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Simultaneously, 0.5 mL of positively charged anion exchanger,
Q Sepharose Fast Flow (Cytiva) was equilibrated with buffers
of various pHs. Afterward, 0.5 mL of buffer exchanged plasma
was thoroughly mixed with 0.5 mL of buffer-equilibrated
positively charged beads left at room temperature for 10 min.
The supernatant, which contains unbound plasma compo-
nents, was then collected, and its osmolarity was made
equivalent to 1X PBS by using 10X PBS.

For analysis of plasma constituents that have been bound to
positively charged beads, the supernatant which contains the
unbound plasma constituents was first removed, and the
positively charged beads were washed with DI water 3 times.
Afterward, a 1 M NaCl solution was added to the washed
beads to detach the entire bound plasma constituents from the
positively charged beads.

2.8. SDS-PAGE, Western Blotting, and Protein
Concentration Measurement. The amount of proteins
present in the isolated samples was determined by
bicinchoninic acid (BCA) assay (Thermo Fischer) according
to the manufacturer’s protocol. For analysis of tetraspanins,
such as CD63 and CD9, the samples were mixed with 4X
nonreducing LDS sample buffer (Thermo Scientific) while SX
reducing protein sample buffer (Elpis-Biotech) was used for
the analysis of non-EV proteins. The samples were then heated
for 3 min at 95 °C. Afterward, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was per-
formed by using a 4—20% gradient polyacrylamide gel
(Biorad). Membranes were then transferred to a nitrocellulose
membrane by using a Trans-Blot Turbo system (Bio-Rad) and
stained with Ponceau S solution (Sigma-Aldrich) for visual-
ization and normalization of protein bands by using a Bio-Rad
ChemiDoc imager.

For Western blotting, membranes were blocked with 5 w/v
% skim milk in tris-buffered saline supplemented with 0.1 v/v
% Tween-20 (TBST) for an hour and incubated with the
following primary antibodies overnight at 4 °C: anti-ApoB-100
(1:1000, Santa Cruz Biotechnology, sc -25542), anti-ApoA-1
(1:1000, Abcam, ab33470), anti-CD9 (1:1000, Invitrogen,
PA5—85955), anti-CD63 (1:1000, Bioss, bs-1523R), anti-
TSG101(1:1000, Bioss, bs-1365R), anti-calnexin (1:1000,
Bioss, bs-1693R), and anti-albumin (1:3000, Bioss, bs-
094SR). After overnight incubation, the blots were washed at
least S times by TBST. Primary antibodies were then labeled
with horseradish peroxidase (HRP) conjugated anti-rabbit
(1:3000, Cell Signaling Technology, 7074S) or anti-mouse
(1:3000, Cell Signaling Technology, 7076S) secondary anti-
bodies for 2 h at room temperature with gentle shaking.
Afterward, the membranes were washed at least 5 times by
TBST and incubated with clarity western ECL buffer (Bio-
Rad) for 15 min for HRP detection. Finally, the protein bands
were visualized by a Bio-Rad ChemiDoc imager (Bio-Rad),
and their intensities were analyzed by using Image Lab
Software 5.2 (Bio-Rad). Note that since different proteins have
different affinities toward the respective primary antibodies
during Western blotting, all analyses and comparisons for the
band intensities were made only for the same protein bands.

2.9. Nanoparticle Tracking Analysis (NTA). The size
distribution and the number of particles present in the isolated
samples were determined by nanoparticle tracking analysis
(NTA). In brief, the samples were diluted 10 to 100 times in
PBS for subsequent NTA measurements by using a Nanosight
instrument (Malvern Instruments) at 25 °C.

2.10. Transmission Electron Microscopy (TEM). Iso-
lated EVs were visualized under TEM according to the
previously described method.”' In brief, 10 uL of EV sample
was mixed with an equal volume of 4% paraformaldehyde
(PFA) and incubated on Formvar-carbon-coated electron-
microscope grids for 15 min. Next, the grids were washed with
PBS and fixed with 2.5% glutaraldehyde for S min. The grids
were then washed with DI water five times and incubated in
phosphotungstic acid (pH 7) for 3 min. Excess stain was
removed by blotting with filter paper. The dried grids were
then imaged under a field emission transmission electron
microscope (FE-TEM, JEM-2100F HR) operating at 200 kV.

2.11. Dynamic Light Scattering (DLS). Dynamic light
scattering (DLS) and Zetasizer Nano ZS90 (Malvern Instru-
ment), equipped with a 630 nm solid-state laser, were used to
measure the size distributions and zeta potentials of purified
EV samples. EV-containing samples were measured without
dilution while commercial LDLs (Fitzgerald) and HDLs
(Fitzgerald) were measured after a 10-fold dilution in DI water.

3. RESULTS AND DISCUSSION

With the aim of utilizing the electrostatic force of attraction
between positively charged resin and non-EV components in
the plasma, we first measured the surface charges of EVs and
major components in human plasma, including HDLs, LDLs,
and albumin, at pH 7.4. We discovered that, in line with
previous literature, LDLs exhibited a similar average zeta
potential of —23 mV, while HDLs were slightly less negative,
with a zeta potential value of approximately —18 mV (Figure
Sl).21’24’25 In addition, albumin, which is the most abundant
soluble protein in blood, had a zeta potential of —22 mV,
similar to LDLs. The isolated EVs from PC9 and THP-1 cell
culture media had zeta potentials of approximately —12.7 and
—11.5 mV, respectively. This thus supports the previous
literature that the surface charge of EVs is being heterogeneous
in nature and there exists a subpopulation of EVs with less
negative average zeta potentials in comparison to other highly
negative EV subpopulations or non-EV plasma constitu-
ents 212425

Based on this finding, we hypothesized that positively
charged beads could be utilized to separate a generally less
negatively charged EV subpopulation from more negatively
charged non-EV components. Note that a “strong” anionic
exchanger (Q Sepharose Fast Flow, positive beads) was used
for the method development with an aim to keep the number
of charges constant regardless of the buffer pH during
optimization.”” We varied the buffer pH as this is one of the
most critical parameters that influences the electrostatic force
of attraction during ion exchange chromatography. To verify
whether pH affects protein binding to positively charged beads,
we first exchanged and equilibrated 0.5 mL of human plasma
and the positively charged beads with 10 mM buffers of various
pHs, ranging from 5.4 to 9.4, respectively. A buffer
concentration of 10 mM was selected to minimize the effect
of ionic strength, which is another parameter that affects ionic
interactions during charge-based protein isolation. Afterward,
the buffer-exchanged plasma was mixed and vortexed with the
positively charged beads and left at room temperature for 10
min. The supernatant, which contains unbound plasma
components, was collected, and its ionic strength was
immediately made equal to 1X PBS by using 10X PBS.
Afterward, the reclaimed supernatant was subjected to a
bicinchoninic acid (BCA) assay to quantify the total mass of
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Figure 2. Analyzing the performance of the charge-based EV isolation method. (a) Recovered mass of total unbound protein with respect to pH
change (%). (b) EV purity analysis by Western blotting of supernatants collected in (a), which contains unbound plasma constituents (CD63,
TSG101, and calnexin (a negative EV marker)). (c) Relative CD63 band intensities obtained in (b), which indicate EV purity. A red box indicates
the pH ranges which allow the collection of relatively purer EVs. (d) Yield analysis of EVs (CD63, CD9, TSG101, and calnexin (a negative EV
marker)) and plasma impurities (albumin, HDLs (ApoA-1), and LDLs (ApoB-100)) found in the supernatants containing relatively purer EVs as
determined in (c). (e) Determination of the size distribution and morphology of EVs collected at pH 7.4 by NTA and (f) TEM, respectively. Data
are means =+ s.e.m. [n = S for (a); n = 3 for (b) and (c); n = 3 for (d)].

unbound proteins. As expected, an increase in buffer pH
resulted in more plasma protein binding to positively charged
beads as reflected by the reduction in total protein
concentration of the isolated supernatant (Figure 2a).

To precisely monitor the type of proteins removed and
observe the possible collection of EVs, the supernatants
subjected to charge-based EV isolation methods at different
pHs ranging from pH 5.4 to 9.4 were analyzed by Western
blotting. Although various EV markers can be utilized for
analyzing the purity of EVs isolated, CD63, a tetraspanin
protein, was selected as the primary marker for analysis
because previous reports revealed that it could be found both
on ectosomes and endosome-derived EVs.”**” Equal protein
amount from each sample was loaded for Western blotting for
the analysis of EV purity.””’® Relatively higher CD63
intensities were observed for EV-containing supernatants
isolated at pH ranges 6.4 to 8.4 (Figure 2b,c). On the other
hand, weaker CD63 signals were exhibited for pH 5.4 and pH
9.4, respectively. This trend was similar for another EV-
associated protein, TSG101. Notably, the highest CD63 band
signal was detected at pH 7.4, indicating the isolation of the
purest EVs at this pH in comparison to other pHs (Figure 2c).
To be more specific, the supernatant subjected to the charge-
based EV isolation at pH 7.4 contained at least 2-fold purer
EVs when compared to the supernatants collected at pH 5.4
and 9.4 (Figure 2c). Afterward, the same supernatants
obtained from pH 6.4 to pH 8.4, each containing relatively
purer EV populations, were subjected to Western blotting by
equalized volume loading to compare the relative amounts of

contaminants and EVs present in the sample.'>*" This
analytical method would eventually reveal the information
pertinent to protein yield as the amount of protein is equalized
when performing the Western blot analysis, as in the case of
purity analysis. Similar band intensities were observed for EV-
associated markers, specifically CD9 and CD63, demonstrating
the presence of similar amounts of EVs (Figure 2d). However,
there was a decrease in albumin bands with respect to the pH
increase, implying more albumin binding and, thus, its removal
at higher pHs. In fact, similar trends were observed for ApoA-1
and ApoB-100 bands which reflect HDLs and LDLs,
respectively, even though the decrease in the band intensity
with respect to a pH increase was nonlinear (Figure 2d).
Overall these results may explain the reason that the plasma
sample isolated at pH 7.4 exhibited the highest CD63 purity
(Figure 2b,c). In addition, an intensified albumin band was
observed by Western blotting with equalized volume loading
upon analyzing the bead-bound components of plasma that
had undergone charge-based EV isolation at pH 7.4 (Figure
S2). On the other hand, a more intensified CD63 band was
observed for the supernatant (unbound) sample in comparison
to the bead-bound fraction. These results indicate the binding
of highly negative EV subpopulations and albumin to positive
beads while retaining a less negatively charged EV proportion
in solution at a greater amount (Figure S2). Calnexin, an
endoplasmic reticulum (ER) protein that acts as a negative EV
marker was not detected during both purity and yield analyses.
These results reflect the elimination of the majority of
undesired plasma proteins by positive beads while retaining
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EVs in solution preferably. Overall, we determined that the
charge-based EV isolation method from blood plasma
conducted at pH 7.4 can result in EV collection with high
purity without compromising yield. Note that any fluctuations
in EV stability were not also observed upon subjecting the EVs
collected from the cell culture medium to the buffer-exchange
steps involved in the charge-based EV isolation process (Figure
S3).

To further verify the presence of EVs, the EV-containing
supernatants isolated at pH 7.4 were subjected to nanoparticle
tracking analysis (NTA) and examination by transmission
electron microscopy (TEM). NTA results revealed that the
supernatant sample being subjected to the charge-based
isolation at pH 7.4 contained particles mainly in the size
range from S0 to 200 nm (Figure 2e). In addition,
nanoparticles with a cup-shaped morphology were observed
by TEM, partially indicating the nature of particles as EVs
(Figure 2f). The average zeta potential of the isolated EVs was
found to be —10.2 mV (Figure S4).

To finally verify the efficacy of the developed charge-based
EV collection method (Q), we compared its performance to
those of popularly used conventional polymer precipitation
(PP) and ultracentrifugation (UC) methods. A human plasma
sample obtained from the same patient was equally divided for
EV isolation by three different EV isolation methods. The
CD63 purity analysis, which represents EV purity, by Western
blotting revealed that the charge-based EV isolation method
(Q) was superior to either PP or UC methods (Figure 3a).
Indeed, a 2.5-fold and a 4-fold increase in CD63 purity were
noted with the charge-based method compared to EV isolation
by the PP and UC methods, respectively (Figure 3b). In
addition, intensified bands for EV markers, including CD63,
CD9, and TSG101 were noted for the plasma sample subjected
to the charge-based EV isolation upon analyzing the yield of
isolated EVs by Western blotting with equalized volume
loading (Figure 3c). On the other hand, all three methods
exhibited comparable amounts of albumin and demonstrated
successful removal of HDLs. Although the charge-based and
polymer precipitation EV isolation methods revealed LDL-
associated ApoB-100 bands, unlike the UC method, no
apparent CD63 and CD9 bands were observed in the UC
method (Figure 3c). This means that the UC method is poor
at yielding both EVs and contaminants, including lipoproteins
(Figure 3c). The Western blot result is indeed in line with the
EV yield measured by NTA which exhibited approximately 2
to S times higher yields of the charge-based EV isolation
method (Q) in comparison to the PP and UC methods,
respectively (Figure 3d). These results, therefore, further
highlight the superior performance of the charge-based EV
collection method in terms of EV purity and yield in
comparison with conventional EV isolation methods.

4. CONCLUSION

The potential utilization of EVs in clinical applications for
diagnostic and therapeutic purposes has highlighted the
importance of the development of EV isolation methods that
have been suboptimal. In line with this, we successfully
developed a rapid, one-step charge-based EV collection
method from blood plasma. By carefully controlling the buffer
pH, we isolated EVs in superior purity and yield in comparison
to conventional methods including UC and PP. Moreover, this
method is rapid, taking only about 20 min including the buffer
exchange step, and does not require a costly device as in the
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Figure 3. Comparing the performance of the charge-based EV
isolation method to conventional methods. (a) Purity analysis of EVs
collected using different isolation methods by Western blotting
(CD63, CDY, and TSG101 (a negative EV marker)). (b) Relative
CD63 band intensities obtained in (a) which indicate EV purity. (c)
Yield analysis of EVs (CD63, CD9, TSG101, and calnexin (a negative
EV marker)) and plasma impurities (albumin, HDLs (ApoA-1), and
LDLs (ApoB-100)) by Western blotting which are found in the
samples subjected to various EV isolation methods. (d) Yield analysis
of EVs collected using various EV isolation methods by NTA. Data
are means + s.e.m. [n = 4 for (a), (b), and (c), and n = 3 for (d); **p
< 0.001, paired two-tailed Student’s ¢ test].

case of UC. We believe that the charge-based EV collection
method would thus become a new EV isolation platform,
thereby accelerating the clinical translation efforts in the field
of EV research.
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