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for Extracellular Vesicles; MS, mass spectrometry; MWCO, molecular weight cut-off; NTA,
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Abstract

We have developed a rapid, low-cost, and simple separation strategy to separate extracellular

L

vesicles (EVs) from a small amount of serum (i.e., <100 pL) with minimal contamination by

memm proteins and lipoprotein particles to meet the high purity requirement for EV proteome
nalysis. EVs were separated by a novel polyester capillary channel polymer (PET C-CP) fiber

B Emmmms  phase/hydrophobic interaction chromatography (HIC) method which is rapid and can process

small size samples. The collected EV fractions were subjected to a post-column cleanup
protocol using a centrifugal filter to perform buffer exchange and eliminate potential co-eluting
non-EV proteins while minimizing EV sample loss. Downstream characterization
demonstrated that our current strategy can separate EVs with the anticipated exosome-like
particle size distribution and high yield (~1x10"" EV particles per ml of serum) in ~15 min.
Proteome profiling of the EVs reveals that a group of genuine EV components were identified
that have significantly less high-abundance blood proteins and lipoprotein particle
contamination in comparison to traditional separation methods. The use of this methodology
appears to address the major challenges facing EV separation for proteomics analysis. In
addition, the EV post-column cleanup protocol proposed in the current work has the potential
to be combined with other separation methods, such as ultracentrifugation (UC), to further

purify the separated EV samples.

Additional supporting information may be found in the online version of this article at the publisher’s
web-site.

Color online: See article online to view Figs. 2-5 in color.
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1 Introduction

Extracellular vesicles (EVs) are membrane-enclosed vesicles released to the extracellular
space by almost all cells [1,2], which contain RNA, proteins, and DNA derived from their cells
of origin [3-5]. Their small size and the ability to penetrate biological barriers make them a
unique means of communication between cells via their molecular signatures contained within
Vs [6,7]. EVs are potentially an ideal source for biomarkers of early detection and the
delivery of therapeutic reagents for disease [8—12]. Due to their diagnostic and therapeutic
potential, EVs have become a research focus in the field of medicine in recent years. One of the
major topics to be investigated in this field is characterization of EV cargo, including mass
spectrometry (MS) based proteomic profiling of their selective protein content for biomarker
discovery.

For characterization of the EV protein content for biomarker discovery, it is necessary to
separate the EVs from diverse biological fluids. However, it remains challenging to obtain EVs
with sufficient purity from complex fluids such as patient serum required for proteomic
analysis [13,14]. The most commonly used technologies for EV separation are based on
physical properties such as size and density, including ultracentrifugation (UC) [15,16],
density gradient (DG) flotation, size exclusion chromatography (SEC) and ultrafiltration.
However, a critical issue for these physical separation methods is that they cannot completely
separate EVs from lipoproteins and chylomicrons, not only because of the large number of
these particles (20- to 100-fold more lipoproteins than EVs), but also because of their physical
characteristics (including size and density) which overlap with EVs [17-20]. It has been
suggested that > 70% of the particles separated from plasma are non-EVs, which can
significantly affect the downstream proteomic analysis [21]. It is also difficult to obtain
sufficient purity of EVs from high-abundance blood proteins in serum which interfere with
analysis of proteins from EVs by mass spectrometry [17,22]. In addition, the above methods,
especially the current gold-standard ultracentrifugation, are more suitable for large sample
volumes rather than small volume samples, which could be a disadvantage in both clinical and
fundamental applications.

Other EV isolation methods include polymer precipitation [13,23], which relies on the
formation of a polymer network to entangle all lipid components in the sample and reduce their
solubility for rapid removal at low centrifugal force [24]. Although this method is easy to use,
its application is hampered by non-EV protein contaminants and the polymers used to
precipitate EVs, e.g., polyethylene glycol (PEG), which can interfere with MS analysis [14,23].
Alternatively, affinity pull-down is superior in selective separation of EVs using specific
exosome antibodies, i.e., CD63, CD9, and CD81. However, this separation method may lead to
co-elution of antibodies with EVs, and the elution buffer may contain components
incompatible with MS[13]. Microfluidic chip-based methods have also been developed to
separate EVs from blood samples [25-28]. These separation methods can handle small
samples, and the purity of the obtained EVs reaches 98% [26,29]. However, the complicated
manufacturing procedure of microfluidic chips and the low throughput of these methods limit
their large-scale clinical applications [30].

This article is protected by copyright. All rights reserved.
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To obtain higher quality EVs for downstream analysis such as proteomic profiling, there is
continuing interest in developing alternative separation methods for high-throughput,
high-purity EV enrichment. An alternative approach would be a chemoselective-type of
chromatography on a high-performance liquid chromatography (HPLC) platform. The
Bruce/Marcus group at Clemson University has recently demonstrated a novel EV separation

ethod using poly (ethylene terephthalate) (PET) capillary-channeled polymer (C-CP) fibers
in a hydrophobic interaction chromatography (HIC) protocol. These PET C-CP fiber columns
can successfully separate EVs from cell supernatants, urine and plasma, respectively [31-33].
Compared to other traditional technologies, the PET C-CP HIC method is faster (<15 min) and
can process small serum samples at the microliter scale, which will be valuable for clinical
applications [33,34]. Most recently, the Clemson group has developed a PET C-CP fiber
spin-down tip approach that allowed the separation of EVs on a simple table-top centrifuge
with high throughput, low cost, and high efficiency [35]. Moreover, this method can effectively
separate EVs and lipoprotein particles, which is a critical challenge faced by traditional
physical methods for separation of blood EVs. These characteristics make PET C-CP fiber
columns a highly promising EV separation method for downstream analysis.

In this study, we have further optimized the PET C-CP HIC method for high-purity EV
enrichment from human serum in a small sample amount, ie., 100 pL, as well as
post-purification processing for characterization and proteomic analysis. This involves 1) the
optimization of the elution conditions of the PET C-CP HIC method to increase EV purity, 2) a
post-column cleanup step for buffer exchange and further reduction of potential co-purified
serum contaminating proteins, and 3) characterization of EVs by multiple techniques and
proteomic profiling of EVs. The optimized PET C-CP HIC approach enables effective EV
separation serum samples of minimal volume (20 pL) within a ~15 min chromatographic
cycle. The enriched EVs have been characterized by transmission electron microscopy (TEM),
nanoparticle tracking analysis (NTA), and Western Blot (WB). We have performed MS-based
proteomic analysis of EVs separated by this method to determine the protein categories, EV
protein markers, and degree of EV purity. This approach overcomes challenges in EV
proteome studies of small volumes of EVs derived from microliter-scale serum. It is believed
that this method is promising in both biological studies and practical applications of EVs.

2 Materials and Methods

2.1 Human serum sample

The pooled human serum was purchased from Innovative Research Inc. (Novi, MI). Each
donor unit was tested and found negative for HBSAG, HIV-1/2, anti-HCV, anti-HBs, anti-HBc,
HCV-NAT, HIV-1 NAT in conformance with FDA regulations. The pooled serum was filtered
through a 200 nm cartridge. After purchase, it was aliquoted and stored at —80°C until further
use to avoid freeze-thaw cycles.

Author Manuscri
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2.2 EV separation by HIC method with a PET C-CP fiber column

All chromatographic measurements were performed on a Dionex Ultimate 3000 HPLC system

(LPG-3400SD quaternary pump and MWD-3000 UV—Vis absorbance detector; Thermo Fisher

Scientific, Sunnyvale, CA) and controlled by the Chromeleon 7 software system as reported

previously [32]. Detection at 216 nm was used. Isolated fractions from the HPLC were
ollected using an R1 fraction collector (Teledyne Isco, Lincoln, NE).

The in-house PET C-CP fiber column has been described in our previous study [36]. The HIC
method previously developed for the isolation of exosomes from human blood plasma [33] was
employed here with minor modifications. In brief, the PET C-CP fiber column was equilibrated
with 2 M (NH4),SO4 (VWR, Sokon, OH) dissolved in PBS, pH = 7.4, which also serves as the
loading medium. The separation was performed at a flow rate of 0.5 mL/min. In each
separation cycle, 20 uL of serum was directly loaded onto the PET C-CP fiber column. After
washing the column with the loading medium for 2 min, two gradient steps were employed
sequentially, 1) 25% glycerol (VWR, Sokon, OH) with 1M (NH4),SO4 to remove blood
proteins and ii) 50% glycerol in PBS to elute the bound EV's from the column. To optimize the
method and reduce blood protein components in the EV fraction, the first gradient step was
performed for different time windows (4, 6, 8, 10, and 12 min, respectively).

2.3 Development of a post-column cleanup protocol

Three Amicon Ultra-4 regenerated cellulose (RC) centrifugal filters (MWCO 10/50/100 kDa)
(Millipore Sigma, St. Louis, MO) were tested to establish a post-column cleanup protocol for
the collected EV fraction. The purpose of the protocol is a buffer exchange into PBS
(preferable for MS analysis) and to eliminate the minimal co-eluted blood proteins while
minimizing sample loss of EVs. The protocol was first tested on an EV standard (ab239690,
Abcam, Cambridge, MA). Aliquots of 10 pg EV standard were diluted with 4 mL PBS and then
centrifuged on the three different MWCO filters at 3,700 g and 4°C. With the final volume of
100 pL, the sample was concentrated about 40-fold. The concentrated samples were retrieved
by pipetting. The filter membrane was then rinsed with 100 pLL PBS and the liquid was then
combined with the concentrate. Proteins adsorbed onto the Amicon Ultra-4 RC 100kDa
centrifugal filter were recovered by repetitive washing of the membrane with 200 pL 0.4%
SDS [37]. The EV samples for MS-based proteomic analysis were dried down immediately
using a SpeedVac (Labconco, Kansas City, MO) after cleanup. The EV samples for NTA and
TEM analysis were directly analyzed after cleanup treatment without need for freezing.

2.4 Nanoparticle tracking analysis (NTA)

The recoveries of commercial “standard” EVs by the above three centrifugal filters and the
separated serum-derived EVs were evaluated using the NanoSight NS300 (Malvern,
Worcestershire, U.K.). Each EV sample was diluted using 200 nm-filtered PBS to the optimal
concentration range of the NTA Software and continuously infused into the NanoSight by an
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automatic syringe pump at a flow rate of 25 uL/min. The focus was adjusted and the dilution
factor was set according to the dilution of the sample. For each sample, particles moving under
Brownian motion were recorded on video five times, for 30s each. The concentration of EVs
was then calculated by the NTA software (v3.3).

P

Author Manuscri

2.5 Transmission Electron Microscopy (TEM)

TEM was used to measure the size and morphology of the EVs. First, glow discharge
processing was performed to make the surface of the carbon film (Hatfield, PA) hydrophilic.
The separated EV sample was diluted by PBS, where 5 uLL was dropped on the carbon film and
incubated for 2 min. Next, 5 uL of 2.5% w/v glutaraldehyde was used to fix the EVs for 5 min.
The film was negatively stained using 5 pL of 1% uranyl acetate for 1 min. After each of the
above steps, the liquid was removed by a small piece of filter paper. EVs on carbon films were
then imaged using a JEOL 1400-plus transmission electron microscope.

2.6 1D SDS-PAGE and Western Blot

SDS-PAGE analysis of the EV proteins was performed by SDS-PAGE gel (Bio-Rad, Berkeley,
CA) followed with silver staining using a ProteoSilver Plus Silver Stain Kit (Sigma). For EV
fractions with different elution times, 6 min and 14 min, respectively, the EV proteins derived
from 40 pL of serum were loaded onto the gel, with 0.05 pg of BSA standard protein (Abcam,
Cambridge, MA) employed as a reference. For the concentrates filtered by the three Amicon
RC centrifugal filters (MWCO 10/50/100 kDa), the EV proteins from the same amount of 10
ug of EV standard were loaded onto the gel, with BSA again employed as a reference.

EV proteins (~ 5 pg) were separated by SDS-PAGE gel (Bio-Rad, Berkeley, CA) and
transferred to a PVDF membrane (Bio-Rad, Berkeley, CA). The PVDF membranes were
blocked for 1h at room temperature in PBST containing 5% milk and incubated overnight at
4°C with the following primary antibodies in PBST containing 2% BSA: mouse anti-human
CD9 monoclonal antibody (1:1000) (ab254175, Abcam, Cambridge, UK) and mouse
anti-human CD63 monoclonal antibody (1:1000) (ab1318, Abcam, Cambridge, UK). After
incubation with appropriate HRP-conjugated secondary antibodies (1:3000) in PBST
containing 2.5% milk, blots were performed using Super signal Chemiluminescence Reagent
(Thermo Scientific, Rockford, IL).

This article is protected by copyright. All rights reserved.
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2.7 Mass spectrometry and bioinformatics analysis

After collecting the concentrate from the Amicon Ultra-4 centrifugal filter, 200 pL of 0.4%
SDS solution was used to wash the inner surface of the filter to recover the EVs (to be more
precise, EV proteins) adhered to the filter surface. The concentrated sample was dried
immediately using a SpeedVac (Labconco, Kansas City, MO), after which EV proteins were
xtracted and digested according to the filter aided sample preparation (FASP) procedure as
previously reported [38].

{

P

The tryptic digests of the sample were desalted by homemade C18 tips [39] and then
on a Dionex UHPLC system (Thermo Fisher Scientific, San Jose, CA) with a 250 mm
reverse-phase (RP) C18 column. The samples were resolved under a 120 min linear gradient
from 2 to 35% acetonitrile in 0.1% formic acid at a constant flow rate of 300 nL/min. The
samples were analyzed on an Orbitrap Lumos mass spectrometer (Thermo Fisher Scientific),
operated in the positive ion mode. The capillary temperature and the spray voltage were set at
200°C and 1.7 kV, respectively. The data were acquired in a data-dependent mode, where up
20 of the strongest intensity primary MS peaks were selected for subsequent MS2 analysis.
every selected peak, collision-induced dissociation (CID) was performed. The normalized
collision energy was set at 34% for MS/MS. The broadband spectra (m/z 350—1650) and the
MS2 spectra were acquired in the Orbitrap and linear ion trap, respectively.

All raw data files were processed by the Proteome Discover platform (version 1.6.1.0) [40].
The parameters were set as follows: database, human UniProt; enzyme, trypsin; fixed
modification, carbamidomethyl (C); variable modifications, oxidation (M); up to two missed
cleavages allowed. The MS mass tolerance was set as 10 ppm; the MS2 mass tolerance was
set as 0.5 Da. The false discovery rates (FDRs) for peptides and proteins were both set as 1%.
Gene ontology analysis of all identified proteins was investigated with FunRich V3.1.3 using
the Gene Ontology Database [41,42]. The Vesiclepedia database search was also performed
in the FunRich software environment [41,43].

2.8 EV marker list

We investigated the MS results for the markers of EVs recommended by the International Society for
Extracellular Vesicles (ISEV) in the "Minimal information for studies of extracellular vesicles 2018
(MISEV2018): a position statement of the International Society for Extracellular Vesicles and update of
the MISEV2014 guidelines" [44] (Supporting Information Table S1).

2.9 Label-free spectral counting for relative quantitation of the top 10 serum proteins
and major apolipoproteins

Author Manuscri

Proteins identified from EV samples were quantified using a label-free quantitative method
termed the normalized spectral counting (SpCnorm) [45,46]. In brief, the spectral count of
each individual protein was normalized against the sum of the spectral counts of all proteins

This article is protected by copyright. All rights reserved.
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identified in an MS run. We investigated two groups of contaminating proteins, the top 10

serum proteins and major apolipoproteins, respectively, in the EV samples. Ten of the most

abundant proteins represent 90% of the total serum protein mass [47,48]. Lipoprotein

H particles are very abundant in the blood, with a diameter of 25—1200nm while apolipoprotein

is one of the main components of lipoprotein particles, including apolipoprotein A/B/C/E

Q[IS]. The list of 27 representative major serum contaminating proteins is summarized in

Supporting Information Table S2. The relative abundance of proteins in the two protein

groups was summed respectively to represent the percentage content of the top 10 serum
proteins and apolipoproteins detected in the EV sample.

2.10 Statistical analysis

Data analysis and graphical presentations were performed using GraphPad Prism 8
(Graphpad Software, San Diego, CA). An unpaired Student’s t-test was applied for
determination of significant difference in recovery of EVs between the three Amicon Ultra-4
centrifugal filters. P values of less than 0.05 indicated statistical significance. Data are
expressed as mean + SD.

3 Results and discussion
3.1 EV separation by an optimized PET C-CP fiber HIC method

In our previous studies, the step gradient HIC method coupled with a PET C-CP column was
used for EV separation from different matrices and showed the isolation of the target EV
from proteins in human urine and plasma samples [31-33]. In that method, salts and small
molecules were eluted during the loading step (2 min), proteins and other macromolecules
eluted at the first gradient step, and the lone-remaining EVs were eluted at the second
gradient step. Serum is a very difficult substrate for EV proteomic study as the presence of
high-abundance serum proteins and non-EV lipid particles hampers the ability to detect
low-abundance EV-related proteins by untargeted shotgun mass spectrometry approaches.
Our previous studies have fully confirmed that this method can successfully separate EVs
from a variety of matrices with a high recovery. However, MS-based proteomics analysis has
high requirements for sample purity. When the EV samples separated by this method were
used for MS-based proteomics analysis, we found that it was still subject to a certain degree
of serum high-abundance protein contaminants.

Thus, to obtain higher purity EV samples meeting the requirements of MS-based proteomic
analysis, we further optimized the PET C-CP HIC method and added a post-column buffer
exchange/polishing protocol with different RC centrifugal filters for down-stream EV
characterization and EV proteome profiling, respectively. The workflow is summarized in
Figure 1.

Author Manuscr
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For the PET C-CP HIC method, we extended the first gradient step up to 12 min to optimize
the elution time of the high-abundance proteins characteristic of serum media. Figure 2A
shows the representative chromatograms of human serum samples with UV-Vis detector
responses at 216 nm by varying the hold-time of the first gradient step (4, 6, 8, 10, and 12
min respectively). The peak corresponding to the elution of EVs was delayed accordingly
with the increased hold-time of the first gradient where the second gradient steps were
initiated at 6, 8, 10, 12, and 14 min, respectively. For example, the black line shows the
chromatogram with a 4-min long first gradient step (i.e., EV elution step time of 6 min).
There is an injection peak in each chromatogram, corresponding to non-retained species such
as salts and small polar molecules during the loading step (0—2 min). The intense and broad
peak between 2 and 6 min reflects the elution of proteins during the first gradient step and
EVs were then eluted afterwards with the second gradient step. The extension of the
hold-time of the first gradient step resulted in a decrease in the apparent recovery of the EVs
in the second gradient step. As shown in the table, the peak areas for the second gradient step
decreased gradually as a function of the hold-time, appearing to approach a stable level as the
second step initiation time exceeded 12 min. The decrease in absorbance observed here is
interpreted as a higher purity of EVs eluting as blood proteins were removed to a greater
extent at the longer first gradient hold-times. This hypothesis was further confirmed by
SDS-PAGE (Silver staining) analysis of the eluted EVs from 40 puL of serum. Here we chose
albumin as being representative of high-abundance serum contaminating proteins. As shown
in Figure 2B, in comparison to the second step initiation time of 6 min, the gradient step
initiated at 14 min yields a significantly-reduced albumin band, indicating that extending the
hold-time of the first gradient does indeed provide higher-purity EV fractions.

3.2 Establishment of a post-column cleanup protocol for concentration and further
purification of collected EV fractions

The EV fraction was collected in elution buffer containing 50% glycerol. Therefore, a
post-column cleanup protocol using a centrifugal filter was developed for sample
concentration, buffer exchange and further reduction of potentially co-eluting free serum
contaminating proteins prior to downstream proteomic analyses. In EV separation protocols,
centrifugal filters have been commonly used for sample concentration or buffer exchange.
They are available with different membrane types and multiple pore sizes. It has been
reported that centrifugal filters formed from regenerated cellulose (RC) membranes have
higher recoveries than other membrane types due to the weak EV binding capacity [37].
Herein, we compared the efficiency of three RC centrifugal filters with different pore sizes,
including the Amicon 10kDa RC, 50kDa RC, and 100kDa RC, in concentrating a defined
number of commercial standard EVs in PBS.

For each filter, a 4 mL sample (10 ug EVs in PBS) was concentrated 40-fold (final volume of
100 pL) by centrifugation at 3,700 g for 3 cycles at 4°C. The original and the concentrated
EV samples were analyzed by NTA to evaluate the recovery of the EVs. A comparative
analysis of the recovery rate ([particle concentration after centrifugation/particle

This article is protected by copyright. All rights reserved.



{

P

Author Manuscri

www.electrophoresis-journal.com Page 11 Electrophoresis

concentration before centrifugation] x 100%) of the three filters is shown in Figure 3A,
where the Amicon 10kDa RC generates the highest EVs recovery (mean = 87.13%). The EV
recovery of the Amicon 50kDa RC and 100kDa RC filters was significantly lower as
compared to the Amicon 10kDa RC (p = 0.0028 and 0.0005 respectively).

The trend of decreasing in EV recovery was consistent with previous reports [34].
ergauwen et al. reported that the EV recovery of Amicon 10kDa RC and 100kDa RC filters
were ~100% and ~40% [37], respectively, but no data of the Amicon 50kDa RC filter was
discussed in their study. Although the recovery rates obtained by the two studies are slightly
different, which may be due to different centrifugation settings (speed, time, etc.) and sample
volumes, both studies showed that the 10kDa RC filter can recover most of the EVs, while
the 100kDa RC filter results in a large amount of EV loss. The pore sizes of the Amicon
10kDa/50kDa/100kDa RC filters (~2.5 nm, ~5 nm, and ~10 nm, respectively) are much
smaller than the diameter of the EVs, and NTA measurements of the filtrates showed that
almost no particles were observed, so the loss of EVs through the membrane pores can be
ruled out. However, the EVs were more likely adsorbed to the membrane pores of the
50kDa/100kDa filters as compared to the 10kDa filter, showing a correlation between the
affinity effect and the pore size of the filter membrane. Other research has also verified that
the EVs were attached to the inner surface of the filter rather than passing through the filter
[37].

To fully evaluate the efficiency of the above three filters in removing potential contaminating
proteins in EV fractions, SDS-PAGE of the concentrates were carried out followed by silver
staining. As shown in Figure 3B, as the MWCO of the filter membrane increased, the protein
content of the concentrate decreased significantly. Based on the results of the EV recovery
above, this is mainly due to the loss of EVs caused by adhesion to the inner membrane
surface of the filter. The standard EVs we used were separated from the culture medium, and
bovine serum albumin (BSA, MW = 66.5 kDa) was one of the main contaminating proteins.
From the SDS-PAGE result in Figure 3B, with 0.05 pg of BSA standard protein as a
reference, it can be seen that the BSA protein band was dramatically decreased in the
concentrate of the 50kDa RC filter and was absent in the concentrate of the 100kDa filter.
With sample concentration and buffer exchange by centrifugal filters, we realized another
opportunity to further purify the sample. Each RC centrifugal filter, with a defined MWCO,
represents their ability to retain molecules above a specified molecular weight. During the
centrifugation, proteins with a molecular weight less than the MWCO value of the filter,
especially those less than 2 times, are likely filtered out and removed.

The results indicate that the choice of centrifugal filter may critically impact the recovery of
EVs during the post-column procedure. For our current research, as shown above, although
Amicon 10kDa RC achieved the highest recovery of EVs, it could not effectively filter out
the residual co-purified free contaminating proteins. In contrast, Amicon 100kDa RC can
effectively remove the free contaminating proteins with relatively low MW (Particularly <
50kDa), but it resulted in a significant loss of EVs as compared to the Amicon 10kDa RC.
Our aim is to establish a post-column cleanup protocol not just for sample concentration and
buffer exchange, but also for further purification of the collected EV fractions. Based on the
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downstream analysis requirements and taking advantage of both Amicon 10kDa RC and
Amicon 100kDa RC, our post-column cleanup protocol was developed as: 1) downstream
NTA / TEM / WB analysis, a 10kDa RC filter for sample concentration; 2) MS-based
proteomics analysis, a 100kDa RC filter for sample concentration and further purification
followed by a 0.4% SDS solution to wash the inner surface of the filter to recover the EVs
(EV proteins) adsorbed to the filter surface [37].

{

P

3.3 EV characterization

After establishing the cleanup protocol, we applied it to the collected serum sample EV
fractions. According to the protocol, for EV characterization analysis (NTA/TEM/WB), the
eluted EV fractions were buffer exchanged into PBS by the Amicon Ultra-4 10kDa RC
centrifugal filter and concentrated to about 100 pL.

As shown in the TEM images (Figure 4A), the separated EVs were ~30—150 nm in diameter,
and an intact vesicle structure and typical cup-shaped morphology was found, indicating that
the lipid bilayer is retained during the PET C-CP fiber HIC separation. The TEM images also
displayed a relatively clear background. As revealed by NTA measurement in Figure 4B, the
size distribution of the EVs isolated using the PET C-CP fiber HIC method peaks at an
average size of 90—120nm and there are two lower-concentration fractions of the particles
around 35 nm and 200 nm, reflecting an exosome-like particle diameter distribution. The
number of EVs isolated from 0.1 mL of serum by the PET C-CP fiber HIC method was ~1 X

10'°, or equivalent to number of ~1 x 10" from 1 mL of serum.

Our laboratory has previously used UC and SEC methods to separate EVs from serum, with
the results showing that these two methods can recover ~1.5 x 10° and ~1.3 x 10’ particles,
respectively, from 1 ml of serum [49]. Therefore, the current PET C-CP fiber HIC method
achieved an ~10” higher yield than the UC and SEC methods. Moreover, the Clemson
group’s most recent research has demonstrated that this method can effectively separate EVs
and lipoprotein particles, which is a critical challenge faced by traditional physical methods
(based on density or size) for separation of blood EVs. Several studies have confirmed that a
large fraction of the “EVs” obtained by separation methods based on particle density or size
are actually lipoprotein and chylomicron particles [17,19-21]. As a final point, two common
exosome markers, CD63 and CD9, were evaluated for the EV fractions by Western blot. As
shown in Figure 4C, CD63 and CD9 were observed in the Western blot results of EVs
extracted from serum by the PET C-CP fiber HIC method, which further confirmed that the
vesicles separated were EVs.
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3.4 Proteomic analysis reveals that the EVs separated using our current strategy are
devoid of highly abundant serum proteins and lipoprotein particles

After demonstrating the high recovery of EVs (with a size range reflective of exosomes) of
the PET C-CP HIC separation method combined with the polishing protocol, MS-based
proteomic analysis was performed to examine the proteomic profile of separated EVs. In
otal, 496 proteins were identified from 100 pL serum samples in three replicates (after
removal of keratins), and 56.5% of the proteins could be identified in at least two of the three
replicates (Supporting Information Table S3). A total of 80 proteins were identified from the top
100 human EV proteins listed on Vesiclepedia database, as well as some of the EV markers
recommended by MISEV2018 [44] such as CD63, CD81 and CD82 (Table 1). As shown in
Figure 5A, most of the proteins identified have been previously reported by Vesiclepedia.

Gene ontology analysis of cell components of the identified proteins shows that exosomes
were the most enriched item (73.7%), followed by cytoplasm (58.9%) and plasma membrane
(44%), supporting the conclusion that the group of EV-derived proteins are highly enriched

SCI

by the current separation strategy (Figure 5B). Prevalent molecular functions of identified
proteins were assigned as neutrophil degranulation (16.9%), negative regulation of apoptotic
process (8.1%) and Post-translational protein modification (7.2%) (Figure 5C). Identified
proteins were confidently assigned (p <0.001) to three molecular functions: identical protein
binding (85.7%), RNA binding (22.2%) and Cadherin binding (19%) (Figure 5D).

N

CB The quantitative dynamic range of serum proteins is estimated to span 10—12 orders of
magnitude where only 10 high abundance proteins constitute 90% of the total proteins
[47,48]. In fact, only 1% of the entire protein content of serum as well as EV protein content
consists of low abundance proteins, which are of greatest interest in proteomic studies in
search of potential biomarkers [48]. Besides high abundance serum proteins, the number of
lipoprotein particles in serum far exceeds that of EVs, and their physical properties such as
L size and density also partially overlap with EVs [17,18,20]. These characteristics explain why
it is such a difficult task to separate EVs from serum/plasma to meet the purity requirements

O of MS-based proteomics analysis, especially when dealing with small sample volumes.
To evaluate the effectiveness of our current strategy to enrich EV proteins, which involves
! the ability to deplete high-abundance serum proteins and lipoprotein particles,
semi-quantitative normalized spectral counting was carried out to determine the relative
H abundance of the top 10 serum proteins and apolipoproteins within the sample. We compared
the percentage content of the contaminating proteins in the serum-derived EV samples
s between this study and our previous study that used three different separation methods,
optimized UC, SEC (qEV) and UC&SEC (qEV) [49] (Supporting Information Table S4). As
shown in Figure 6A, the average percentage content of the top 10 serum proteins in the EV
samples separated by the PET C-CP fiber HIC method, UC, SEC (qEV) and UC&SEC (qEV)
was 12.69%, 25.19%, 19.60%, and 21.17%, respectively, while the average percentage
content of apolipoproteins was 3.65%, 5.47%, 38.23% and 19.32%, respectively. These
results demonstrate that our current separation strategy can significantly reduce the

contamination of high-abundance serum proteins (such as albumin and globulin) as well as
problematic lipoprotein particles.
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Our results indicate that apolipoproteins (representing lipoprotein particles), which is one of

the biggest challenges currently encountered by EV separation methods, are significantly

removed from the EVs by the PET C-CP HIC method. It thus confirms that the PET C-CP

H HIC method can effectively separate EVs and lipoprotein particles. This excellent
performance may be attributed to the PET C-CP HIC method based on hydrophobic
Qinteraction chromatography rather than the physical properties such as size and density. For

- — example, the surface of LDL particle is surrounded by a single-layer, hydrophilic membrane
consisting of phospholipids, free cholesterol, and apolipoproteins [18], while the outer

membrane of an EV is a phospholipid bilayer that is more hydrophobic in nature [50].

To further evaluate the purity of EV samples obtained by our current separation strategy, we
also compared our data with several other studies. As shown in Figure 6B, the average
percentage content of the top 10 serum proteins and apolipoproteins in EV samples obtained
by UC in the study of Y. Chen et al. were 34.63% and 3.66%, respectively [51] (Supporting
Information Table S5). The average percentage contents of those serum proteins and
apolipoproteins in EV samples in the study of A. de Menezes-Neto et al. were 24.43% and
26.41%, respectively, for the SEC (Sepharose CL-2B) method and 50.12% and 8.64%,
respectively for the precipitation (Exo-spin) method [22] (Supporting Information Table S6).
The results indicate that, as compared with several currently used separation methods, the
PET C-CP HIC method yields higher purity EVs with minimal contamination from serum
proteins and apolipoproteins.

Ultracentrifugation (UC) is the current gold-standard of commonly-used isolation method for
EVs. Our results show that in comparison to the SEC or precipitation, EVs separated by the
UC are indeed of higher purity. However, there is still a large amount of high-abundance
protein contamination (34.63%) [51] associated with the EV sample, which is consistent with
the results reported by many previous studies. Our laboratory has optimized the UC method
[15,49], that is, the EV pellet obtained by the first UC is subjected to another 4 cycles of UC
and washing. In comparison to one cycle of UC, the optimized UC method can reduce serum
high-abundance protein contamination (25.19% vs. 34.63%). However, when compared to
the present PET C-CP HIC method, the content of high-abundance serum contaminating
proteins and apolipoproteins in EVs separated by the optimized UC method was still higher.

At present, SEC and precipitation are two other commonly used separation methods for EVs.
Our results show that when SEC or precipitation was used alone, the isolated EVs contain a
large amount of contaminating proteins, which is consistent with the results of many previous
studies [17,22,23,49]. In addition, we found that, contrary to the UC method, the main
contaminant of EVs separated by the SEC was apolipoproteins (qQEV 38.23%, Sepharose
CL-2B 26.41%), not serum high-abundance soluble proteins (QEV 19.60%, Sepharose CL-2B
24.43%). Brennan et al. used Western Blot to also prove that when compared with UC or
precipitation (ExoQuick plus), the samples of EVs separated using SEC had the highest
apolipoproteins content [52]. This may be attributed to the fact that the size of lipoprotein
particles is close to or partially overlaps with that of EV particles, which results in SEC
(based on particle size) having a poorer resolution for lipoprotein particles. Among all of the
separation methods analyzed above, the samples separated by precipitation (Exo-spin) had
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the highest content of contaminating proteins. However, unlike SEC, the main contaminating
protein of EVs separated by precipitation (Exo-spin) was soluble serum high-abundance
proteins. These results indicate that, in comparison to the PET C-CP HIC method, SEC or
precipitation alone have obvious limitations in profiling the EV proteome due to the
contamination of high-abundance serum proteins or lipoprotein particles.

s 4 Concluding remarks

In summary, the optimized PET C-CP HIC separation strategy coupled with a post-column
cleanup protocol shows improved EV enrichment with a comparable yield of ~1x10" EVs
from 100 pL of serum in ~15 min and can significantly reduce the contamination of non-EV
proteins, especially lipoprotein particles, in comparison to the currently available EV
separation methods. This EV separation platform shows the advantage in small sample
volume (<100 pL of serum), reduced laboratory work, high EV recoveries, and low
contamination, which make it possible to include EV biomarker evaluation in routine blood
tests for monitoring disease progression and/or therapeutic response during a course of

USC

treatment. The comparison of RC centrifugal filters with three different pore sizes (MWCO
10kDa/50kDa/100kDa) reveals that the 10kDa RC filter has the highest EV recovery while
the 100kDa RC filter maximally eliminates co-eluting serum protein contaminants, which can
be combined with other EV separation methods. The optimized PET C-CP HIC method
provides a useful means of separating sufficient numbers of EVs while meeting the purity
requirements of MS-based proteomic analysis from microliter-scale serum samples. While
the method employed here involves the use of a standard laboratory HPLC system, the
recently-described use of a spin-down mode of HIC processing on C-CP fiber tips using a

dll

benchtop centrifuge may ultimately be the preferred mode of microliter sample volume
processing [35].
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Figure captions

Figure 1. Workflow of EV separation from microliter-scale of human serum using PET C-CP
HIC method followed by a post-column cleanup protocol with different RC-CFs (regenerated
cellulose centrifugal filters; MWCO 10kDa/100kDa) for down-stream EV characterization

nd EV proteome profiling, respectively.

Figure 2. (A) Chromatograms of EV separation from 20 pL of human serum with different
elution times with the second step gradient, 50% glycerol, starting at 6, 8, 10, 12 and 14 min,
respectively. (B) SDS-PAGE analysis followed by silver staining. Two separate images: Left,
protein ladder and 0.05 pg of BSA, respectively; Right, EV fractions derived from 40 pL of
serum with the second step gradient starting at 6 and 14 min, respectively.

Figure 3. Comparative analysis of different MWCO centrifugal filters, 10kD/50kD/100kD,
for EV sample concentration and further purification. (A) Particle recovery was analyzed
using Nanoparticle tracking analysis (n = 5, **p < 0.01, ***p < 0.001). Data are expressed as
mean+SD. (B) SDS-PAGE analysis coupled with silver staining. Two separate images: Left,
protein ladder as an indicator of protein molecular weight; Right, the concentrated EV

samples using different MWCO centrifugal filters, with BSA as a reference.

Figure 4. EV characterization. (A) TEM image of the eluted EVs after post-cleaning (scale =
200 nm); the insert shows EVs with higher magnification. (B) NTA measurement of the size
distribution of eluted EVs after post-cleaning. (C) Western blotting image of EV markers
(CD63 and CD9).

Figure 5. Bioinformatics Analysis. (A) Venn diagram showing the overlap of proteins
identified in this study versus the Vesiclepedia database. (B-D) Gene Ontology analysis
showing the six most enriched categories and the enrichment significance (-log (p-value), p <
0.05) of the identified proteins in cellular components (B), biological process (C), and

molecular functions (D).

Figure 6. Comparison of the major contaminating proteins, i.e., the top 10 blood proteins and
apolipoproteins, in serum-derived EVs isolated by the PET C-CP HIC method versus other
separation methods (UC, SEC, and precipitation). (A) Comparison with previous study in our
laboratory (“n” indicates sample size). Optimized UC*: 100 000 g for 120 min + 100 000 g
for 70 min X 4 cycles. UC*: 100 000 g for 120 min. (B) Comparison with other studies (“n”
indicates sample size). UC*: 110 000 g for 90 min.
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Table 1. EV markers identified in this study

Category

Human Gene Name

Transmembrane or
GPI-anchored

proteins

Cytosolic proteins

recovered in EVs

Others

1a) Non-tissue specific

CD63, CD81, CD82, HLA-A, H2-K/D/Q, ITGA2/3/6/V, ITGB1/3/4, LAMP1, NT5E,
CDS55, CD59

1b) Cell/tissue specific

TSPANS, ERBB2, EPCAM, CD14, ABCC1

2a) With lipid or membrane protein-binding ability

CHMPI1B/4B, PDCD6IP, FLOT1/2, EHD4, ANXA1/2/4/5/7/11/13, HSPAS,
HSP90ABI1, SDCBP2

2b Promiscuous incorporation in EVs (and possibly exomeres)

HSPAI1A, ACTB, TUBA/B, GAPDH

HIST1H4A, LMNA, HSP90B1, HSPAS5, ACTN4, FN1, LGALS3BP, CD5L, AHSG

Author Manuscript

This article is protected by copyright. All rights reserved.



{

www.electrophoresis-journal.com Page 29 Electrophoresis

For TOC only

~15min

P

Author Manuscri

~20min

Serus SEENNNNNNS

> EVs Separation of EVs by
—=——>- U \/\» PET-C-CP HIC method

EV fractions

'

Post-column cleanup for

; —9 . EVs in PBS buffer exchange and
in glycerol V \/ further purification
o '
_ : EV protein profiling
Mass Spectrometry [ -u‘m e

This article is protected by copyright. All rights reserved.



