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a b s t r a c t

Extracellular vesicles (EVs) are membrane-bound nanoparticles that are released by different cell types
and play a crucial role in the intercellular communication. They carry various biomolecular compounds
such as DNA, RNA, proteins, and lipids. Given that EVs are a new element of the communication within
the ovarian follicle, extensive research is needed to optimize method of their isolation. The aim of the
study was to assess size-exclusion chromatography (SEC) as a tool for effective EVs isolation from porcine
ovarian follicular fluid. The characterization of EVs was performed by nanoparticle tracking analysis,
transmission electron microscopy, atomic force microscopy, mass spectrometry and Western blot. We
determined EVs concentration, size distribution, zeta potential, morphology, purity, and marker proteins.
Our results show that SEC is an effective method for isolation of EVs from porcine follicular fluid. They
displayed predominantly exosome properties with sufficient purity and possibility for further functional
analyses, including proteomics.
© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Extracellular vesicles (EVs) represent a heterogeneous popula-
tion of membrane-bound nanoparticles that are released by
different cell types and play a crucial role in the intercellular
communication [1]. According to their biogenesis, biophysical and
biochemical properties, they are usually categorized as small
(exosomes) or large (microvesicles/ectosomes, migrasomes,
apoptotic bodies) EVs [2]. Exosomes size range from 50 to 150 nm,
originate in the endosomal pathway via the inward membrane
budding of multivesicular bodies and possess molecular markers
ak).
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such as tetraspanins (CD63, CD9, CD81), Alix, TSG101, and flotillin-1
[3]. Microvesicles are formed by a direct budding from the plasma
membrane; their size ranges from 100 to 1000 nm, and protein
cargo includes annexin A1, integrins, selectins and CD40 [4]. Finally,
migrasomes and apoptotic bodies (up to a few microns) are
released from migrating and apoptotic cells, respectively [2].
Additionally, recent evidence suggests that cancer cells secrete a
population of large oncosomes [5], whereas other cell types release
arrestin domain-containing protein-mediated microvesicles [6].

It was established that EVs constitute a new mechanism of
communication within the female reproductive system under
physiological and pathological conditions [7,8]. They have been
identified in different body fluids such as follicular, oviductal,
uterine and amniotic fluid as well as the originating tissues [9]. EVs
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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might influence target cells and regulate follicular growth and
oocyte maturation [10], implantation, maternal-embryo interface
[11], and fetal growth [12] via their RNA, DNA, miRNA, protein and
lipid cargo. Therefore, there is still a growing interest in under-
standing the detailed role of EVs in the female reproduction.

The ovarian follicle is a functional unit supporting the growth
and maturation of the oocyte that requires extensive cell-to-cell
communication between follicular cells [13]. The signaling be-
tween somatic cells and the oocyte is coordinated through different
hormones and molecules residing in the follicular fluid, including
EVs [14]. Studies on EVs isolated from human [15], bovine [16,17]
and equine [18,19] follicular fluid revealed their involvement in the
follicle growth and oocyte developmental competence through the
regulation of granulosa cell proliferation, tight junction commu-
nication between follicular cells and cumulus-oocyte complex
maturation. However, still little is known about the role of EVs in
the porcine ovarian follicle.

There is a lack of a standardizedmethod of EVs enrichment from
ovarian follicular fluid that can provide EV enriched samples with
standardized purity and functionality. The most widely used
methods are differential ultracentrifugation and commercial kits
based on precipitation [15,16,18e20]. These methods, however, are
limited by their inability to completely or partially restore EVs
functionality after ultracentrifugation and low specificity of EVs
enrichment after precipitation [2]. Recently it has been proposed
that differential centrifugation method combined with size-
exclusion chromatography (SEC) might be an appropriate isola-
tion method allowing further reliable transcriptomic and proteo-
mic analyses of their carriers [21]. Therefore, the aim of the present
investigation was to assess the SEC as a tool for effective EVs
isolation from porcine ovarian follicular fluid. The quantity, quality,
and physical properties of isolated EVs were determined by nano-
particle tracking analysis (NTA), transmission electron microscopy
(TEM) and atomic force microscopy (AFM). Finally, the proteomic
characterization of EVs bymass spectrometry (LC-MS) andWestern
blot was performed.
2. Material and methods

2.1. Collection of follicular fluid from porcine ovarian follicles

Follicular fluid was collected from healthy medium (3e6.9 mm
in diameter; average diameter 5 mm) antral follicles obtained from
sexually mature cross-bred gilts (Large White � Polish Landrace)
[20]. Ovaries were harvested at a local slaughterhouse under
veterinarian control. Stage of the estrous cycle was verified by
ovarian morphology and corpus luteum quality according to Akins
and Morrisette [22]. The ovaries in follicular phase were then
transported to the laboratory in ice-cold phosphate-buffered saline
(137 mM NaCl; 2.7 mM KCl; 10 mM Na2HPO4; and 1.8 mM KH2PO4;
pH 7.4) with antibiotic (AAS, Sigma-Aldrich, St. Louis, MO, USA)
within ~1 h of collection. Follicular fluid was aspirated by a syringe
(1.5 mL volume of each sample; n ¼ 6) and then centrifuged at
300�g at 4 �C for 10 min to remove cells. Next, the supernatant was
centrifuged at 2000�g at 4 �C for 10 min, and at 5000�g at 4 �C for
10 min to remove cell debris and apoptotic bodies, respectively.
Finally, the samples were concentrated to 500 mL using Amicon®
Ultra-2ml centrifugal filter (10 kDa cut-off) (Merck Millipore, Bur-
lington, MA, USA).

The use of animals was in accordance with the Act of January 15,
2015 on the Protection of Animals Used for Scientific or Educational
Purposes and Directive 2010/63/EU of the European Parliament and
the Council of September 22, 2010 on the protection of animals
used for scientific purposes.
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2.2. Extracellular vesicles isolation

EVs were isolated from porcine follicular fluid using the SEC as
previously described [23]. Briefly, the isolation was performed us-
ing 10 cm benchtop columns (Econo-pac® Disposable chromatog-
raphy column; Bio-Rad Laboratories Inc., Berkeley, CA, USA) filled
with cross-linked 4% agarose matrix of 90 mm beads (Sepharose 4
fast flow™, GE HealthCare Bio-Sciences AB, Uppsala, Sweden).
Twenty fractions (each 500 mL) were collected, and then the protein
concentration within each fraction was determined using Bradford
Protein Assay (Bio-Rad Laboratories Inc.) according to the manu-
facturer's protocol. Nanoparticle concentration in the fractions was
measured using NTA as described in the subchapter 2.3. As a result
of this analysis, fractions 5e9 (2.5 mL) were pooled together and
concentrated to 0.5 mL with Amicon® Ultra-2ml centrifugal filter
(10 kDa cut-off) by centrifuging at 3000�g for 2 h at 4 �C (Fig. 1).

2.3. Nanoparticle tracking analysis

To determine EVs size and concentration, NTA was performed
applying the ZetaView PMX 110 NTA instrument (Particle Metrix
GmbH, Inning am Ammersee, Germany) with the corresponding
ZetaView NTA software (8.04.02 SP2) for data analysis following
Dissanayake et al. [24]. Before the measurements, the instrument
was calibrated using a 100 nm polystyrene nanoparticles standard
(Applied Microspheres BV, Leusden, The Netherlands, cat. no.
10100). The Brownian motion of each particle was visualized by a
laser light scattering method, recorded by a camera and converted
into size and concentration parameters using the Stokes-Einstein
equation. Each EV sample was diluted with 1 � PBS (1:1000; cat.
no. D8537, Sigma-Aldrich) to ensure that the concentration of
particles in each sample was optimal, and then counted in three
cycles at 11 points in the NTA flow cell. Following settings were
utilized: sensitivity 85, shutter speed 70, and frame rate at 30
frames per second.

2.4. Zeta potential measurements

The zeta potential of EVs was performed by ZetaView PMX 110
according to previous studies [24,25]. Before the measurement, EV
samples were adjusted to pH 7. Zeta potential was assessed at 22 �C
under the following settings: cycles 5, sensitivity 85, shutter speed
70, and frame rate at 30 frames per second.

2.5. Transmission electron microscopy

To visualize EVs obtained from porcine follicular fluid, negative
stained TEM was used with formvar coated, 300 mesh copper grids
prepared for each EVs preparation using 2% uranyl acetate
(Chemapol, Prague, Czech Republic). The JEOL JEM2100 HT trans-
mission electron microscope was then used to observe the samples
(JEOL, Tokyo, Japan).

2.6. Atomic force microscopy analysis

For AFM imaging, EVs were deposited on a highly oriented py-
rolytic graphite (HOPG). Specifically, a 5 mL droplet of EVs solution
prepared as described above, was casted on a freshly cleaved HOPG
surface right before EVs deposition. After 5 min of incubation at
room temperature, the samplewas rinsed with ultrapurewater and
left to dry. AFM images of EVs were acquired in a tapping mode
with a scanning rate of 0.5 Hz and 512 � 512 pixels using
SmartSPM™ 1000 Scanning Probe Microscope (AIST-NT, Horiba,
France) and RTESPA-150 probes (Bruker). Collected AFM images
were processed using Gwydion [26] software (Version 2.51) via



Fig. 1. Flow chart of the study design. (A) Extracellular vesicles (EVs) from porcine follicular fluid was isolated using size-exclusion chromatography (SEC). The collected porcine
follicular fluid was loaded on a sepharose columns, 20 fractions were collected, selected for concentration and then analyzed by nanoparticle tracking analysis (NTA), transmission
electron microscopy (TEM), atomic force microscopy (AFM), liquid chromatography mass spectrometry (LC-MS) and Western blot (WB). (B) Molecules are separated based on their
size as they pass through the column and they are eluted in order of decreasing molecular weight.
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flattening by a median of differences correction. To determine the
diameter distribution of EVs, the dimensions were established from
1731 EVs present on AFM images.

2.7. Western blot analysis

Western blot was conducted on EV samples pooled from frac-
tions 5e9. Proteins were precipitated by adding 900 mL of water,
1200 mL of methanol and 300 mL of chloroform. The solution was
vortexed and centrifuged at 9000�g at 4 �C for 5 min. Then, the top
layer was removed and precipitated proteins were washed with
900 mL of methanol and centrifuged again at 9000�g at 4 �C for
10 min. The pellets were air-dried, resuspended in PBS and protein
concentration was measured by Bradford assay. Proteins (20 mg
from each group) were suspended in reducing Laemmli buffer (Bio-
Rad Laboratories Inc.) and incubated at 95 �C for 5 min. Protein
samples were separated by 12% SDS-polyacrylamide gel and
transferred to PVDFmembranes (Sigma-Aldrich, St. Louis, MO, USA)
using a semi-dry Trans-Blot Turbo Transfer System (Bio-Rad Labo-
ratories Inc.). The membranes were washed and blocked in 5% non-
fat drymilk containing 1% BSA and 0.1% Tween20. Thenmembranes
were incubated with the primary anti-CD63 antibody (cat. no
10628D, 1:500, Invitrogen, Carlsbad, CA, USA), anti-Apo-A1 anti-
body (cat. no DF6264, 1:500, Affinity Biosciences Inc., Cincinnati,
OH, USA) and anti-b-actin (cat. no A2228, 1:4000, Sigma-Aldrich)
overnight at 4 �C followed by incubation with horseradish
peroxidase-conjugated goat anti-rabbit secondary antibody (cat. no
31460, 1:3000, Invitrogen) or goat anti-mouse secondary antibody
(cat. no 170-6516, 1:3000, Bio-Rad Laboratories Inc.) for 1.5 h at
room temperature. Bands were detected by chemiluminescence
usingWestern blotting Luminol Reagent (Bio-Rad Laboratories Inc.)
and visualized using the ChemiDocTM XRS þ System (Bio-Rad
Laboratories Inc.).

2.8. Immunofluorescence

Immunofluorescence labeling was performed as previously
described [27]. Sections were deparaffinized, rehydrated, antigen
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retrieval and blocked using 5% normal goat serum prior to over-
night incubation with primary anti-CD63 antibody (1:50, Invi-
trogen). Secondary antibody, Alexa Fluor™ 488-conjugated goat
anti-mouse (cat. no A11001, 1:100, Invitrogen) was applied and
incubated for 1.5 h in the darkness at room temperature. Finally,
sections were mounted in Vectashield Antifade Mounting Medium
(Vector Lab., Burlingame, CA, USA) and visualized with an epi-
fluorescence microscope Nikon Eclipse NieU (Nikon, Tokyo, Japan)
with corresponding software.

2.9. Mass spectrometry and data analysis

EVs suspended in 50 mL of PBS were lysed by the addition of
digestion buffer to the final concentrations of 50 mM triethyla-
monium bicarbonate (TEAB), 5% trifluoroethanol (TFE), 10 mM
Tris(2-carboxyethyl)phosphine (TCEP) and 40 mM 2-
chloroacetamide (CAA). Samples were incubated at 95 �C on vor-
tex for 15 min and sonicated in ultrasound bath at 60 �C for another
15 min. Digestion was performed at 37 �C overnight with 1 mg of
trypsin (Promega, Madison, USA). After digestion, peptides were
diluted to 100 ml with 50 mM TEAB and acidified to a final con-
centration of 0.1% formic acid (FA).

Samples were analyzed using LC-MS system composed of Evo-
sep One (Evosep Biosystems, Odense, Danemark) coupled to an
Orbitrap Exploris 480 mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany) via Flex nanoESI ion source (Thermo Scientific).
Samples were loaded onto disposable Evotips C18 trap columns
(Evosep Biosystems) according to the manufacturer protocol with
minor modifications. Briefly, Evotips were activated with 25 mL of
solvent B (solvent B: 0.1% formic acid in acetonitrile) by 1 min
centrifugation at 600g followed by 2 min incubation in 2-propanol.
After equilibrationwith 25 mL of solvent A, 40 mL of each samplewas
loaded onto the solid phase. Bound peptides were washed twice
with 100 mL and covered with 200 mL of solvent A. Chromatography
was carried out at a flow rate 250 nL/min using the 88 min (15
samples per day) preformed gradient on EV1106 analytical column
(Dr Maisch C18 AQ, 1.9 mm beads, 150 mm ID, 15 cm long, Evosep
Biosystems). Data was acquired in positive mode with a data-
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dependent method using the following parameters. MS1 resolution
was set at 60 000 with a normalized AGC target 300%, Auto
maximum inject time and a scan range of 300e1600 m/z. For MS2,
resolution was set at 15 000 with a Standard normalized AGC
target, Auto maximum inject time and top 40 precursors within an
isolation window of 1.6 m/z considered for MS/MS analysis. Dy-
namic exclusion was set at 20 s with allowed mass tolerance of
±10 ppm and the precursor intensity threshold at 5e3. Precursor
were fragmented in HCD mode with normalized collision energy of
30%. Spray voltage was set to 2.1 kV, funnel RF level at 40, and
heated capillary temperature at 275 �C.

Raw data files were analyzed in Proteome Discoverer 2.4.0.305
software (Thermo Scientific) using Sequest search engine. The data
were searched against the Sus scrofa full UniProt database (taxon-
omy ID ¼ 9823, version 2021_04) and common contaminants PD
database (version 2015_05). Precursor and fragment mass toler-
ances were set to 10 ppm and 0.02 Da, respectively. Enzyme
specificity was set to trypsin with a maximum of two missed
cleavages. Carbamidomethylation (C) was defined as fixed modifi-
cation, oxidation (M), N-terminal protein acetylation and Methio-
nine loss as variable modifications. Peptide false discovery rate
(FDR) was set to 1% using Percolator.
3. Results and discussion

The proper ovarian follicle development leading to successful
ovulation is coordinated by a set of complex interactions between
follicular somatic cells and the oocyte; and requires the exchange of
various molecules. Besides well-known hormonal signals, EVs are
considered as a crucial element of this intrafollicular communica-
tion [13]. Despite the growing importance, still little is known about
EVs mode of action within the mammalian ovarian follicle that is
warrantedmainly by their molecular cargo. Therefore, the ability to
isolate EVs from follicular fluid and maintain their biological
functionality appears to be of paramount importance. The present
study aimed to assess the efficiency of SEC as a useful method for
EVs isolation from ovarian follicles of the pig that represents the
farm animal species with small volume of follicular fluid per follicle.

To determine whether porcine ovarian follicle could be a source
of EVs in follicular fluid, we performed immunofluorescent locali-
zation of tetraspanin CD63, which is a reliable marker of exosomes
[28]. The positive immunofluorescent signal was observed in the
Fig. 2. Extracellular vesicles (EVs) and protein concentration in 20 fractions isolated by si
centration was assessed using nanoparticle tracking analysis and the protein concentration
deviation (SD) (n ¼ 3).
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cytoplasm of the granulosa cells (Fig. 3E), confirming that they
could secrete EVs into follicular fluid.

In the present study, EVs from porcine follicular fluid were
isolated using SEC and analyzed by NTA to determine which SEC
fractions contain the highest concentration of particles. Twenty
fractions of 500 mL were collected from the SEC column in three
biological replicates. Fractions 5e9 contained the highest number
of EVs ranging from 1.4 � 1010/mL to 5.2 � 1010/mL, peaking in the
fraction 6. Further fractions (10e20) contained relatively low EVs
amount. To assess whether the SEC fractions are contaminated by
proteins, the protein concentration in each fraction was measured
using Bradford Protein Assay. We found that the protein concen-
tration began to increase significantly after 9th fraction, whereas
earlier ones (1e8) had none or minimal protein contamination
(Fig. 2). Therefore, only fractions 5e9 were concentrated into one
EV sample and used for further analyses.

To characterize porcine follicular fluid-derived EVs population,
we performed NTA analysis of the concentration and size range of
particles. The mean particle concentration in the EVs sample was
1.1 � 1011 ± 4.3 � 1010/mL (Fig. 3B). As shown in Fig. 3A, the size
distribution of isolated vesicles ranged between approximately 30
and 480 nm, indicating the presence of heterogeneous EVs popu-
lation in the porcine follicular fluid. The vast majority of these
particles were under 300 nm in diameter and a mean size was
148.35 nm, which corresponded to the exosome subpopulation
[29]. Concordantly, similar results were obtained recently on EVs
isolated from porcine ovarian follicular fluid by commercial Total
Exosome Isolation Reagent [20] and differential centrifugation [30].
In addition, Western blot analysis revealed that follicular fluid-
derived EVs were positive for common EVs markers CD63 and b-
actin (Fig. 3D). To further ascertain the morphology of particles,
TEM analysis was performed (Fig. 4). We observed heterogeneous
population of double layeredmembrane vesicles, displaying typical
“cup-shaped” morphology [31]. TEM analysis showed that the
isolated particles were EVs (around 30e200 nm), which confirmed
the NTA findings on the heterogeneity of porcine follicular fluid-
derived particles. We continued by determining the dimensional
diversity of EVs using AFM. The AFM images of EVs deposited onto a
highly oriented pyrolytic graphite (HOPG) surface are presented in
Fig. 5A and B. Furthermore, based on collected AFM images, the
diameter distribution of deposited particles was determined
(Fig. 5C). Apart from those corresponded to the EVs size, we found
ze-exclusion chromatography from porcine follicular fluid. In each fraction, EVs con-
was measured using Bradford Protein Assay. Data is shown as the mean ± standard



Fig. 3. Characterization of the extracellular vesicles (EVs) isolated from porcine follicular fluid. EVs size distribution (A), concentration (B) and zeta potential (C) were assessed by
nanoparticle tracking analysis. Data is shown as the mean ± standard deviation (SD) (n ¼ 6). Expression of CD63, b-actin and apolipoprotein A1 (Apo-A1) proteins in EVs samples
and granulosa cell lysates (Gc) was demonstrated byWestern blot (D). Immunofluorescence was used to confirm CD63 localization in porcine ovarian follicle (E). Positive signal (red)
is marked by white arrows. Gc - granulosa cells; Ti - theca interna cells; Te -theca externa cells. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 4. Representative transmission electron microscopy images demonstrating extracellular vesicles (EVs) isolated from porcine follicular fluid and their morphology. Black arrows
indicate “cup-shaped” EVs. Dotted inserts and the photo on the left represent the EVs at a higher magnification.

Fig. 5. Representative atomic force microscopy (AFM) images of extracellular vesicles (EVs) isolated from porcine follicular fluid deposited on a highly oriented pyrolytic graphite
surface. (A) 3 � 3 mm2 and (B) 1 � 1 mm2 AFM image. (C) The distribution of EVs diameter determined from AFM images.
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Table 1
List of marker proteins for extracellular vesicles (EVs) according to Menezes-Neto
et al. [37] and their presence (yes)/absence (no) in EVs isolated form porcine
follicular fluid using size-exclusion chromatography. The number of peptide spectral
matches (#PSM) gives an estimation of the relative protein abundance.

EV marker proteins Gene symbol Identified #PSM

Actin, cytoplasmic 1 ACTB yes 104
Fructose-bisphosphate aldolase A ALDOA yes 19
Annexin A2 ANXA2 yes 52
Annexin A5 ANXA5 yes 63
Annexin A6 ANXA6 yes 88
CD63 antigen CD63 yes 2
CD81 antigen CD81 no 0
CD82 antigen CD82 no 0
CD9 antigen CD9 yes 1
Cofilin-1 CFL1 yes 27
Clathrin heavy chain 1 CLTC yes 160
Elongation factor 1-alpha 1 EEF1A1 yes 39
Ezrin EZR yes 32
Fatty acid synthase FASN yes 15
Glyceraldehyde-3-phosphate dehydrogenase GAPDH yes 46
Rab GDP dissociation inhibitor beta GDI2 yes 11
Heat shock cognate 71 kDa protein HSPA8 yes 88
Lactadherin MFGE8 yes 19
Moesin MSN yes 19
Programmed cell death 6-interacting protein PDCD6IP no 0
Phosphoglycerate kinase 1 PGK1 yes 35
Pyruvate kinase PKM2 no 0
Peroxiredoxin-1 PRDX1 no 0
Ras-related protein Rap-1b RAP1B yes 8
Radixin RDX yes 10
Transforming protein RhoA RHOA yes 11
Rho-related GTP-binding protein RhoC RHOC yes 9
Syntenin-1 SDCBP yes 7
Tumour susceptibility gene 101 protein TSG101 no 0
14-3-3 protein beta/alpha YWHAB no 0
14-3-3 protein epsilon YWHAE no 0
14-3-3 protein gamma YWHAG yes 9
14-3-3 protein theta YWHAQ yes 9
14-3-3 protein zeta/delta YWHAZ yes 13
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the abundant population of particles under 30 nm in diameter that
was rarely observed in the NTA analysis. Follicular fluid is
composed partly of secretions from the follicular cells, and partly of
exudates from plasma [32]. Therefore, it also contains typical
plasma proteins, including lipoproteins. AFM analysis conducted on
plasma EVs isolated by ultracentrifugation revealed the presence of
particles ~20e30 nm in diameter, which were discussed as lipo-
proteins [33]. EVs isolated from plasma can be covered with low-
density lipoproteins (LDL) that easily stick to their hydrophobic
surfaces and co-isolate with EVs [34]. On the other hand, high-
density lipoproteins (HDL) have a density similar to EVs and
could also be co-isolated [35]. Gan et al. [36] showed using AFM
that the average diameter of LDL and HDL is less than 30 nm, that
could explain results obtained in the present study. To confirm that,
we used mass spectrometry (Supplementary Table 1) and detected
apolipoprotein A1 (Apo-A1), a marker for HDL and chylomicrons.
That was confirmed by Western blot (Fig. 3D), however very week
expression of Apo-A1 protein was found in EV samples. Regarding
another common lipoprotein markers, such as Apo-B and Apo-E,
there were not detected by mass spectrometry (Supplementary
Table 1).

To our knowledge, the physical properties of EVs isolated from
porcine follicular fluid such as surface charge, have not so far been
reported. Herein for the first time we assessed zeta potential, a
useful indicator of colloidal stability of EVs in solution, determining
their interaction with target cells and surrounding environment
[25]. The measurement was conducted at pH ¼ 7.0 using NTA
equipment and themean zeta potential of EVs was�41.2 ± 3.45mV
(Fig. 3C). Nanoparticles with low zeta potential between �20
84
and þ 20 mV have a tendency to aggregate, whereas greater zeta
potential indicates better stability in solution that is important for
EVs uptake by target cells and their impact on various biological
processes [37]. Thus, our zeta potential results indicate stability of
isolated EVs in solution and with characteristics to avoid
aggregation.

The next aim of this research was to provide proteomic char-
acterization of EVs using mass spectrometry (Supplementary
Table 1). According to proteomic data set, Table 1 shows 34
marker proteins for EVs followed by de Menezes-Neto et al. [38]
and their presence in EVs isolated fromporcine follicular fluid using
SEC. These particles expressed several exosomal markers, such as
tetraspanins CD63 and CD9, lactadherin (MFGE8) and Rab GTD
dissociation inhibitor beta (GDI2), suggesting endosomal origin of
examined EVs [39]. That is in agreement with NTA and TEM ana-
lyses, indicating the great proportion of exosomes among isolated
EVs. Notably, b-actin (ACTB), annexins 2 (ANXA2), 5 (ANX5) and 6
(ANX6), clathrin heavy chain 1 (CLTC), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and heat shock cognate 71 kDa protein
(HSPA8) were identified with a great number of peptide spectral
matches (#PSM) between 46 and 160 (Table 1). Most contamina-
tion marker proteins originating fromGolgi apparatus (130 kDa cis-
Golgi matrix protein, GM130) or mitochondria (cytochrome c1,
CYC1) were absent in follicular fluid-derived EVs samples. On the
other hand, endoplasmic reticulum proteins, such as endoplasmin/
grp94 (HSP90B1), and nuclear histones (HIST) were identified
(Supplementary Table 1). According to Vesiclepedia (access on
January 12, 2023; microvesicles.org), endoplasmin/grp94 and
several histones have 306 and above 200 entries, respectively. That
is comparable with common exosome marker proteins such as
CD63, CD9 or ACTB. Similar results were presented by Benedikter
et al. [21], who suggested that endoplasmin/grp94 might be an EVs
associated protein, while histones could be specifically sorted to
EVs.

4. Conclusions

To summing up, the protocol of EVs isolation from the porcine
follicular fluid using SEC described in this study yields EVs popu-
lation displaying predominantly exosome properties and markers.
We demonstrated that this approach of EVs isolation from follicular
fluid could provide particles with some lipoprotein contamination.
However more than 2000 proteins were identified herein with
mass spectrometry, indicating that the achieved EVs sample purity
is sufficient for proteomic analysis. Taking into account the prom-
inent role of EVs in the female reproduction, including folliculo-
genesis, oocyte maturation, fertilization, and embryo quality [40],
as well as changes in the composition of EVs cargo during repro-
ductive aging [41], providing the protocol of effective follicular
fluid-derived EVs isolation could be a starting point for further
functional research on improving the pig fertility.
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