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Enhancing developmental
potential of vitrified in vitro
matured bovine oocytes using
extracellular vesicles from large
follicles
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Maria Iniesta-Cuerda’, Ana Josefa Soler®, Dimitrios Rizos? & Teresa Mogas™*

This study investigates the differential effects of extracellular vesicles (EVs) derived from bovine
follicular fluid (FF) on bovine oocytes cryotolerance, focusing on EVs from small (3-5 mm) and

large (>9 mm) follicles, with the aim of optimizing vitrification protocols. FF-EVs were isolated

and characterized for size and concentration. Oocytes were in vitro matured with FF-EVs prior

to vitrification. Post-warming assessment included spindle morphology, DNA integrity, embryo
development, total cell count, and apoptotic index of resulting blastocysts. EVs uptake by cumulus-
oocyte complexes was confirmed via confocal microscopy. While percentages of oocytes at the
metaphase Il stage were similar across groups, vitrification significantly reduced normal spindle
configurations, except in oocytes supplemented with large FF-EVs (VIT Large), which resembled fresh
oocytes. DNA fragmentation was significantly lower in the VIT Large group, whereas vitrification
alone increased fragmentation. Blastocyst, expansion and hatching rates were higher inVIT Large,
which also preserved inner cell mass quality similar to fresh counterparts. These findings suggest that
FF-EVs from large follicles mitigate vitrification-induced damage, improving oocyte cryopreservation
outcomes and embryo quality. To the best of our knowledge, this is the first study to demonstrate that
FF-EVs can improve the cryotolerance of bovine oocytes, establishing a novel approach for enhancing
oocyte vitrification outcomes.
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Female gametes preservation is crucial for advancing reproductive biology, animal breeding, and conservation
efforts. Among cryopreservation methods, oocyte vitrification has emerged as a pivotal technique in germplasm
preservation and assisted reproductive technologies. It enables efficient storage and utilization of female gametes.
This facilitates applications in fertilization and the provision of cytoplasts for nuclear transfer in somatic cell
reprogramming. However, the outcomes of oocyte vitrification remain suboptimal due to cryoinjury-induced
damage. Vitrified oocytes exhibit reduced survival rates, and the production of viable bovine embryos from
vitrified oocytes is still lower compared to fresh oocytes! 3.

Oocyte vitrification have been reported to induce cryoinjury alterations at various levels including prematurely
release of intracellular Ca*2, chromosome abnormality, disruption of microtubules and actin microfilaments or
oxidative stress that leads to mitochondrial and endoplasmic reticulum damage!. To overcome this issues many
approaches have been explored. These include optimizing cryoprotectant solutions*mathematical modeling
to reduce cryoprotectants (CPA) toxicity®, lipid modulation to, reduce lipid content®the use of microtubules
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stabilizers to prevent microtubule depolymerization”® and the use of antioxidant treatments to mitigate oxidative
stress during the vitrification process”!°. Despite the advancements in oocyte vitrification, these approaches
have shown only partial success. Although they improve certain aspects of vitrification outcomes by mitigating
specific cryoinjury effects, they fail to make vitrified oocytes fully comparable to fresh counterparts (reviewed
in!. Therefore, there is a need for new strategies capable of acting at multiple levels to improve oocyte survival
and developmental potential of vitrified/warmed oocytes.

Over the past few years, extracellular vesicles (EVs) have gained attention as a novel tool to improve the
outcomes of assisted reproduction techniques'!~13. EVs are lipid bilayer-enclosed particles released from cells that
cannot replicate!*. Which play a critical role in intercellular communication by transporting bioactive molecules
as metabolites, proteins and nucleic acids'®. Additionally, EVs can exert a bystander effect by mediating the
transfer of stress-adaptive molecules, enabling cells to withstand adverse conditions'®-1%.

Follicular fluid-derived EVs (FF-EVs) have been isolated in several species, including equine
bovine!”?2731, porcine’?33, human®*%, caprine®, buffalo®” and feline®. The addition of FF-EVs to the in vitro
maturation (IVM) media has shown promising results in equine, improving maturation rates in compacted
cumulus-oocytes complexes (COCs)", inducing cumulus cell expansion® and increasing fertilization rates
following intracytoplasmic sperm injection (ICSI)?!. Similarly, in the bovine species, FF-EVs supplementation
during IVM resulted in increased cumulus expansion!”?*?, higher cleavage and blastocysts rates!”?> and
better-quality blastocysts®®. However, little is known about the effect of FF-EVs on oocyte cryotolerance. In the
domestic cat, immature COCs briefly co-incubated with FF-EVs prior to vitrification and/or vitrified/warmed
in the presence of FF-EVs showed improved meiotic resumption of vitrified oocytes*. Nevertheless, it remains
unknown whether FF-EVs can protect oocytes from other species against vitrification induced cryoinjury, either
at immature or mature stages.

Furthermore, the cargo of these EV's varies significantly depending on various factors, such as oocyte growth
status?, metabolic status?”%, estrous cycle stage?®>!, season**” and follicular size?#?>*¢, Regarding follicular size,
several studies have shown that microRNAs (miRNAs) in FF-EV's derived from follicles of different sizes exhibit
different expression profiles?*3¢. In the bovine species, pathway analysis revealed that small follicles derived FF-
EVs contain miRNAs predicted to influence cellular development and proliferation, cell death and survival and
cell cycle regulation pathways, while FF-EV's derived from large follicles contain miRNAs predicted to influence
inflammatory responses pathways?!. Functional studies in cattle have reported that FF-EVs from small follicles
resulted in greater cumulus expansion?’, enhanced granulosa cell proliferation?® and higher blastocyst rates?’.
In contrast, FF-EVs from large follicles demonstrate comparatively moderate effects, inducing limited cumulus
expansion® and granulosa cell proliferation®®. Furthermore, FF-EV's from preovulatory follicles failed to increase
blastocyst rates?®. However, all these studies have been conducted under non-stress or optimal conditions. To
date, no research has directly compared if FE-EV's from various follicular sizes can mitigate or overcome cellular
damage caused by stressors such as those encountered during oocyte vitrification. While FF-EV's from small
follicles have consistently demonstrated superior functional outcomes under optimal conditions, the potential
role of the distinct molecular cargo present in large follicle-derived EVs remains unexplored under adverse
or suboptimal conditions and may contribute to protective or adaptive responses. A better understanding of
this could help elucidate the role of follicular fluid from different follicle sizes in oocyte cryoprotection and to
determine whether FF-EVs can be used as a medium supplement to improve oocyte survival and developmental
competence after vitrification.

Herein, the aim of this study was to evaluate, for the first time, the impact of adding FF-EVs from small
or large follicles to the IVM medium on the cryotolerance of bovine oocytes. With that purpose, EVs were
isolated from FF of small (3-5 mm) and large (>9 mm) follicles using size exclusion chromatography (SEC).
Then, EVs were characterized, and their uptake by COCs was confirmed. Bovine COCs were then matured in
medium supplemented with EVs derived from either small or large follicles. After 21 h of maturation, oocytes
were vitrified and warmed. The impact of EVs supplementation on vitrified/warmed oocytes was assessed by
analyzing oocyte spindle morphology, oocyte DNA fragmentation, embryo developmental rates, blastocysts cell
count and apoptosis.

19-21
>

Results
Characterization of FF-EVs from large and small follicles
Vesicle size and concentration were assessed using nanoparticle tracking analysis (NTA). Small-EVs showed
a significantly higher concentration with significantly smaller size compared to Large-EVs (Table 1). The size
and morphology of EVs were further characterized by cryo-electron microscopy (Cryo-EM), revealing their
characteristic spherical shape and lipid bilayer structure (Fig. 1).

Flow cytometry analyses confirmed the presence of functional and intact membrane EVs in both Small-
EVs and Large-EVs. Specifically, 84.5+0.03% and 86.0+0.02% of EVs were CFSE-positive in Small-EVs and
Large-EVs, respectively. Additionally, the tetraspanins CD81, CD9, and CD63 were detected in Small-EVs,

Group Particles/mL+SD Mean+SD (nm) | Mode + SD (nm)
Small EVs | 7.33x10™ + 1.62x 102 | 161.8+0.22 131.0+2.7°
Large EVs | 6.74x 10" £ 1.60x 10" | 196.0+0.6° 182.3+1.6°

Table 1. Concentration, mean, and modal size of FF-EVs from small (Small-EVs) and large (Large-EVs)
follicles. > ® Different subscript letters indicate significant differences between columns.
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Fig. 1. Cryo-EM images of FF-EVs from small (1) and large (2) follicles. Scale bar: 0.2 um.

with EVs populations (%) of CD81 (12.3+0.03), CD9 (8.6+0.01), and CD63 (41.0+0.06), and their respective
signal intensities (Arbitrary Units, AU): CD81 (1,584.8+16.1), CD9 (1,088.4+8.5), and CD63 (1,584.8+20.2).
Similarly, in Large-EVs, the percentage of EVs displaying positive immunoreactivity was 12.0+0.03% for
CD81, 9.0+0.02% for CD9, and 39.0+0.08% for CD63, with corresponding signal intensities (AU) of CD81
(1,605.2£25.5), CD9 (1098.6 £ 23.3), and CD63 (1,144.6 + 37.4). These findings further validate the effectiveness
of the isolation protocol.

FF-EVs uptake by COCs

The ability of EVs to be internalized and mediate an effect on COCs was validated by their uptake. Following
9 h and 21 h of co-incubation with labeled EVs, FF-EVs positive signal was confirmed within the transzonal
projections, perivitelline space and in the caumulus cells (CCs) surrounding the oocyte by confocal laser-scanning
microscopy as shown in Fig. 2.

Spindle configurations in IVM bovine oocytes vitrified/warmed after IVM with or without FF-
EVs from small or large follicles

Results on the impact of IVM medium supplementation with FF-EVs of small or large follicles on spindle
configuration are summarized in Table 2. No differences were observed in percentages of oocytes reaching the
metaphase II (MII) stage among the experimental groups. Percentages of vitrified oocytes exhibiting a normal
MII spindle were significantly lower than those observed in fresh non-vitrified oocytes, except for the group VIT
Large that showed similar percentages than non-vitrified groups.

Analysis revealed no statistically significant differences in the percentages of oocytes showing dispersed
microtubules or chromosomes across experimental groups (P>0.05). Percentages of microtubule and
chromosome decondensation remained similar within fresh or vitrified groups, though oocytes supplemented
with Small-EVs prior to vitrification displayed the highest percentage of decondensed microtubules. Additionally,
the addition of EVs from both small and large follicles to the IVM medium in vitrified oocytes reduced the
percentages of absent microtubules to levels comparable to those in the non-vitrified groups.

Percentages of TUNEL-positive oocytes observed in IVM bovine oocytes vitrified/warmed
after IVM with or without FF-EVs from small or large follicles

As shown in Fig. 3, supplementation with FF-EVs from large follicles during IVM prior to vitrification
significantly reduced the percentage of oocytes with fragmented DNA compared to the other vitrified groups.
Moreover, the VIT Large group exhibited DNA fragmentation levels similar to those of fresh non-vitrified
groups. In contrast, a significant increase in the percentage of TUNEL + oocytes was observed in the VIT group
compared to the non-vitrified groups. Additionally, VIT Small oocytes showed significantly higher percentages
of DNA fragmentation compared to Control and Small groups.

Embryo development in IVM bovine oocytes vitrified/warmed after IVM with or without FF-
EVs from small or large follicles

Table 3 compares the effects of IVM of bovine oocytes with EVs derived from FF of small or large follicles
prior to vitrification at the MII stage on early in vitro embryo development. No significant differences were
found between groups in cleavage rates. However, on Days 7 and 8 pi, both vitrification alone and vitrification
following supplementation with small follicle-derived EVs resulted in significantly lower blastocyst rates than
their fresh counterparts. In contrast, oocytes vitrified after IVM with EVs from large follicles yielded blastocyst
rates similar to those of fresh controls.

When D8 embryos were classified as non-expanded, expanded and hatched blastocysts, percentages of non-
expanded blastocysts did not differ significantly among treatment groups. However, the VIT and Small VIT
groups exhibited significantly lower expansion and hatching rates compared to fresh controls, whereas Large
VIT maintained rates similar to fresh counterparts.
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Fig. 2. Confocal images of COCs and oocytes co-incubated with PKH26 labeled EVs for 9 and 21 h during
IVM (A) Negative control COCs showed no fluorescence signal in either the CCs or the oocyte. (B) After 9 h
of co-incubation, labeled EVs were detected in the transzonal projections and the perivitelline space. Labeled
EVs were also present in the CCs (data not shown). (C) After 21 h of co-incubation, labeled EVs were observed
in the surrounding CCs. Scale bar: 30 um. BF: Bright Field; PKH26: EV's labeled with PKH26.

Differential cell count and apoptosis of blastocysts derived from vitrified/warmed IVM bovine
oocytes after EV supplementation during maturation

Table 4 summarizes total cell number (TCN), inner cell mass (ICM) and trophectoderm (TE) cell number,
as well as apoptotic rates (AR) recorded in D8 blastocysts derived from oocytes matured with or without FF-
EVs prior to vitrification. Representative images of differential cell staining of blastocysts are displayed in
Fig. 4. TCN showed no differences among treatment groups. While ICM numbers were significantly reduced
in vitrified groups compared to fresh groups, VIT Large preserved ICM numbers better than other vitrified
groups (35.1£4.0), approaching values seen in fresh non-vitrified groups. The TE cell numbers varied across the
experimental groups, with the highest values observed in the Large group (109.4 +22.6) and the lowest in the
VIT Small group (57.6 +6). No statistically significant differences were found between the vitrified groups, nor
when compared to their fresh counterparts. No significant differences in apoptotic rates were observed among
any of the experimental groups.
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Microtubule distribution (%) Chromosome distribution (%)
n MII (%) Normal MII configuration (%) | Dispersed Decondensed Absent Dispersed Decondensed Absent
Control | 76 | 68(88.15£2.21) | 62 (92.42+4.06)* 4(4.80£2.50) | 1(1.33£1.33)* | 0° 6 (7.57+4.06) | 0° 0
Small 78 | 68(86.94£1.95) | 58 (84.98+2.36)* 7(10.34£1.39) | 3 (4.64+2.11)%> | 02 7(10.34£1.39) |3 (4.64+2.11)%> |0
Large 74 | 63(85.16%2.04) | 54 (85.18 +2.00)* 7(1222£291) | 2(259+1.63)* | 0* 7(1222£291) |2(259+1.63)* |0
VIT 118 | 106 (88.19+2.63) | 71 (65.81£4.95)° 18 (18.10+4.05) | 4 (4.06£1.95° | 13 (12.01+4.35)" | 24 (24.67£7.48) | 11(9.50£3.21)*" | 0
VIT Small | 89 | 82(92.10£2.03) | 56 (66.74 £4.84)" 10 (12.81+2.27) | 11 (1413£3.32)° | 5(6.29£2.05/*" |14 (17.93£3.16) | 12 (15.31£3.32)* | 0
VIT Large | 106 | 95(89.86+1.95) | 70 (76.64%5.35)" 16 (13.83+5.10) | 7 (7.07+1.90)*" |2 (2.44+1.76)>" |18 (16.27+4.48) | 7 (7.07£1.90)*° |0
Table 2. Spindle morphology and chromosome alignments observed in IVM bovine oocytes vitrified/warmed
after IVM with or without FF-EV's from small or large follicles. Unless indicated otherwise, data are given as
the mean + SEM. *® Values with different superscripts within a column differ significantly (P<0.05). Rates of
oocytes with the given morphology were calculated from the total number of oocytes reaching the MII stage.
Control: oocytes in vitro matured in standard IVM medium; Small: oocytes in vitro matured in IVM medium
supplemented with EV's from small follicles; Large: oocytes in vitro matured in IVM medium supplemented
with EVs from large follicles; VIT, VIT Small, and VIT Large underwent identical IVM conditions as their
non-vitrified counterparts but were vitrified/warmed at 21 h of IVM and allowed to recover for 3 additional
hours post-warming
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Fig. 3. TUNEL detection of fragmented oocyte DNA. (A) Effects of EV supplementation during IVM on
bovine oocytes on percentages of TUNEL-positive oocytes. Percentages of TUNEL-positive oocytes were
quantified manually. Data are presented as the mean + SEM. » ¢ Values with different letters differ significantly
(P<0.05). Treatment groups: Control (n=36): oocytes in vitro matured in standard IVM medium; Small
(n=33): oocytes in vitro matured in IVM medium supplemented with EV's from small follicles; Large (n=42):
oocytes in vitro matured in IVM medium supplemented with EVs from large follicles; VIT (n=31), VIT
Small (n=53), and VIT Large (n=28) underwent identical IVM conditions as their non-vitrified counterparts
but were vitrified/warmed at 21 h of IVM and allowed to recover for 3 additional hours post-warming; (B)
Representative images of IVM bovine oocytes stained with TUNEL (il,i2); green) and DAPI ((iil,ii2); blue).
(i1,iil): TUNEL-positive oocyte indicating DNA fragmentation; (i2,ii2): TUNEL-negative oocyte indicating
absence of DNA fragmentation. Merge images are shown in (iiil,iii2). Scale bar: 10 pum.

Discussion
In the present study, we investigated, for the first time, the effects of FF-EVs on the vitrification outcomes
and cryotolerance of bovine oocytes. Our findings demonstrate that EVs supplementation during in vitro
maturation prior to vitrification/warming modulates key cellular and developmental parameters, including
spindle morphology, chromosomal organization, DNA integrity, and both embryo development and quality.
NTA results showed that EVs derived from small follicles exhibited a higher particle concentration per mL
compared to those from large follicles, consistent with previous studies?#?°. In contrast, the distinct size profiles
observed between small and large follicle-derived EV's in our study differ from those reported in other studies, as
similar analysis found no significant differences in EVs size between groups?>*42°, These differences may be due

to the EV isolation methods employed, which are known to influence the size distribution of EVs populations®’.
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D8 blastocysts

n Cleavage rate (%) | D7 blastocysts(%) | D8 blastocysts(%) | n;,, | Non-expanded(%) | Expanded(%) | Hatched(%)
Control | 179 | 162 (91.0+1.3) 9 (27.242.7) 55 (31.2+2.5) 55 | 18(9.3%1.4) 22 (12.8+1.4)* | 15(9.0+2.6)*
Small 162 | 150 (91.8+1.7) 34 (23.4+4.2)*¢ |51 (31.0+22) 51 | 23(13.9+2.5) 16 (102+2.8)>¢ | 12 (6.8+2.7)>P
Large 143 | 127 (90.0+2.4) 5(24.7+1.3) 37(262+1.8)»> |37 [15(13.3+3.4) 13(7.9422)>% | 9(5.8+29)P
VIT 168 | 130 (80.4£6.1) 18 (13.8+3.1)>¢ |30 (18.3+1.8)° 30 |22(13.4%2.7) 6(3.3+0.8)° 2(1.5+1.5)°
VIT Small | 143 | 118 (83.2+3.9) 17 (11.7+3.2)° 25(18.5+6.0)>¢ |25 |18(13.4+5.1) 4(29+1.2)° 3(1.5+0.9)°
VIT Large | 127 | 105 (83.2+1.8) 34 (25.3+4.2)° 37 (28.5+4.5)>¢ |37 |18(13.9+2.5) 11 (7.6+1.5)>¢ | 8(6.7+3.4)>

Table 3. Developmental competence of embryos derived from vitrified/warmed IVM bovine oocytes after
EV supplementation during maturation. Data represent four independent replicates, with an average of 31 to
45 oocytes that were fertilized at 24 h of IVM per group in each replicate. Unless indicated otherwise, data
are given as the mean + SEM. ®®¢ Within columns, values with different superscript letters differ significantly
(P<0.05). Cleavage rates (48 hpi) and D7 and D8 blastocyst yields were based on the number of oocytes that
survived at Day 1 post-insemination. Oocyte survival was assessed on the basis of integrity of the oocyte

membrane and zona pellucida, along with discoloration of the cytoplasm. nj¢

: total number of blastocysts

observed at day 8 post-insemination. Non-expanded: early and non-expanded blastocysts; Expanded:
expanded blastocysts; Hatched: hatching and hatched blastocysts. Control: oocytes in vitro matured in
standard IVM medium; Small: oocytes in vitro matured in IVM medium supplemented with EVs from small
follicles; Large: oocytes in vitro matured in IVM medium supplemented with EVs from large follicles; VIT,
VIT Small, and VIT Large underwent identical IVM conditions as their non-vitrified counterparts but were
vitrified/warmed at 21 h of IVM and allowed to recover for 3 additional hours post-warming.

Apoptotic rate
Total cell number | Inner cell mass cell number | Trophectoderm cell number | (%)
Control 16 | 141.6+13.7 453+522 96.1+10.6%>¢ 3.0+£0.7
Small 16 | 113.6+16.1 41.14+4.8* 72.2+12.3%¢ 2.5£0.3
Large 14 | 150.6+26.5 41.1+4,8% 109.4+22.6° 25408
VIT 12 [ 101.3+11.7 28.3+3.6° 72.9+£9.28b¢ 22+0.7
VIT Small | 15 | 86.7+9.23 29.1+4.0° 57.6+7.6° 2.5£0.6
VIT Large | 10 | 111.6+13.2 35.144.0%° 76.50+10.1%>¢ 2.9+0.4

Table 4. Total cell numbers, number of cells in the ICM and TE, and rate of apoptotic cells recorded in D8
blastocysts derived from vitrified/warmed IVM bovine oocytes matured in medium supplemented with
FF-EVs. Unless indicated otherwise, data are given as mean+ SEM. b¢ Values within columns with different
superscripts differ significantly (P<0.05); Treatment groups: Control: oocytes in vitro matured in standard
IVM medium; Small: oocytes in vitro matured in IVM medium supplemented with EV's from small follicles;
Large: oocytes in vitro matured in IVM medium supplemented with EV's from large follicles; VIT, VIT Small,
and VIT Large underwent identical IVM conditions as their non-vitrified counterparts but were vitrified/
warmed at 21 h of IVM and allowed to recover for 3 additional hours post-warming.

The ability of CCs and oocytes to internalize FF-EVs was confirmed by their presence after co-incubation
within CCs, transzonal projections and the perivitelline space. Similar uptake patterns have been reported
in studies involving FF-EVs in bovine oocytes in vitro maturation, where fluorescently labeled EVs were
within CCs and their transzonal projections after 9 h of exposure®. In the referenced study, vesicle uptake
was associated with partial modulation of genes related to metabolism and development, as well as changes
in miRNA expression and global DNA methylation and hydroxymethylation. These findings confirm efficient
vesicle internalization, either through granulosa cells or by direct passage across the zona pellucida into the
perivitelline space, potentially transferring bioactive molecules to the oocyte*!.

The absence of significant differences in spindle morphology, chromosomal organization, and DNA integrity
suggests that EVs do not substantially influence oocyte maturation under our specific in vitro conditions. To our
knowledge, this is the first study to assess spindle morphology after in vitro maturation with EVs in the bovine
species. This finding aligns with recent research in bovine models, De Avila et al.?® reported no differences
in maturation rates in bovine oocytes supplemented with FF-EVs. Similarly, in feline species, no significant
effects of FF-EVs on the in vitro maturation of fresh cat oocytes have been reported, although vitrified oocytes
reached the MII stage only in FF-EVss treated groups. Interestingly, studies in porcine species have yielded mixed
results. While Kang et al.*? found no effect on maturation rates, No et al.* reported that EVs supplementation
enhanced maturation rates only at specific concentrations, with no effect observed at lower or higher doses. In
equine oocytes, the use of a two-stage maturation protocol for compact COCs resulted in a higher proportion of
MII oocytes compared to both a single-step protocol and control oocytes!®. These observations suggest that the
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Fig. 4. Representative images of D8 blastocysts derived from oocytes IVM with the presence or absence of EV's
derived from small or large follicles. Nuclei counterstained with DAPI are displayed in blue (A), ICM stained
with anti-SOX2 antibody is displayed in red (B) and Caspase-positive cells stained with anti-active caspase-3
antibody are displayed in green (C). An overlay is provided in (D). Scale bar: 48 pm.

effects of EV's on oocyte maturation may be species-specific and dependent on factors such as EVs concentration
and culture conditions, which could explain the lack of significant effects observed in our study.

Vitrification is known to induce abnormal spindle configurations, chromosome misalignments and DNA
fragmentation!. In the present study, vitrification impaired spindle morphology, compromised chromosomal
stability and increased DNA fragmentation pot-warming. However, supplementation with EVs derived from
large follicles preserved spindle integrity and reduced DNA fragmentation post-vitrification compared to both
non-supplemented controls and oocytes treated with small follicle-derived EVs. EVs are known to carry bioactive
molecules, including metabolites, proteins and nucleic acids' which may enhance oocyte resilience against
cryopreservation-induced stress. In the domestic cat, gene ontology (GO) terms for biological processes showed
that enriched proteins in FF-EVs can play roles in the regulation of stress response, oxidative stress response
and meiotic spindle organization®. Given that oxidative stress is a major contributor to vitrification-induced
damage, the protective effects of EVs may be partially attributed to antioxidant properties. Similar protective
effects have been reported with the use of antioxidant molecules prior to vitrification, such as glutathione ethyl
ester (GSH-OE)'? and microtubule-stabilizing agents like paclitaxel” that alleviate spindle misalignments, as
well as antioxidants like melatonin, which has been reported to reduce DNA fragmentation“. However, further
studies are needed to determine whether EVs exert their protective effects through antioxidant mechanisms.
Conversely, supplementation with EVs from small follicles was associated with higher rates of chromosomal
decondensation following vitrification. Further research should be performed to elucidate whether specific
components within these EVs might predispose oocytes to chromosomal instability.

The beneficial effects of large follicle-derived EV's on vitrified oocytes extended beyond maturation, positively
influencing embryonic development. Oocytes supplemented with large follicle-derived EV's prior to vitrification
exhibited blastocyst formation and hatching rates comparable to non-vitrified controls. This finding suggests
that EVs-mediated protection during IVM translates into enhanced developmental potential. In contrast, EVs
derived from small follicles did not confer similar benefits. Although cleavage rates did not differ significantly,
blastocyst formation on D7 and D8 and expansion and hatching rates were significantly lower compared to
non-vitrified controls. These results highlight a follicle size-dependent effect of EVs on oocyte developmental
competence following vitrification. Previous studies have reported that FF-EVs provide protective effects against
stress conditions in oocytes, resulting in blastocyst rates comparable to those of non-stressed oocytes. For
instance, Rodrigues et al.!” demonstrated a reduced negative impact of heat shock treatment (41 °C for 14 h)
during in vitro maturation when oocytes were treated with EVs derived from 2 to 8 mm follicles, achieving
blastocysts rates comparable to control oocytes. Interestingly, in the present study, neither small nor large FF-
EVs improved the developmental rates of non-vitrified oocytes. Although the differences were not statistically
significant, blastocyst rates in EV-treated oocytes were lower than those in the control group in fresh conditions,
with a more pronounced effect between the control and the Large group on D8. This trend toward a reduction
in blastocyst rates has also been observed in studies using high concentrations of antioxidants*!. Our findings
diverge from previous reports where EVs from small and medium follicles enhanced blastocyst rates'”?>. A
potential reason for this inconsistency is the difference in EVs isolation methods. While our study employed SEC
columns, the aforementioned studies used ultracentrifugation. This hypothesis is supported by Asaadi et al.*,
who compared the effects of FF-EVs isolated via SEC and ultracentrifugation, finding a significant improvement
in blastocyst rates only when EVs were isolated using ultracentrifugation. Additionally, conditions of EVs
storage -including temperature, duration, and the composition of the storage buffer- can markedly influence
their stability and biological activity, potentially contributing to the variability observed between studies*.

Differential staining of blastocysts provided further insights into embryo quality. EVs supplementation from
large follicles prior to vitrification preserved cell numbers at levels comparable to fresh controls, maintaining
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embryo quality similar to non-vitrified oocytes. Conversely, oocytes treated with small follicle-derived EVs
exhibited a reduction in ICM numbers in vitrified oocyte-derived blastocysts, suggesting a negative impact on
embryo quality. In contrast, an increase in TCN, ICM, and TE was reported when oocytes were treated with FF-
EVs in both SEC and ultracentrifugation groups®.

Differences found in this study likely reflect variations in the molecular cargo of EVs from small versus
large follicles. Several studies have reported differential expression profiles between follicle size-derived
EVs. For instance, in bovine and mouse species, EVs from small follicles significantly upregulated PTSG2,
PTX3, and TNFAIP6 genes, promoting cumulus expansion, whereas EVs from large follicles failed to induce
PTX3 and TNFAIP6 expression and reduced PTSG?2 levels in COCs®. Similarly, in bovine, 25 miRNAs were
differentially expressed between small and large follicular fluid-derived EVs, with small follicle EVs involved
in cellular development, proliferation, and survival, while large follicle EVs were linked to inflammatory
responses%. Granulosa cell proliferative activity was also found to be greater in response to EVs isolated from
small follicles?®. Additionally, treatment with EV's from small follicles increased the expression of the epigenetic
modifier DNMT3A and upregulated genes associated with embryo development such as ASCL6, CDHI, REST,
and FADS?2, indicating a modulatory effect on transcription during oocyte maturation and embryo culture?.
In goats®, identified 94 miRNAs differentially expressed in large versus small follicle-derived EVs. Small EVs
targeted insulin signaling and progesterone-mediated oocyte maturation, while large EV's enriched the PI3K-
AKT, MAPK, and FoxO pathways, which play key roles in granulosa cell proliferation, follicular growth?®4¢ and
the regulation of cell proliferation and apoptosis*”5.

Furthermore, the discrepancies observed between studies are likely influenced by differences in EVs isolation
methods and variations in experimental conditions. However, differences in EVs content may also arise from
multiple factors related to the animals from which the follicular fluid is derived. Beyond follicle size, several key
factors have been identified as determinants of EVs composition as age?*->2, estrous cycle phase?®3!, metabolic
status?”%?, diseases®*, and environmental factors*>?” among others.

Moreover, EVs derived from in vitro cultured bovine oviduct epithelial cells (BOECs) have proven to improve
cryotolerance of bovine embryos by protecting the paracellular sealing and balancing the transcellular movement
of H,O and ions across to the blastocoelic cavity helping the re-expansion of the blastocysts®>. Additionally,
studies on sperm cryopreservation reported that exposure to epididymal EVs enhances immature sperm function
and sustains the vitality of cryopreserved spermatozoa in the domestic cat™. Similarly, cat and dog oviductal
EVs improved post-thaw motility in the red wolf and prevented premature acrosome exocytosis in both red
wolf and cheetah sperm when co-incubated during thawing®. In domestic species, exosomes isolated from
seminal plasma and supplemented in extenders for sperm cryopreservation significantly improved bull sperm
cryotolerance by supporting mitochondrial membrane potential and protecting the cytoplasmic membrane®.
Similarly, in equine, the addition of mesenchymal stem cell-derived EVs to semen extenders enhanced semen
cryopreservation outcomes, increasing sperm motility, progressive motility, and viability®’.

Although our findings suggest a protective role of EVs against cryoinjury, further studies aimed at identifying
and characterizing the molecular cargo of EVs, such as proteins, lipids, and nucleic acids, are necessary to
elucidate the mechanisms underlying their functional effects during oocyte vitrification.

Conclusions

This study provides the first evidence that FF-EVs can optimize oocyte vitrification outcomes, focusing on EVs
from small (3-5 mm) versus large (>9 mm) follicles. Results showed that EV's derived from the follicular fluid of
large follicles significantly enhanced bovine oocyte cryotolerance by improving spindle morphology, reducing
DNA fragmentation, and supporting embryo development to rates and quality comparable with non-vitrified
oocytes. These findings elucidate novel insights into the role of EVs in reproductive cryobiology and present a
promising approach to improving oocyte vitrification outcomes. Future research should explore the molecular
mechanisms underlying the protective effects observed with FF-EVs, focusing on their bioactive cargo, such as
proteins, RNAs, and lipids, and how these components interact with cellular pathways to enhance cryotolerance
in oocytes.

Materials and methods

Chemicals and suppliers

Except where otherwise specified, all chemicals and reagents were supplied from Sigma-Aldrich (Merck, MA,
USA).

Experimental design

Study 1. Isolation and characterization of FF-EVs. FF was collected from bovine antral follicles of different sizes
(small: 3-5 mm; large: >9 mm)? and processed for EVs isolation using SEC columns. The EVs were characterized
by NTA, Cryo-EM, and flow cytometry (FC) to confirm their size, morphology, and marker expression.

Study 2. Uptake of EVs by COCs. To evaluate the uptake of EVs by COCs during IVM, EVs derived from
large and small follicles were mixed, labeled with PKH26, and added to the IVM medium at a final concentration
of 16 x 10° particles/mL. A negative control was prepared by labeling Phosphate-Buffered Saline without calcium
and magnesium (PBS-). Stained samples were co-incubated with COCs during IVM in 4 replicates of 10
COCs. After 9-21 h, oocytes were washed to remove non-internalized EVs and fixed. Confocal laser-scanning
microscopy was used to confirm EVs uptake and assess their localization.

Study 3. Effects of EVs supplementation during IVM on bovine oocytes cryotolerance. COCs were matured
in vitro under three conditions: (1) Control: no supplementation, (2) Small: supplementation of IVM medium
with 16x 10° particles/mL of EVs derived from FF from small follicles, and (3) Large: supplementation of
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IVM medium with 16x 10 particles/'mL of EVs derived from FF from large follicles. For each experimental
group, half of the oocytes were vitrified (VIT) after 21 h of IVM followed by 3 additional hours of IVM after
warming. Non-vitrified oocytes served as fresh controls. At the end of the IVM, all oocytes were evaluated for
spindle morphology (4 replicates; 18-30 oocytes/replicate) using immunofluorescence and DNA integrity using
TUNEL Kit (4 replicates; 7-14 oocytes/replicate). The EVs concentration used in this study was selected based
on Rodrigues et al.!”7, where it effectively mitigated heat shock-induced effects in bovine oocyte developmental
competence.

Study 4. Effects of EVs supplementation during IVM on the developmental potential of vitrified/warmed
bovine oocytes. Oocytes IVM under the three experimental conditions (Control, Small, and Large) were
subjected to in vitro fertilization (IVF). Both VIT and fresh oocytes were included in each group. Presumptive
zygotes were cultured to the blastocyst stage in 25 pL droplets placed in 30 mm petri dishes, covered with 3.5 mL
of mineral oil. Developmental outcomes were assessed by recording cleavage at 48 h post-insemination (pi) and
developmental rates on Day 7 (D7) and 8 (D8) pi (4 replicates; 31-45 oocytes/replicate). Blastocyst quality was
further evaluated through differential cell counts of the inner cell mass and trophectoderm, as well as apoptotic
rates, using immunofluorescence markers (4 replicates; 2—4 blastocysts/replicate).

To confirm that the vehicle used for EVs did not influence the outcomes, a PBS — control group (consisting
of 2.5% v/v PBS supplementation) was included. Data from these controls are provided in Supplementary Tables
1,2,3 and 4.

FF collection

Ovaries from cyclic females aged 12 to 24 months were collected from a local slaughterhouse and transported
the laboratory in saline (0.9% w/v NaCl) maintained at 35-37 °C within 1 h. FF was aspirated from antral
follicles measuring 3-5 mm in diameter (small) and >9 mm in diameter (large)*® for EVs isolation, or 3-8 mm
for oocyte collection, using an 18-gauge needle.

FF-EVs isolation

FF was collected from 10 animals per lot from nine different lots. FF from each lot was pooled, and 5 mL of
each pooled sample was subsequently used for EVs isolation. Immediately after collection, FF was processed as
previously described by Leal et al.>® with minor modifications. Briefly, FF was centrifuged at 300 x g for 7 min to
remove cellular debris and other large particles. The supernatant was then centrifuged at 10,000 x g for 30 min at
4 °C to further remove debris and large vesicles. Following that, the supernatant was filtered with a 0.22-pm filter.

Then, the filtered supernatant was subsequently subjected to EVs isolation by Pure EVs SEC columns,
according to manufacturer’s instructions (Hansa BioMed Life Sciences, Estonia; Cat. n° HBM-PEV-10). SEC
columns were washed with 30mL PBS —and then FF samples were loaded onto the top of the SEC column. When
the sample was completely within the column, 11 mL PBS—were loaded. After discarding the first 3 mL, the
following 2.0 mL of EVs-rich fractions were collected.

To concentrate the EVs sample, 10 K molecular weight cutoff (MWCO) Pierce protein concentrators
(ThermoFisher, MA, USA; Cat. n° 88527) were used. The sample was centrifuged four times at 2,000 x g for
15 min at 4 °C until a final volume of 200 pL was achieved. FE-EVs were preserved in PBS—at —20 °C. All
experiments were performed in less that 3 months.

EVs characterization

Following the Minimal Information for Studies of Extracellular Vesicles (MISEV) guidelines'*, EVs from FF
were characterized using NTA, cryo-EM, and Flow cytometry (FC). FC was performed as previously described
by Barranco et al.%, while NTA and cryo-EM followed the methodology described by Cafién-Beltran et al.%
with minor modifications.

NTA

Analysis of concentration and size distribution of EVs was performed using a NanoSight NS300 system equipped
with a CMOS video camera and particle-tracking software NTA 3.4 Build 3.4.4 (NanoSight Ltd., Minton Park,
UK). Two microliters of EV's solution were diluted in 958 L of filtered PBS—. The NTA measurement conditions
were detection threshold 5, camera level 12, temperature 22.7 °C and measurement time 60s. Three recordings
were performed for each sample.

Cryo-EM

The morphology of EVs were examined by cryo-EM. For this, 3 puL of each EVs-enriched sample was placed
onto 400 copper mesh Lacey Carbon TEM perforated carbon film grids (ed Pella, Inc. USA) that had been
glow-discharged. Then, the samples were blotted to form a thin film and plunged into liquid ethane-N2(l) using
a Leica EM GP cryoworkstation (Leica, Wetzlar, Germany). The grids were subsequently transferred to a 626
Gatan cryoholder and kept at —179 °C throughout analysis. EVs Samples were visualized using a Jeol JEM 2011
TEM (Jeol, Tokyo, Japan) set to an accelerating voltage of 200 kV. Images were captured on a Gatan Rio 16
CMOS camera using the Digital Micrograph 2 software suite (Gatan Inc., Pleasanton, CA, USA).

Flow cytometry

The analysis was conducted in accordance with the recommendations of the International Society of Extracellular
Vesicles (MIFlowCyt-EV)', using the high-sensitivity flow cytometer CytoFLEX S (Beckman Coulter), equipped
with violet (405 nm), blue (488 nm), yellow (561 nm), and red (638 nm) lasers. The cytometer was operated in
low-flow mode (10 uL/min), with a minimum acquisition of 10,000 events per sample. Distilled water, filtered
through a 0.1-um filter, was used as the sheath fluid. To maintain optimal performance, continuous washing
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with 0.1-um-filtered distilled water was performed every 2-3 EVs samples, as reccommended by®’. The optical
configuration was optimized to use side scatter (SSC) detection from the 405-nm laser (v-SSC). Both forward
scatter (FSC) and v-SSC were set to logarithmic scales, and fluorescence channels were also adjusted to logarithmic
gains. The EV detection region was initially delineated using recombinant exosomes tagged with GFP (1x 10°
EVs/mL; SAE0193, Merck) and analyzed in the vSSC/FSC channels. GFP fluorescence provided the reference
signal, and the vSSC and FSC thresholds were optimized according to the approach described by Barranco et
al.”®. In brief, the region was defined based on the distribution of GFP, with the fluorescence threshold set at 800.
The gating parameters were fine-tuned to include over 90% of the total events within a defined area of the vSSC/
FSC dot plot, which was subsequently designated as the EV analysis gate. For the examination of EVs, events
falling within this region—regardless of their fluorescence—were included, ensuring comprehensive analysis of
the EV population. EVs samples were diluted in 0.1-pm-filtered PBS to a final concentration of 1-2x 10° EVs/
mL and incubated with CellTrace CFSE (0.1 uM, Thermo Fisher) and tetraspanin antibodies (1:50), including
anti-CD63-FITC (130-118-076, Miltenyi Biotec), anti-CD9-PEVio615 (130-118-811, Miltenyi Biotec) and anti-
CD81-PEVio770 (130-107-922, Miltenyi Biotec). Considering the technical specifications of the CytoFLEX,
FITC was excited by the 488 nm laser, and fluorescence was captured in the B1 channel (filter 525/25 nm).
PEVio615 was excited by the 561 nm laser, and fluorescence was captured on the R2 channel (filter 615/20
nm). Lastly, PEVio770 was excited by the 405 nm laser, and fluorescence was captured in the B3 channel (filter
450/50 nm). A 0.1-pum-filtered PBS was employed to prepare working solutions to reduce background noise. The
incubation was performed for 30 min at 37 °C, after which 200 pL of 0.1-um-filtered PBS was added to stop the
reaction. Prior to incubation, working solutions of CFSE and antibodies were centrifuged three times (17,000
x g, 10 min each) to pellet any residual particles. Fluorescence controls were carried out to verify the specificity
of the CFSE and CD9, CD63, and CD81 antibodies, using separate buffers for each. To validate the specificity
and accuracy of the staining protocol, several controls were implemented. These included 0.1-um-filtered PBS,
unstained EV samples, and a negative control consisting of antibody mixes incubated in the absence of EVs, as
well as a CFSE-only control processed without EV's to rule out dye aggregation or background fluorescence. All
controls were processed under the same incubation conditions and acquired using identical CytoFLEX settings.
These negative controls confirmed the absence of background signal and non-specific binding, and served as a
reference to define fluorescence thresholds for the detection of labeled EVs. Moreover, they demonstrated that
both CFSE and all three antibodies consistently and specifically bound to EVs, generating clear and reproducible
fluorescence signals at the working concentration. The inclusion of anti-CD63-FITC, anti-CD9-PEVio615 and
anti-CD81-PEVio770 was particularly useful for confirming the presence of canonical tetraspanins on EV
membranes, reinforcing the reliability of the detection strategy. Data acquisition and analysis were performed
using the CytoFLEX S cytometer and CytoExpert software.

EVs staining and uptake by cumulus-oocyte complexes
EVs lipid membranes were labeled with PKH26 (Cat. n° MINI26) as previously described by Leal et al.%, with
some modifications. Briefly, 25 pL of the EV's suspension in PBS —were mixed with 125 uL of diluent C (Cell
mixture) and for the negative control, 25 uL of PBS —without EVs were also mixed with 125 uL of diluent C.
Next, the dye was diluted in diluent C (1:250), and each sample (EVs and negative control) was then placed
into 125 pL of the dye mix and incubated for 5 min at room temperature (RT) (final concentration of dye is
5x107% mol/L). To stop the labelling reaction 250 pL of 1% bovine serum albumin (BSA) in PBS —was added
per sample for 1 min. Labeled EVs and labeled PBS — for negative control were washed four times (three 15 min
centrifugations at 2.000 g and one for 20 min) with 9 mL PBS—in 10 K MWCO Pierce protein concentrators.
Labeled EVs were diluted in IVM medium up to a final concentration of 16 x 10° particles/mL, equivalent
amount of labeled PBS —was used for the negative control. Groups of 10 oocytes (4 replicates) were IVM in 50
uL droplets of this medium covered with 3.5-4 mL of NidOil (Nicadon International AB, Géthenburg, Sweden;
Cat. n° NO-100) for 9-21 h at 38.5 °C in a 5% CO, humidified air atmosphere?. Oocytes were then collected and
washed three times in PBS to remove not internalized EVs, followed by fixation in 2% (w/v) paraformaldehyde-
PBS (PFA-PBS) for 20 min at 38.5 °C. After washing in PBS oocytes were placed in a 3 uL droplet of Vectashield
(Vysis Inc., Downers Grove, USA; Cat. n° H-1000-10) on poly L-lysine-treated coverslips with a self- adhesive
reinforcement ring and gently flattened with a coverslip. Preparations were sealed with clear nail varnish and
analyzed under a laser-scanning confocal microscope (Leica TCS SP5, Leica Microsystems CMS GmbH,
Mannheim, Germany).

Oocyte in vitro maturation

IVM was performed as previously described®! with minor modifications. Briefly, COCs with at least three
compact layers of cuamulus cells (CCs) and a homogeneous cytoplasm were washed (x3) in modified Dulbecco’s
PBS (PBS supplemented with 0.036 mg/mL sodium pyruvate, 0.05 mg/mL gentamicin, and 0.5 mg/mL bovine
serum albumin, BSA). Then, groups of 20 oocytes were transferred to 100 pL of maturation medium (TCM-199
(Cat. n° M4530) supplemented with 10% (v/v) exosome depleted fetal bovine serum (FBS-EV's; Exo-FBS™; System
Biosciences, Palo Alto, CA, USA; Cat. n° EXO-FBS-250 A-1), 10 ng/mL epidermal growth factor, and 50 mg/
mL gentamicin) covered with 3.5-4 mL of NidOil for 24 h at 38.5 °C in a 5% CO, humidified air atmosphere.

Oocyte vitrification and warming

Oocytes IVM for 21 h were vitrified/warmed as previously described by Garcia-Martinez et al.>. First, oocytes
were denuded by gently pipetting in PBS until only corona radiata was present. Then, oocytes were transferred
to equilibration solution (ES) consisting of holding media (HM; Hepes-buffered TCM 199 (Cat. n° M7528) with
20% (v/v) fetal bovine serum (FBS)) containing 7.5% (v/v) dimethyl sulfoxide (Me,SO) and 7.5% (v/v) ethylene
glycol (EG) for 2:30 min. Oocytes were then transferred to the vitrification solution (VS), HM containing 15%
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v/v) Me,SO, 15% (v/v) EG, and 0.5 M sucrose for 30-40 s. After that, within 20-30 s, up to five oocytes were
loaded onto a Cryotop” and almost all the solution was removed to leave only a thin layer covering the oocytes.
Oocytes were immediately plunged into liquid nitrogen.

Warming was performed by quickly immersing the tip of the Cryotop  in warming solution (WS) 1
containing HM supplemented with 1 M sucrose. After 1 min, oocytes were transferred into WS2 containing HM
supplemented with 0.5 M sucrose for 3 min and then to HM for 5 min. All the vitrification/warming steps were
performed at 38.5 °C. Oocytes were then transferred back into the maturation medium and allowed to mature
for 3 additional hours at 38.5 °C in humidified air containing 5% CO,.

In vitro fertilization and embryo culture

After 24 h of IVM, frozen/thawed semen from a proven-fertility bull provided by CENSYRA (Centro de
Seleccion y Reproduccion Animal), a certified artificial insemination center in Asturias, Spain, was processed
for IVF using BoviPure  density gradient centrifugation (Nicadon International AB, Gothenburg, Sweden; Cat.
n° BP-100, BD-100 and BW-100). The sperm were centrifuged at 300 x g for 10 min on a gradient consisting
of 1 mL of 40% and 1 mL of 80% BoviPure, resuspended in 3 mL of Boviwash and pelleted by centrifugation
at 300 x g for 5 min. Spermatozoa were counted in a Neubauer chamber and diluted in IVF media to a final
concentration of 1x 10° spermatozoa/mL. 100puL droplets of diluted sperm were prepared under 3.5-4 mL of
NidOil and 20 oocytes/droplet were co-incubated at 38.5 °C, 5% CO,, and high humidity for 18-20 h. The IVF
medium consisted of Tyrode’s medium supplemented with 25 mM sodium bicarbonate, 22 mM sodium lactate,
1 mM sodium pyruvate, 6 mg/mL fatty acid-free BSA and 1 mg/mL heparin-sodium salt.

Following fertilization, presumptive zygotes were pipetted and gently denuded in PBS. Groups of 25
presumptive zygotes were transferred to 25 pL droplets of BO-IVC™ (IVF Bioscience, United Kingdom; Cat. n°
71005) covered with 3.5 mL of NidOil under a humidified atmosphere at 38.5 °C with 5% CO, and 5% O,. Yields
were recorded at 48 h (cleavage stage) and Days 7 and 8 (blastocysts stage) post-insemination (pi). D8 embryos
were classified in terms of the degree of blastocoel expansion into three groups: non-expanded (early and non-
expanded blastocysts), expanded and hatched (hatching and hatched blastocysts) blastocysts.

Spindle configuration

After 24 h of IVM, oocytes from four replicates (18-30 oocytes per replicate and group) were completely
denuded of CCs by gentle pipetting prior to immunostaining for tubulin and chromatin detection®. Denuded
oocytes were fixed in 2% (w/v) PFA-PBS for 20 min at 38.5 °C. Permeabilization and blocking were performed
in 2.5% (v/v) Triton X-100 in PBS with 3% (w/v) BSA for 30 min at 38.5 °C. After washing in PBS, oocytes were
incubated overnight at 4 °C with mouse anti-a-tubulin monoclonal antibody (TU-01, Invitrogen, CA, USA;
Cat. n° 13-8000) diluted 1:250. Oocytes were then incubated with anti-mouse IgG antibody Alexa Fluor™ 488
(Molecular Probes, Paisley, UK; Cat. n° A-11001) 1:5000 dilution for 1 h at 38.5 °C. and washed (x3) in 0.005%
(v/v) Triton X-100 in PBS at 38.5 °C for 20 min. Groups up to 30 oocytes were mounted on poly L-lysine-
treated coverslips with a self- adhesive reinforcement ring with 3 uL of Vectashield containing 125 ng/mL
40,60-diamidino-2-phenylindole hydrochloride (DAPI) (Vysis Inc., Downers Grove, USA; Cat. n° H-1200-10)
and gently flattened with a coverslip. Preparations were sealed with clear nail varnish and immediately examined
under an epifluorescence microscope (Axioscop 40FL; Carl Zeiss, Gottingen, Germany) to visualize tubulin
(Alexa Fluor™ 488; excitation 488 nm; emission 525 nm) and chromatin (DAPI; excitation 405 nm; emission
460 nm).

The criteria used to classify chromosome and microtubule distributions have been described elsewhere®. In
brief, the meiotic spindle was considered as normal when exhibited a symmetric barrel-shape structure composed
of well-organized microtubules extending from pole to pole with chromosomes compactly aligned along the
equatorial plate, forming a distinct and cohesive metaphase arrangement. In contrast, spindle was considered
abnormal when microtubules displayed disorganization, partial or complete decondensation, or the absence of
microtubule structures. Chromosome abnormalities were identified when chromosomes appeared scattered,
improperly aligned, or exhibited reduced condensation. Detailed images of these normal and abnormal patterns
are shown in Fig. 5.

TUNEL detection of fragmented oocyte DNA

Oocyte DNA fragmentation was assessed using the terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP-digoxigenin nick-end labeling (TUNEL; Cat. n° 11684795910) kit after 24 h of IVM®2. Briefly, oocytes
were completely denuded of cumulus cells by gentle pipetting and fixed in 2% (w/v) PFA-PBS for 20 min at
38.5 °C. Permeabilization was conducted in 2.5% (v/v) Triton X-100 in PBS for 20 min at 38.5 °C. Subsequently,
oocytes were washed in PBS and incubated in the TUNEL reaction cocktail at 38.5 °C for 1 h in a dark humidified
chamber. Oocytes exposed to DNase I (50 mL of RQ1 RNase-free Dnase (50 U/mL)) for 15 min at RT served as
positive controls, while oocytes incubated in the absence of the terminal TdT enzyme served as negative controls.
Positive and negative controls were included in each assay. After washing in PBS, oocytes were mounted on poly
L-lysine-treated coverslips fitted with a self-adhesive reinforcement ring with 3 uL of Vectashield containing
125 ng/mL of DAPI and flattened with a coverslip. Preparations were sealed with clear nail varnish and stored
at 4 °C in the dark until their observation within the following 2 days. An epifluorescence microscope was used
to localize the nuclei (DAPI; excitation 405 nm; emission 460 nm) and detect DNA fragmentation (fluorescein
isothiocyanate-conjugated TUNEL label; excitation 488 nm; emission 517 nm). Nuclei were categorized as either
intact (TUNEL [-]; blue stain) or fragmented (TUNEL [+]; green stain) DNA. The percentage of TUNEL positive
oocytes was calculated as the ratio between TUNEL [+] oocytes and the total number of oocytes analyzed in
each group.
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Fig. 5. Representative confocal laser-scanning photographs of spindle microtubule and chromosome
configurations in IVM bovine oocytes after vitrification/warming. (A, B) Normal shaped Metaphase II (MII)
spindle with microtubules forming a clear meiotic spindle with compact chromosomes (C) Abnormal spindle
morphology showing decondensed microtubules and partly disorganized chromosomes. (D) Abnormal
spindle structure with decondensed/disorganized microtubules and disorganized chromosomes. (E) Abnormal
spindle structure with disorganized microtubules and decondensed chromosomes (F) Chromosomes with an
aberrant, less condensed appearance. Note the absence of microtubules. Green, tubulin (with anti-a-tubulin
antibody and Alexa Fluor™ 488); blue, chromosomes (DAPI). Scale bar: 5 um.

Differential cell count and apoptosis staining of blastocysts

D8 non-expanded, expanded, and hatched bovine blastocysts were immunostained for differential cell counts
and apoptosis analysis®!. All steps were performed at 38.5 °C unless otherwise indicated. First, blastocysts were
fixed in 2% (v/v) PFA-PBS for 15 min followed by permeabilization in 0.01% Triton X-100 in PBS supplemented
with 5% normal donkey serum (PBS-NDS) for 1 h at RT.

Then, the embryos were washed in PBS and incubated at 4 °C overnight with the primary antibodies mouse
anti-SOX2 primary antibody (1:100; Invitrogen, CA, USA; Cat. n° MA1-014) and rabbit anti-caspase 3 primary
antibody (1:250; Cell Signaling Technologies, CA, USA; Cat. n° CST9664S,) inside a humidified chamber. After
that, the embryos were incubated with the secondary antibody goat anti-mouse IgG Alexa Fluor™ 568 (1:500;
ThermoFisher, Waltham, MA, USA; Cat. n° A-11004) and a goat anti-rabbit IgG Alexa Fluor™ 488 antibody
(1:500; ThermoFisher, Waltham MA, USA; Cat. n° A-11001) for 1 h in a humidified chamber. Following both
antibody incubations, embryos were washed (x3) in 0.005% Triton X-100 in PBS-NDS for 20 min. Embryos were
mounted on coverslips fitted with a self-adhesive reinforcement ring with 3 uL of Vectashield containing 125 ng/
mL of DAPI and flattened with a coverslip. The preparation was sealed with clear nail varnish and stored at 4 °C
in dark before observation within the following 2 days in an epifluorescence microscope to examine the ICM
(SOX2-Alexa Fluor™ 568; excitation 561 nm; emission 603 nm), cell nucleus (DAPI; excitation 405 nm; emission
460 nm) and DNA fragmentation (caspase 3- Alexa Fluor™ 488; excitation 488 nm; emission 525 nm). The AR
was calculated as the ratio of caspase-positive cells/total cell number (TCN).

Statistical analysis

All statistical tests and graphs were performed using GraphPad Prism 9 (GraphPad Software, CA, USA) and R
software V 4.1.1 (R Core Team, Vienna, Austria). The Saphiro-Wilk test and the Levene Test were used to check
normality of the data and homogeneity of variance, respectively. When required, data were linearly transformed
into Vx or arcsin Vx prior to running statistical tests. Concentration and size of the EVs were analyzed by an
unpaired t-test. Spindle morphology and TUNEL analysis results were analyzed by one-way ANOVA while,
embryo development, cell count and apoptosis rates were analyzed by two-ways ANOVA. Secondly, Tukey test
for spindle morphology and TUNEL analysis and Fisher’s LSD test for embryo development, cell count and
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apoptosis rates were conducted for pairwise comparisons. Results are expressed as means + standard error of the
mean (SEM). Significance was set at p <0.05.
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