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ABSTRACT

We evaluated the effect of supplementation of different concentrations of bovine follicular fluid
(FF) during in vitro maturation (IVM) on oocyte development and blastocyst quality in group
and individual culture conditions. To do so, in vitro maturation medium (TCM-199 with 20
ng/mL epidermal growth factor and 50 pg/mL gentamycin) was supplemented with O (control),
1,5, or 10% of FF. Follicular fluid was collected from slaughterhouse-derived ovaries, selecting
follicles between 12 to 20 mm in diameter. Oocytes were either produced in groups or
individually matured, fertilized, and cultured to the blastocyst stage, allowing for separate
follow-up of each oocyte. Development (cleavage and blastocyst rates) among experimental
groups were fitted in mixed-effects models, and blastocyst quality parameters (assessed via
differential apoptotic staining) were evaluated in mixed linear regression models. We also
assessed the cumulus expansion (prior and after maturation) for individual culture conditions,
and their difference was fitted in mixed linear regression models. The FF was collected from
two batches, with an estradiol/progesterone ratio higher than 1. The FF batch did not affect the
development or blastocyst quality in group or individual culture conditions (P > 0.05). In group
culture, development was similar among experimental groups (P > 0.05). Five or 10% of FF
supplementation improved (P < 0.05) aspects of blastocyst quality such as total cell numbers
(TCN), trophectoderm (TE), inner cell mass (ICM), and ICM/TCN and apoptotic cells /TCN
ratio in comparison to control. In the individual culture system, 5% FF supplementation
increased (P < 0.05) day 8 blastocyst rate (33 + 3.4% (LSM + SE)) in comparison to control
(20 = 2.7%) and 1% FF supplementation (19 + 2.6%) but it was not different (P > 0.05) from
10% FF supplementation (28 + 3.4%). Five percent of FF supplementation resulted in greater
TCN, ICM, and ICM/TCN than control (P < 0.05). It also resulted in a greater expansion of
cumulus cell investment than the other groups (P < 0.05), with a 3-fold increase compared to

control. In conclusion, 5% of FF supplementation during IVM improved the cumulus expansion
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and the blastocyst development and quality in an individual culture system. However, FF
supplementation during maturation in a group culture system did not increase development, but

it modestly improved some embryo quality aspects when 5 or 10% of FF was added.

Keywords: individual culture; cumulus expansion; developmental competence; embryo

quality; follicular fluid.
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1. Introduction

Substantial progress has been attained in recent decades for bovine in vitro embryo
production (IVP). However, the quality of IVP embryos is lower than in vivo-derived embryos
[1,2]. Optimized in vitro systems should mimic events that happen in the early stages of oocyte
maturation and embryo development [3—-5]. Hence, biofluids derived from the reproductive
tract of healthy animals provide excellent starting material. However, they are composed of a
complex matrix of growth factors, hormones, electrolytes, proteins, steroids, cytokines,
metabolites, glycoproteins, antioxidants, extracellular vesicles, apoptotic factors, and other

undefined components that are hardly possible to recreate in in vitro conditions [6,7].

The follicular fluid (FF) provides the ideal microenvironment to support the oocyte's
growth and developmental competence [8,9]. To resemble in vivo conditions, studies have
focused on the addition of growth factors, hormones, and protein sources, including serum and
FF, to the in vitro maturation (IVM) medium [10-16]. It has been shown that supplementing
specific components of FF to the IVM culture medium resulted in improved oocyte maturation
rates, such as estradiol, which enhances the cytoplasmic maturation [17]. Also, it has been
demonstrated that the estradiol/progesterone ratio in FF is crucial for the final stages of oocyte
maturation [18,19]. Still, results are highly variable in terms of embryo development and
quality. This high variability may be attributed to the maturation medium composition (serum
vs. serum-free), percentage of FF supplementation, and type of culture system (group vs.
individual). Moreover, factors associated with the FF composition vastly vary according to the
age of animals [20,21], the size of follicles, metabolic state, and stage of the estrous cycle [22—

24].

Currently, the best IVP results have been obtained through group culture [2]. This means
that all steps of in vitro embryo production (oocyte maturation, fertilization, and embryo

culture) are performed in groups of at least 25 oocytes or embryos at a density of 1:2 (1 zygote
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in 2 puL medium per embryo culture drop). Typically, in our hands (under serum-free
conditions), 40 to 50% of cultured oocytes reach the blastocyst stage at 8 days post insemination
(dpi) [25]. When maturation and fertilization are performed in groups, and embryo culture is
done individually (density of 1:20; minimum droplet volume of 20 uL), blastocyst rates are
lowered to 30 to 40% [26]. Furthermore, day 8 blastocyst rate is more variable and, in some
cases, decreases to less than 30% [27] when also maturation and fertilization are performed
individually. Besides, blastocysts cultured individually have a lower chance of hatching,
displaying a lower total cell number (TCN) and increased apoptotic cell ratio when compared
to those cultured in groups [28,29]. One of the reasons for low blastocyst rate and quality during
individual culture conditions is the absence of autocrine/paracrine stimulation by neighboring
oocytes or embryos in contrast to the group culture system [28]. Nevertheless, it is of great
importance to achieve consistent, satisfactory results (under serum-free conditions) in a
complete single-oocyte culture system since it allows for the individual follow-up of markers

associated with embryo viability and quality [29].

The effect of FF supplementation on the maturation medium in an entirely individual
culture system has not been studied before. Furthermore, the dose-specific effect of FF
supplementation in a complete serum-free [VP procedure in a group system is still unclear. We
hypothesized that FF supplementation to the IVM medium would improve embryo
development and quality in single and group culture conditions. Thus, the objective of this study
was to assess the effect of 1, 5, and 10% of FF supplementation during oocyte maturation in
single and group culture systems, with serum-free conditions, on the subsequent embryo

development and quality.

2. Materials and methods

2.1. Media and reagents
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Tissue culture media (TCM)-199-medium gentamycin and Phosphate-Buffered Saline
(PBS) were purchased from Life Technologies Europe (Ghent, Belgium). All other chemicals
not otherwise listed were obtained from Sigma-Aldrich (Overijse, Belgium). All media were

filtered before use (0.22 um; GE Healthcare-Whatman (Diegem, Belgium)).

2.2. Collection and steroid hormone analysis of the follicular fluid

Bovine ovaries were collected at the local slaughterhouse, and the FF was harvested
within 2 h of collection. Briefly, the ovaries were washed three times in warm physiological
saline supplemented with kanamycin (25 mg/mL), sterilized with 90% ethanol, and dried with
clean towels. Two batches of FF were collected at two different, random days in a mix of
Belgian Blue and Holstein cows' ovaries. The proportion of breed from the ovary mix, the
origin, age, and metabolic status of the cows is unknown. Ovaries were selected based on the
following criteria at the individual ovary level, 1) absence of corpora lutea, 2) absence of
follicles > 25 mm in diameter, 3) and normal morphological characteristics (e.g., absence of
adhesions, scars, etc.). Follicular fluid was aspirated using an 18-gauge needle attached to a 10
mL syringe, from follicles between 12 to 20 mm in diameter, and pooled into two 8 mL sterile
Vacutainer tubes containing heparin (BD Vacutainer Precision Glide, Becton Dickinson,
Franklin Lakes, NJ). Tubes were centrifuged at 4°C for 7 min at 2,460 x g [15], and the
supernatant was filter-sterilized using a 0.22 um filter (GE Healthcare-Whatman, Diegem,
Belgium). Filtered FF supernatants were pooled into a 50 mL tube, gently mixed, aliquoted in

2 mL cryovial tubes, and stored at -80°C until usage.

The estradiol and progesterone concentrations were evaluated for the two FF batches.
Their concentrations were measured with an auto-chemistry analyzer (Cobas 6000 ¢ 501, Roche
Diagnostics, Indianapolis, IN) using the Progesterone III and the Estradiol III kits (Roche
Diagnostics, Indianapolis, IN). To not exceed the detection limits of the assays, FF samples

were diluted 1:100 for the estradiol and 1:5 for the progesterone analyses. The intra-coefficient
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of variation were <10%. The estradiol concentration was 238.4 and 255.8 ng/mL for the first
and second batch, respectively. The progesterone concentration was 223 ng/mL for the first and
61.3 ng/mL for the second batch. The estradiol/progesterone ratio was 1.06 and 4.17 for the
first and second batch, respectively. Both FF batches were considered to be obtained from active

follicles since their estradiol/progesterone ratio was > 1 [30-32].
2.3. Study design

The experimental design consisted of two biological replicates (two FF batches) from
which five technical replicates per batch were done for the group culture system and seven

replicates per batch for the individual culture system.
2.4. Group and individual in vitro oocyte maturation and embryo production

Bovine embryos were produced by routine in vitro methods as previously described by
Wydooghe et al. [33] with minor modifications. Briefly, cow ovaries were processed as for the
protocol described for the FF collection. The cumulus-oocyte complexes (COCs) were
aspirated from antral follicles between 4 and 8 mm in diameter using an 18-gauge needle
attached to a 10 mL syringe. Oocytes with uniformly granulated cytoplasm and surrounded by
more than three compact layers of cumulus cells were selected. In vitro maturation, fertilization

(IVF), and culture (IVC) were performed either in groups or in individual culture conditions.

For the group culture system, groups of 60 COCs were matured in 500 pL TCM-199 with
20 ng/mL epidermal growth factor (EGF) and 50 pg/mL gentamycin. For each replicate, the
IVM media were supplemented with O (control), 1, 5, or 10% v/v of FF and incubated for 22 h
at 38.5 °C in 5% COz in humidified air. For IVF, frozen-thawed spermatozoa from a proven
fertile bull were passed over a Percoll gradient (45 and 90%; GE Healthcare Biosciences,
Uppsala, Sweden) and washed with fertilization medium. The final concentration of 1 x 10°

sperm/mL was adjusted using IVF-Tyrode's Albumin Lactate Pyruvate (TALP), which
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consisted of bicarbonate buffered Tyrode's solution, supplemented with BSA (Sigma A8806; 6
mg/ml) and heparin (20 pg/mL). Matured oocytes were incubated in 500 mL IVF-TALP with
spermatozoa for 21 h at 38.5°C in 5% CO: in humidified air. After fertilization, surplus
spermatozoa and cumulus cells were removed by vortexing. Randomly selected cumulus-free
presumed zygotes were transferred in groups of 25 to 50 pL droplets of synthetic oviductal fluid
(SOF), 0.4% BSA (Sigma A9647), and ITS (5 pg/mL insulin + 5 ug/mL transferrin + 5 ng/mL
selenium). Each droplet was covered with 900 pL paraffin oil (SAGE, CooperSurgical,

Trumbull, CT, USA) and incubated at 38.5°C for 8 days in 5% CO2, 5% O>, and 90% No.

For the individual culture system, the composition of all media was the same as for group
culture conditions, but all steps (IVM, IVF, and IVC) were performed individually. Briefly, 17
droplets of 20 uL medium each were prepared in Petri dishes (60 x 15 mm; Thermo Fisher
Scientific, Waltham, MA USA) and covered with 7.5 mL paraffin oil. Each droplet contained
a single COC or presumptive zygote. Individual COCs were matured in droplets of 20 puL of
maturation medium. The IVM medium was supplemented with 0 (Control), 1, 5, or 10% v/v of
FF and incubated for 22 h at 38.5°C in 5% CO:> in humidified air. The Percoll gradient was
prepared as for the group culture system, but IVF was done in droplets of 20 uL IVF-TALP
with 1 x 10° spermatozoa/mL for 21 h at 38.5°C in 5% CO> in humidified air. After fertilization,
oocytes were vortexed, and the cumulus- free presumed zygotes were transferred individually
to 20 puL droplets of SOF and incubated at 38.5°C for 8 days in 5% CO2, 5% O, and 90% N.
The 17 individual droplets from each treatment group (Control, 1, 5, or 10% of FF) were always
kept in the same Petri dish (different treatments were not mixed in the same dish at any step of

the IVP system).
2.5. Cumulus oocyte complex expansion measurement and differential staining

The COCs' expansion was only measured from individually-matured oocytes. The IVM

was performed as described above, and the maturation medium was supplemented with O
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(Control), 1, 5, or 10% v/v of FF. Pictures of COCs were taken using an Olympus
stereomicroscope, prior to and after 22 h incubation (Figure 1). Each COC picture was
measured at three places: shortest, medium, and the longest distance between the zona pellucida
and the extreme of the cumulus cells (Figure 1). The mean of the three distances was
determined, and the difference between the measurements prior and after maturation was
calculated (in pm) using the ImagelJ software [34] (version 1.49 q; National Institutes of

Health).

Differential staining was performed to assess the blastocyst quality, as previously
described by Wydooghe et al. [35]. Briefly, day 8 blastocysts were fixed in 2%
paraformaldehyde for 20 min at room temperature and then stored in phosphate-buffered saline
containing 0.5% BSA at 4°C. Immunofluorescent staining was firstly done using CDX2, a
transcription factor uniquely expressed in trophectoderm (TE) cells (Figure 2). This was
followed by active caspase-3 staining, which plays a central role in all apoptotic pathways, and
further combined with 0.1% Hoechst 33342 staining (pan-nuclear fluorescent dye; Figure 2).
This differential staining allowed the assessment of the number of TE cells, inner cell mass
number (ICM), TCN (TE + ICM), ICM/TCN ratio, and the total number of apoptotic cells (AC)
as well as the ratio of apoptotic cells (ACR; AC/TCN). These assessments were done by

fluorescence microscopy (Leica DM 5500 B) using a triple bandpass filter by a single observer.

2.6. Statistical analyses

All statistical analyses were performed using R-core (version 3.6.1; R Core Team,
Vienna, Austria). Generalized mixed-effects models were used to test the effects of FF
supplementation during IVM (control vs. 1% FF vs. 5% FF vs. 10% FF) on developmental
parameters (cleavage and blastocyst rates). Mixed linear regression models were used to test
the effect of FF supplementation during IVM on COCs expansion and differential staining

parameters (TCN, TE, ICM, ICM/TCN, AC, and AC/TCN). Residuals for each model were
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analyzed by Shapiro-Wilk's test. If the distribution of model residuals was not normal, log'’, In,
square root, square, or cubic transformations of the outcome were performed until visual
inspection of the histogram and quantile plot of the residuals indicated the most-nearly normal
distribution, and a scatter plot of model-predicted values vs. residuals indicated
homoscedasticity. The FF batch (categorical variable; 1 or 2) was offered as a covariable, and
the replicate nested with the FF batch was set as a random effect for all the models. The
differences between treatment groups were assessed using Tukey's post hoc test. Results are

expressed as least squares means and standard errors. The significance level was set at P < 0.05.
3. Results

Fourteen technical replicates for individual culture and ten technical replicates for group
culture were performed with a total of 3,388 oocytes, including 2,207 oocytes for the group
culture system (~60 oocytes per experimental group; ~240 oocytes per replicate) and 1,181
oocytes for the individual culture system (~17 oocytes per experimental group; ~68 oocytes per
replicate. In some replicates, due to the higher availability of oocytes, we used two dishes for
each treatment; ~34 oocytes per experimental group; ~136 oocytes per replicate). Half of the
replicates for each system were performed with each batch of FF. Three hundred and thirty-
eight blastocysts were stained and evaluated for the group culture and two hundred and forty-
eight for the individual culture system. Six hundred and six COCs were used to measure their
cumulus expansion. The FF batch did not affect the development or blastocyst quality in group
or individual culture conditions (P > 0.05). The cumulus expansion measurement, which was
performed only for the individual culture conditions, was not affected by the FF batch (P >

0.05).

3.1. Group culture: embryo development and quality
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Cleavage, day 7, and day 8 blastocyst rates were similar among experimental groups (P
> 0.05; Figure 3A). Differences in blastocyst quality parameters among FF supplemented
oocytes are shown in Table 1. One percent of FF supplementation produced blastocysts with a
lower TCN, ICM, and ICM/TCN ratio than control (P < 0.05). Five percent of FF
supplementation increased the numbers of ICM and reduced the AC/TCN ratio compared to
control (P < 0.05). Ten percent of FF supplementation increased the numbers of TCN, TE, and

ICM/TCN ratio and reduced the AC/TCN ratio compared to control (P < 0.05).
3.2. Individual culture: embryo development and quality, and cumulus expansion

Five percent of FF supplementation increased (P < 0.05) the day 8 blastocyst rate (33 +
3.4%) in comparison to control (20 + 2.7%) and 1% FF supplementation (19 £ 2.6%) but it was
not different (P > 0.05) than 10% of FF supplementation (28 + 3.4%; Figure 3B). All the
parameters of the differential-apoptotic staining among experimental groups are depicted in
Table 1. Five percent of FF supplementation resulted in a higher TCN, ICM, and ICM/TCN
ratio than control (P < 0.05). Five and 10% FF supplementation had similar TCN (P > 0.05),
however, 5% FF supplemented oocytes had lower AC/TCN ratio than 1 or 10% FF
supplementation (P < 0.05). Notably, 1% supplementation during IVM produced blastocysts

with lesser TCN and TE than all the other groups (P < 0.05).

Five percent FF supplementation induced greater cumulus expansion (873 + 24 um; P <
0.05) than control (472 + 22 um), 1% FF (298 + 21 um), or 10% FF (787 £ 29 um). One percent
FF supplementation had the lowest cumulus expansion (P < 0.05), and the cumulus expansion

of 10% FF was greater than the control (P < 0.05).
4. Discussion

The FF constitutes part of the natural environment for oocyte maturation. We

hypothesized that FF supplementation to the IVM medium would improve the embryo
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development and quality in group and individual culture systems. In this study, the group
culture system did not benefit from FF supplementation in aspects of embryo development, but
5 or 10% FF modestly improved some blastocyst quality parameters. For the individual culture
system, the addition of 5% of FF to the maturation medium significantly increased the day 8
blastocyst rate and improved the cumulus expansion, the TCN, and the AC/TCN ratio of
differentially stained blastocysts. Based on the results of this study, we recommend
supplementing 5% FF to the maturation medium to improve outcomes in individual culture

conditions.

It is important to notice that TCM-199 is commonly-used for bovine IVM experiments
with the supplementation of hormones and/or growth factors. The addition of bovine/calf serum
has recently become less common practice, and several research groups are now using simple
serum-free maturation medium (e.g., TCM-199 with EGF), with excellent results in group
culture systems [33,36]. However, serum supplementation is still being used in some
laboratories [37,38], mostly because it provides more consistent results. In a complete single-
oocyte culture system, serum supplementation had been shown to increase the blastocyst rate
up to 30% in two studies [39,40], but those results were difficult to reproduce and may have
been influenced by the batch of serum used. It has also been demonstrated that serum
supplementation has a substantial impact on the embryos' gene expression profile, diverting it
away from 1its in vivo counterpart, whereas the transcriptome of embryos produced in serum-
free conditions are showing a greater resemblance to that of in vivo derived embryos [41]. As
far as the FF is concerned, further research should demonstrate if there is a beneficial effect of
FF on the gene transcription pattern in resulting embryos, making them more in vivo-like or
not. Moreover, it would be interesting to direct future studies to compare the effects of
bovine/calf serum versus FF supplementaion to the maturation medium on embryo

development, quality, and transcriptomics.
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Numerous studies attempted to prove the beneficial effect of the addition of FF to the
maturation medium, but results remain highly variable [12-16]. A plethora of factors, including
the composition of the maturation medium, the follicles' size, the percentage of FF, heat
inactivation, and individual cow factors [12—-16], may contribute to discrepancies among
published results. Sena Lopes et al. [14] showed that heat inactivation of 10% FF has only
subtle effects on the blastocyst rate. Still, the size of the follicles, the percentage of FF
supplementation, and individual cow variations may play a major role. Folliculogenesis
encompasses three stages of development: recruitment, selection, and dominance. Follicles in
the recruitment (< 3mm) and selection (3 to 8 mm) stages are FSH dependent for their growth,
and their intrafollicular concentration of estradiol is low. Moreover, during these stages, high
intra-follicular cyclic adenosine monophosphate levels are vital for maintaining the oocyte in
meiotic arrest (prophase I). Therefore, it is not surprising that the supplementation of FF derived
from small follicles (2—5 mm) to the maturation medium resulted in a lower rate of maturation
and blastocyst rates than the control [13]. On the other hand, the supplementation of FF derived
from > 8§ mm to the maturation medium substantially increases the day 8 blastocyst rate [13].
This is because the estradiol concentration, among other components, of dominant follicles (>
8 mm) is higher than in recruited and selected follicles. Interestingly, the addition of estradiol
and FSH to the maturation medium improves the blastocyst development to over 50% [13].

Based on these results, we decided to collect FF derived from dominant follicles.

It is pivotal to mention that we used ovaries derived from the slaughterhouse. Therefore,
we do not know the FF background at the individual cow level, which might be the main
limitation of the present study. However, aging might not be considered a significant problem
since the average lifespan of slaughtered cows, both Holstein and Belgian Blue, is around five
years. Culling for uterine adhesions due to elective cesarean section in Belgian Blue cows will

also happen at a relatively young age [42]. Negative energy balance and high-energy diet cause
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hormonal and FF biochemical changes in high-yielding dairy cows [43,44]. However, the
incidence of high yielding dairy cows presented at the abattoir is rather low. Except for
uneconomical culling due to urgency (e.g., dystocia, severe mastitis, accidents, lameness), cows
are normally slaughtered toward the end of lactation [45]. Bias associated with the estrous cycle
stage was partially controlled by collecting follicles with > 12 mm diameter and the
measurement of the estradiol/progesterone ratio in the FF pools. The estradiol/progesterone
ratio was higher than 1 in both FF batches, indicating that on average, the FF originated from
active, dominant follicles. However, the progesterone concentration was greater in the second
than in the first batch. This is an crucial issue since it has been demonstrated that progesterone
may diffuse to the oil [46,47] and affect adjacent droplets (oocytes) in individual maturation
conditions. However, for this experiment, different FF concentration treatments were not mixed
in the same dish at any step of the IVP system; thus, progesterone diffusion may be discarded
as a cofounder among treatments. The difference in progesterone concentrations between
batches may be associated with the selection criteria of ovaries, which was done at the
individual ovarian level. It has been described that follicular (and luteal) dynamics of the two
ovaries act primarily as a single unit [48], and structures in either ovary may have affected the
FF steroid hormone concentration. This is a limitation of our study, and ideally, the selection
should have been done at both ovaries together. The presence of a cyst (e.g., follicular or luteal
cyst) may have also acted as a confounder, though the ovarian cyst incidence in beef cows or
Belgian Holstein cows is relatively low < 5% [49,50]. Moreover, in most cases, the presence of
follicular cyst inhibits the development of dominant follicles [S1]. To somehow control these
limitations, we adopted two strategies: 1) pool the FF from a large number of ovaries, and 2)
perform the FF collection from 2 batches (or biological replicates). By pooling FF from a large
mix of ovaries (> 22 ovaries per batch), we diluted the chances of a potentially harmful effect

of specific individuals on our results. Additionally, by including two biological replicates and
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using it as a random effect and offered as covariable to our models, we also corrected potential
individual variations. The lack of effect of the FF batch on the development or blastocyst quality

in group or individual culture conditions indicates robustness in our results.

We did not find an effect of 1% FF on embryo development, which confirmed the results
of other studies [13]. Regarding group culture, our blastocyst rates for 5% FF supplementation
are comparable to those achieved by Ali et al. [13]. However, the blastocyst rate in the control
group of Ali et al. [13] was only 30%, which is significantly lower than our control (~40% of
blastocyst rate). Carolan et al. [52] reported that 10% of FF supplementation resulted in a
similar blastocyst yield to control. Conversely, Ali et al. [13] showed that 10% of bovine FF
supplementation decreased the blastocyst rate. Our results resemble those obtained by Carolan
et al. [52], where the blastocyst rate in 10% FF was similar to control. We did not test
concentrations with >10% of FF because previous studies have demonstrated that it might be

detrimental rather than beneficial for further in vitro embryo development [15,16].

Embryos cultured in groups produce embryokines, which results in improved
developmental rates and embryo quality [53]. Such trophic stimulation results from autocrine
and paracrine signaling factors produced and released by embryos, which act upon the embryos
themselves or upon neighboring embryos [54-56]. However, individual culture systems lack
these factors [50]. To our knowledge, our study reports the highest blastocyst rate published to
date in a fully individual culture system in a complete serum-free setup (33% of blastocyst rate
in 5% FF supplemented oocytes). Importantly, these results were obtained among 14 replicates
from two FF batches, which further supports the reliability and robustness of our data. These
results might be considered as a first step to optimize the individual production of blastocysts.
The advantages of single embryo culture include the ability to track and monitor individual
oocytes and embryos. Under experimental conditions, this would allow specific data collection

of additional oocyte or embryo metabolism parameters. Moreover, the secretome of individual



344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

oocytes or embryos could be monitored during development, which may lead to identifying
biomarkers that can be used routinely to assess embryo quality, increasing IVP efficiency and
pregnancy success after embryo transfer. Notwithstanding, it is essential to consider that FF is
an undefined supplement and may represent a health risk due to sanitary issues, mainly because

there was no FF heat inactivation in our study.

The proportion of ICM/TCN and AC/TCN is a crucial indicator of embryo quality [57].
A substantial percentage (approximately 32%) of in vivo produced blastocysts is occupied by
the ICM [58], and the viability of the future conceptus is a crucial embryo quality parameter.
We only obtained modest results in embryo quality aspects with 5 or 10% of FF in the group
culture system. However, 5% of FF in individual culture conditions boosted the ICM/TCN ratio
and substantially decreased the AC/TCN ratio. These results could be associated with the
greater availability of nutrients in FF supplemented oocytes, including essential amino acids
such as L-alanine and glycine, as previously speculated by Cruz et al. [15]. The availability of
nutrients may have also played a role in the cumulus expansion. An adequate cumulus
expansion during IVM is a vital indicator of oocyte viability and competence [59,60], and in
coincidence with embryo development and quality, the best results for cumulus expansion were
found by supplementing the maturation medium with 5% FF. Collectively, our data support
that 5% of FF may provide the ideal concentration of molecules (e.g., amino acids, extracellular
vesicles, miRNA, steroids, and growth factors), which resulted in greater cumulus expansion

and the subsequent production of embryos of high quality for individual culture conditions.

5. Conclusion

We demonstrated that 5% FF supplementation from dominant follicles (12 to 20 mm) in
a serum-free individual embryo production system improved the cumulus expansion and
increased the embryo development and quality. The group culture system did not benefit from

the addition of FF to the maturation media, except for some aspects of embryo quality



369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

parameters, which slightly improved with the addition of 5 or 10% of FF to the maturation
medium. Results presented in this study are the highest in embryo development in a complete
serum-free setup under fully individual culture conditions. The ability to track and monitor
individual embryonic development is of great interest for identifying markers associated with
embryo viability and quality. Thus, the results presented here might be considered as a first step
to optimize the individual production of blastocysts that can be adopted in more fundamental

experiments.
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Figure 1. The cumulus-oocyte cells (COCs) expansion was measured at three places: shortest
(a), medium (b), and the longest (c) distance between the zona pellucida and the extreme of the
cumulus cells. Pictures of COCs were taken prior to (A) and after 22 h (B) maturation.



Hoechst Caspase-3

Figure 2. Differential-apoptotic stained was performed to assess the day 8 blastocysts quality. Hoechst 33342 stained all the
blastomeres in blue. CDX?2 uniquely stained the trophectoderm cells in red. Caspase-3 marked all apoptotic cells in green. Pictures
were acquired from an individually cultured blastocyst (control group).
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Figure 3. Cleavage, day 7, and day 8 blastocyst rates expressed as a percentage from presumed
zygotes. Blastocysts were in vitro produced in groups (A; above, n = 1,056) and individually (B;
below, n = 567). Maturation media was supplemented with O (control), 1, 5, and 10% follicular
fluid (FF). Different superscripts (a and b) represent statistical differences (P < 0.05) among
groups. Results are expressed as least square means + standard error (LSM + SE).



Table 1. Total cell number (TCN), trophectoderm cells (TE), inner cell mass (ICM), apoptotic cells (AC), ICM/TCN ratio, and
AC/TCN ratio of day 8 blastocyst differentially stained. Blastocysts were in vitro produced in groups (n = 338) and individually (n =
248). Maturation media were supplemented with O (control), 1, 5, and 10% of follicular fluid (FF). Different superscripts per column

(a, b, and c) represent statistical differences (P < 0.05) among groups. Results are expressed as least square means + standard error.

Treatment No. of Cell numbers ICM/TCN  AC/TCN
blastocysts TCN ICM TE AC ratio ratio
Control group 91 152 £2.9% 73.9+£25* 77.1+£1.1*  45+0.1* 47.5+0.9* 3.0+0.1%
1% FF group 70 135 +3.2° 56.4 +2.7° 783+£1.2* 44+0.1* 40.7 £0.9° 3.3+0.1%
5% FF group 94 164 +2.9% 83.9 £2.4¢ 80.5+1.1* 42+0.1* 50.4 £0.8% 2.5+0.1°
10% FF group 83 157 £3.1°¢ 69.4 £2.5% 87.8+1.1° 3.6+0.1° 43.1+0.9° 23+0.1°
Control individual 61 98.0+1.9° 36.9 £ 1.5° 61.1£1.6* 2.7+0.1* 374 +£1.2° 0.5+0.1%®
1% FF individual 50 87.6+2.1° 363 +1.6° 50.7£1.4* 27+0.2° 41.7+1.3% 0.5+0.1%
5% FF individual 76 112+ 1.7¢ 534+13"  592+14°> 25+0.1° 472+ 1.1° 0.5+0.1°
10% FF individual 61 100 £ 1.9° 403 £1.5¢ 60.6 +1.6* 3.1+£0.1* 39.7+1.2% 0.6 +0.1%




