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Abstract: The possibility of detecting the developmental competence of individually cultured em-
bryos through analysis of spent media is a major current trend in an ART setting. However, individual
embryo culture is detrimental compared with high-density group culture due to the reduced concen-
tration of putative embryotropins. The main aim of this study was to identify an individual culture
system that is not detrimental over high-density group culture in the bovine model. Blastocyst rates
and competence were investigated in a conventional (GC) group, semi-confined group (MG), and
individual culture (MS) in a commercial microwell device. Main findings showed that: (1) individual
embryos can be continuously cultured for 7 days in ~70 nL microwells (MS) without detrimental
effects compared with the GC and MG; (2) MS and MG blastocysts had a reduced number of TUNEL-
positive cells compared to GC blastocysts; (3) though blastocyst mean cell numbers, mitochondrial
activity, and lipid content were not different among the three culture conditions, MS blastocysts had
a higher frequency of small-sized lipid droplets and a reduced mean droplet diameter compared
with GC and MG blastocysts. Overall, findings open the way to optimize the development and
competence of single embryos in an ART setting.

Keywords: individual embryo culture; confined microenvironment; group embryo culture; blastocysts
developmental competence

1. Introduction

Despite the continuous development of new procedures for selecting euploid and
competent embryos to transfer in human assisted reproductive technologies (ART), only a
few studies have been focused on biophysical aspects of current in vitro preimplantation
embryo culture procedures, which has remained essentially unchanged over the years as
we had already reached the maximum levels of efficiency [1-3]. However, studies in animal
models and domestic species clearly indicate that in vitro-produced (IVP) embryos have a
lower developmental competence than their in vivo-derived (IVD) counterparts, in terms
of blastocyst rates, euploidy, cryotolerance, gene expression, and pregnancy rates [4-11].
In vivo, embryos develop within confined microenvironments—the oviduct (or fallopian
tube in humans), and the uterus—virtual cavities where highly concentrated maternal and
embryo-derived factors, in the form of proteins and/or other molecular cargos enclosed
within extracellular vesicles, promote preimplantation embryo development and affect
embryo developmental competence [12-16]. Although the bidirectional crosstalk between
the embryo and the maternal reproductive tract is obviously absent during in vitro em-
bryo culture, evidence indicates that the potential benefits of autocrine embryo secretions,
the so-called embryotropins, could depend on the specific culture system adopted [17].
In vitro embryo development is ameliorated when multiple embryos are cultured in a
certain volume of culture medium compared to a single embryo cultured in the same
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volume. Such an improvement, known as a “group effect”, has been suggested to arise
from the increased concentrations of embryotropins during group embryo culture [12,13].
According to these concepts, different studies were addressed to improve the in vitro
embryo culture conditions, reducing the volume of the culture medium drops under min-
eral 0il [18,19]. However, reduced drop volumes exerted detrimental impacts on bovine
embryo development [20], likely due to the increased surface exposed to oil relative to
the drop volume, resulting in a higher in and out exchange of apolar solutes between
the oil and medium [21-27]. Vajta et al. (2021) introduced a semi-confined group culture
procedure, termed “Well of the Well” (WOW), whereby multiple embryos individually
reside within microwells while sharing a common drop of medium with the other embryos
(reviewed in [1]). This approach should maintain the benefits of group culture through the
establishment of a semi-confined microenvironment in which positive-effects autocrine
secretions are enriched, while the common drop of medium prevents the depletion of
nutrients and the accumulation of waste metabolites [1,28,29]. Different microwell devices
have been largely adopted in human ART to allow for the collection of morpho-kinetic
parameters of individual embryos, though the actual advantage of embryo morphokinetics
for the selection of high-quality embryos remains unclear [30,31]. The current trend in
human ART is to select and transfer a single euploid and competent blastocyst through the
application of novel non-invasive embryo quality markers [32]. “Omics analysis”, i.e., the
determination of metabolome, transcriptome, secretome, genome, etc., of single embryos,
studying the spent culture media of individual embryo cultures to evaluate the euploidy
and developmental competence of embryos to transfer could soon become a reality [33].
Under this scenario, the development of individual embryo culture systems without detri-
mental effects compared to group culture becomes mandatory to ensure an actual embryo’s
individuality and allow for the application of these methods. As obvious ethical reasons
prevent direct experimentation on humans, in the present study, the bovine was selected as
an animal model for its closer similarity to human embryo development compared to the
mouse model [34,35]. In this perspective, we established an individual embryo culture that
maintains quality and viability comparable to conventional group culture, mimicking the
reduced volume experienced by embryos in the oviductal tract.

2. Materials and Methods
2.1. Oocyte Retrieval and In Vitro Maturation

Bovine ovaries were obtained from Di Tella S.R.L. slaughterhouse (San Marcellino,
Caserta, Italy; CEE accreditation number 1403/M) and transported to the laboratory within
3 h at 33 °C. Ovaries were washed with pre-warmed physiological saline supplemented
with 100 IU Penicillin and 100 pg/mL streptomycin, and cumulus oocyte complexes (COCs)
were collected into 15 mL conical-bottom tubes (Falcon; Milan, Italy) containing 70 uL
of heparin 10 mg/mL through aspiration from antral follicles (2-8 mm diameter) using
an 18-gauge needle. COCs with a compact, at least three-layered non-atretic cumulus,
and an oocyte with homogeneous cytoplasm were selected, washed in wash medium
(Stroebechmedia, Copenhagen, Denmark), and matured for 22-24 h in groups of 50 in four-
well dishes (Nunc—Termo Fischer Scientific, Roskilde, Denmark) containing 500 uL of IVM
medium (Stroebechmedia, Copenhagen, Denmark) at 38.5 °C, 6% CO, in air, 95% humidity.

2.2. Semen Preparation, In Vitro Fertilization and Embryo Culture

Frozen bovine semen from three bulls (0.5 mL straws—approximately 15-20 x 10°
spermatozoa per straw—motility after thawing >70%) was obtained from Intermizoo S.p.a
(Padova, Italy). Straws were thawed in a water bath at 37 °C for 1 min, and semen was
rinsed in 10 mL of semen wash medium (Stroebechmedia, Copenhagen, Denmark) by
centrifugation at 170x g for 10 min. The sperm pellet was resuspended in 700 uL of IVF
medium, sperm concentration was determined with a Burker chamber, and sperm motility
was evaluated by a Sperm Class Analyzer (SCA, Microptic S.L., Barcelona, Spain) using a
Makler chamber placed on a microscope stage at 38 °C. Sperm motility was analyzed at
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a Nikon TE 2000 (Nikon, Tokio, Japan) inverted microscope connected to a Basler Vision
Technology A312 FC camera (Basler, Ahrensburg, Germany) with a positive-phase contrast
10x objective. At least 200 cells and four/five fields were acquired and analyzed for each
sperm suspension. Progressive motility and kinetics were evaluated by SCA in terms of
curvilinear velocity (VCL), straight-line velocity (VSL), and average-path velocity (VAP).
The following software settings were used: 25 frames/s, 10 frames/object, 10 um/s velocity
limit for slow sperm, 25 pm/s velocity limit for average sperm, 50 um/s velocity limit for
rapid sperm, 50% minimal linearity, and 70% straightness for progressive fast sperm. For
in vitro fertilization, 45-50 matured COCs for each well were suspended in 250 uL IVF
Medium (Stroebechmedia, Copenhagen, Denmark), inseminated with 250 uL of sperm
suspension (2 x 10°/mL—final sperm concentration), and co-incubated for 19-22 h at
38.5 °C, 6% COg in air, 95% humidity. At 19-22 h post insemination (p.i.), the presumptive
zygotes (n = 1073) were denuded by vortexing (2 mL volume, max velocity for 3 min) and
then cultured under the different culture conditions, as reported below, in IVC medium
(Stroebechmedia, Copenhagen, Denmark) for 7 days at 38.5 °C, 6% CO,, 6% O and 88% N,
95% humidity. At day 8 p.i., blastocyst rates and stages were assessed, and blastocysts were
treated for determination of cell numbers, TUNEL-positive cells, mitochondrial activity,
and lipid content, as detailed below.

2.3. Culture Devices and Loading of Embryos or Presumptive Zygotes

Each experiment was performed using commercial polystyrene microwell chambers
(GERI® chambers—GENEA BIOMEDX, Sidney, Australia) and NUNC™ four-well dishes.
The GERI® chamber consists of 4 wells, one of which includes 16 contiguous microwells
that allow for the spatial confinement of single embryos (Figure 1a). Each microwell has
an inverted truncated cone shape, with a base diameter of 430 um, an upper diameter of
500 pm, and a height of 400 um. Therefore, each microwell has a volume of 68 nL and a
surface (exposed to oil)/volume ratio of 2.85 (Figure 1b). GERI® chambers were loaded
following two different procedures: (i) microwell group culture in a semi-confined environ-
ment (MG), in which 16 embryos (or presumptive zygotes) were loaded into microwells
in a shared 60 pL medium drop (embryo density 1/3.75 pL) and then covered by 3 mL
of mineral oil (Strobechmedia, Copenhagen, Denmark) (Figure 1c); (ii) microwell single
culture in a confined environment (MS), in which 16 embryos (or presumptive zygotes)
were loaded as in MG and then the shared 60 pL drop of medium was removed through
two repeated 60 pL aspirations with the pipette tip vertically positioned at the center of
microwell array (embryo density 1/68 nL) (Figure 1d). In all experiments, conventional
group embryo culture (GC), consisting of groups of 50 presumptive zygotes/500 uL per
well (embryo density 1/10 pL), served as control.

Preliminary dye loading experiments were performed to demonstrate the lack of
medium communication between adjacent microwells during individual culture under
the MS condition. To this end, in a first series of experiments, after MS loading, a few
nL of toluidine blue 1% was gently injected into microwells through a Cook® Flexipet®
Pipette (Cook, Milan, Italy). Micrographs of dye-loaded MS were acquired before and
after incubation for 7 days. At the end of culture, diffusion of the dye from a dye-loaded
microwell to the adjacent non-dye-loaded microwell was seldom present. However, this
dye loading procedure did not faithfully reflect the MS embryo loading procedure as an
additional volume of stain was injected into the microwells. For this reason, in a second
series of experiments, toluidine blue was directly dissolved in IVC medium, microwell
chambers were loaded according to the MS procedure (Figure 1e), and micrographs were
acquired before and after 7 days incubation (Figure 1f) to verify the possible presence of
residual films of dye putting adjacent microwells in communication. Findings showed the
lack of residual films of culture medium putting adjacent microwells in communication,
demonstrating that embryos are individually cultured under this procedure.
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Figure 1. Drawings of the WOW-based GERI® chamber (a—d) and representative images of
MS dye loading experiment to verify medium communication between adjacent microwells (e,f).
(a) Schematic drawing of GERI® chamber main well. (b) Dimensions, volume and surface/volume
ratio of an individual microwell. TS = top surface; ratio = ratio of surface exposed to oil (TS) and
microwell volume (V). (¢,d) Drawings of MG (c) and MS (d) culture conditions. IVC = embryo culture
medium. (e,f) Representative images of dye-loaded MS after 7 days incubation (e) showing lack of
communication (f) between adjacent microwells. Bar = 1 mm (e); bar = 0.5 mm (f).

2.4. Experimental Design

Experiment 1: The first series of experiments (n = 5; total oocytes 673) was addressed to
investigate the blastocyst rates and quality obtained after 3 days of culture in conventional
group culture (GC) followed by culture for a further 5 days in semi-confined (MG) or
confined (MS) environment. To this end, embryos cultured 3 days p.i. in GC were left
undisturbed or randomly allocated in MG and MS and cultured until day 8 p.i. in 6%
COy, 6% O, and 88% Nj, with 95% humidity at 38.5 °C. Blastocyst rates and stages were
recorded at day 8 p.i. Blastocyst cell numbers and percentage of TUNEL-positive cells were
determined as described below.

Experiment 2: Results of experiment 1 indicated that day 3 p.i. embryos transferred
to MG and MS were able to develop until the blastocyst stage but with reduced rates
compared to conventional GC. Therefore, in experiment 2, presumptive zygotes at day 1
p-i. (n = 6; presumptive zygotes 776) were loaded after removal of cumulus cells in GC,
MG, and MS, cultured until day 8 p.i. and analyzed as described in experiment 1.

Experiment 3: Day 7 blastocysts produced in GC, MG, and MS (n = 3; 60 blastocysts) as
described in experiment 2, were treated for determination of mitochondrial activity and
lipid content as indicators of developmental competence, as detailed below (Figure 2).
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Figure 2. Graphic experimental design. GC = group culture; MG = microwell group culture;
MS = microwell single culture; p.i. = post insemination. Figure created with BioRender.com (accessed

on 11 April 2024).

2.5. Embryo Development and Quality Assessment

For all culture conditions, cumulative blastocyst yields were recorded at day 8 p.i. un-
der a Nikon SMZ18 (Nikon, Florence, Italy). Blastocysts rates were assessed and expressed
as percentages of blastocysts on cleaved embryos. Blastocyst developmental stages were
expressed as percentages of early-expanded blastocysts and hatching/hatched blastocysts
on total blastocysts.

2.5.1. TUNEL Assay

The TUNEL assay was used to assess DNA fragmentation in blastocysts (1 = 167). The
terminal free 3'-OH ends of DNA were labelled with dUTP conjugated to red fluorescent
dye tetramethylrhodamine (In Situ Cell Death Detection Kit, TMR red, Merck, Milan, Italy)
using terminal deoxynucleotidyl transferase. At day 8 p.i., blastocysts from GC, MG, and
MS cultures were fixed in 4% paraformaldehyde (PFA, Sigma Aldrich, Milan, Italy) in
PBS overnight at 4 °C. After three 5 min washings in PBS with 0.1% polyvinylpyrrolidone
(Sigma Aldrich, Milan, Italy) (PBS-PVP), blastocysts were permeabilized in 0.1% Triton
X-100 (Sigma Aldrich, Milan, Italy), 0.1% sodium citrate (Sigma Aldrich, Milan, Italy)
for 30 min at 4 °C, washed three times for 5 min in PBS-PVP, and then incubated for
1 h in the TUNEL reaction mixture at 37 °C in the dark according to the manufacturer’s
instructions. Blastocysts were then washed in PBS-PVDP, labelled with 10 pg/mL Hoechst
33342 (Sigma Aldrich, Milan, Italy) for 7 min at room temperature (r.t.), washed again,
mounted on a microscope slide in 10 pL of PBS-PVP, covered with 24 x 24 mm coverslips,
and sealed. Images were acquired at a Nikon Eclipse TE2000-U connected to a Nikon
DS-5Mc video camera with a 40, 1.3 N.A. objective through NIS-element BR 4.6 software
(Nikon, Florence, Italy). Hoechst-stained nuclei were visualized through a UV filter (Aex
350 nm, Aem 461 nm), and TUNEL-positive nuclei through a TRITC filter (Aex 544 nm,
Aem 570 nm; Nikon, Florence, Italy). Negative controls were prepared omitting terminal
deoxynucleotidyl transferase in the reaction mixture, while positive controls were prepared
through pretreatment with 1 mg/mL DNase I for 10 min at r.t. Blastocyst total cell and
TUNEL-positive cell numbers were quantified using the ‘total cell counter” of Image J 1.54f
software (NIH, New York, NY, USA).

2.5.2. Blastocyst Mitochondrial Activity and Lipid Content

Blastocyst staining: Day 7 blastocysts (n = 60; 20 for each culture condition) were
assessed for mitochondprial activity and lipid content. Blastocysts from each culture con-
dition were washed twice in IVC medium, incubated for 30 min at 38.5 °C in 400 nM
MitoTracker DeepRed (Molecular Probes, Eugene, OR, USA) in IVC medium, washed
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3 x 5 min in PBS-PVP, and then fixed in 4% PFA 30 min at r.t. Fixed blastocysts were
permeabilized in 0.1% saponin in PBS for 30 min and stained 1 h at r.t. in 20 ug/mL Bodipy
(493/503, Thermofisher Scientific, Parma, Italy) in PBS-PVP. After 3 X 5 min washings in
PBS-PVP, the blastocysts were stained for 30 min in 10 pg/mL Hoechst 33342 in PBS-PVP,
washed 3 x 5 min in PBS-PVP, mounted on microscope slides in 50% glycerol-PBS, covered
with round coverglass with spacers to retain the blastocyst three-dimensional shape, and
sealed. Blastocysts were imaged with a 60x oil immersion objective at a FV3000 OLYM-
PUS laser-scanning confocal microscope (Olympus Italia, Segrate, Italy) equipped with a
488 nm argon laser (emission 500-540 nm) for visualization of lipid droplets, a 640 nm laser
(emission 650-750 nm) for visualization of mitochondria.

Assessment of mitochondrial activity: total fluorescence signal intensity was quantified as
follows: 8-12 3 um serial optical sections and a maximal projection were acquired for each
blastocyst. Image analysis was performed using Image] software (NIH; Image] version
v1.54i software). Following selection through the freehand selection tool, each blastocyst
maximal projection was measured to determine its area and its integrated density (IntDen),
corresponding to pixel intensity. An area outside the blastocyst was measured for obtaining
the background fluorescence. Fluorescence intensity in each blastocyst was determined as
follows: relative fluorescence = IntDen — (area of selected blastocyst x mean background
fluorescence). Fluorescence intensities were expressed in arbitrary units (a.u.).

Assessment of lipid content: Blastocysts lipid quantification was performed by analyzing
the total area of lipids in each blastocyst. Three 1024 x 1024 images were captured for
each blastocyst: one equatorial and two in the middle of the resulting halves. Images
were analyzed using the ‘nucleus counter’ tool, set to quantify droplet areas with the
Image] software. Lipid quantity was corrected by the total embryo area to account for
varying blastocyst sizes [36]. In addition, an analysis for lipid droplets (LDs) in terms of
size frequency was conducted on the same blastocysts previously examined. A series of
8-bit z-stack images were captured for each embryo at 3 um intervals, starting from the top
slice (containing the first LDs capture) to the final slice. The acquired optical sections were
analyzed through the Image J 1.54f software (NIH, USA). LDs parameters were measured
through the following steps: background subtraction (rolling ball radius = 10), threshold
adjustment (55-255), binary image conversion, watershed transformation (to remove the
potential LDs clusters), and analyzing particles tool (excluding particles with the mean
area <0.07 um? to avoid counting background noise). Additionally, an Excel file was created
to categorize LDs size frequency into five classes: 0.07-0.3, 0.3-5, 5-15, 15-30, and >30 umz.
For all analyzed parameters, the value of each slice was calculated separately, and the mean
value per slice was determined.

2.6. Statistical Analysis

Each experiment was conducted at least in biological triplicate, and the results were
presented as mean =+ standard deviation (SD). Statistical analyses were performed using
GraphPad Prism Software (version 8.02 for Windows, GraphPad Software, Boston, MA,
USA). For the analysis of mitochondrial activity and LDs parameters, one-way analysis
of variance (ANOVA) was employed, followed by Tukey’s pairwise comparison tests.
Blastocyst rates, stages, total cell numbers, and TUNEL-positive cells were expressed as
cumulative percentages and analyzed using Fisher’s exact test for pairwise comparisons
when an overall significance was observed. p < 0.05 was considered statistically significant.

3. Results

Experiment 1: In the first series of experiments, the cleavage rate at day 3 p.i. was
88.8%. Blastocyst’s rate at day 8 p.i. (Figure 3a) in GC was markedly higher than that in
MG and MS (29.9 vs. 19.6 and 16.7%; p < 0.001). No differences were observed among the
three culture conditions in terms of blastocyst’s stages (Figure 3b). Blastocyst cell numbers
and percentages of TUNEL-positive cells were assessed as markers of developmental
competence. The mean blastocyst’s cell number was not significantly different among the
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three culture conditions (GC, 137.8 £ 71.7; MG, 137.3 &+ 67.2; MS, 129.5 + 59.9) (Figure 3c).
Conversely, the percentage of TUNEL-positive cells cultured in GC was significantly
higher compared to that of both MG and MS blastocysts (9.7 vs. 6 and 6.1%; p < 0.01)
(Figure 3d). Figure 3 shows representative images of blastocysts cultured in GC (Figure 3e),
MG (Figure 3f), and MS (Figure 3g) stained with Hoechst 33342 to visualize cell nuclei
(blue) and TUNEL to visualize DNA-fragmented cells (red).
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Figure 3. Experiment 1: Uninterrupted culture in GC compared with culture in GC until day
3 p.i. followed by MG and MS culture until day 8 p.i. (a) Blastocyst’s rates. (b) Blastocyst’s stages.
(c) Blastocyst’s mean cell numbers. (d) Percentages of TUNEL-positive cells. (e-g) Representative
images of cell numbers (blue) and TUNEL-positive cells (red) in blastocysts cultured in GC, MG and
MS. Bar = 100 pm. **, p < 0.01 vs. GC.

Experiment 2: The findings of Experiment 1 showed a reduced blastocyst’s rate in
embryos cultured in MG and MS from day 3 to day 8 p.i. compared with those uninterrupt-
edly cultured in GC. In Experiment 2, presumptive zygotes were uninterruptedly cultured
under the three conditions from day 1 to day 8 p.i. The following cleavage rates were
detected at day 3 p.i. under the three embryo culture conditions: GC, 86.6%; MG, 83.8%;
MS, 84.9%. Interestingly, blastocysts rate in MS (35.8%) was similar to GC (28.9%) and
significantly higher than MG (23.1%; p < 0.05) (Figure 4a). No significant differences in
blastocyst’s stages (Figure 4b) and mean cell numbers (Figure 4c) were detected among the
three culture conditions (GC, 137.8 £ 71.7; MG, 137 & 75.3; MS, 137.1 £ 60.3). Conversely,
the percentages of TUNEL-positive cells in blastocysts cultured in MG and MS were sig-
nificantly lower than those in GC (7.9 vs. 7.4 and 9.7%; p < 0.01) (Figure 4d). Figure 4
shows representative images of blastocysts cultured in GC (Figure 4e), MG (Figure 4f), and
MS (Figure 4g), stained with Hoechst 33342 to visualize cell nuclei (blue) and TUNEL to
visualize DNA-fragmented cells (red).
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(a) Blastocyst’s rates. (b) Blastocyst’s stages. (c) Blastocyst’s mean cell numbers. (d) Percentages of
TUNEL-positive cells. (e-g) Representative images of cell numbers (blue) and TUNEL-positive cells
(red) in blastocysts cultured in GC, MG and MS. Bar = 100 pm. #, p < 0.05 vs. MG; *, p < 0.05 vs. GC;
**,p<0.01vs. GC.

Experiment 3: Presumptive zygotes were cultured under the same conditions described
in Experiment 2. The following cleavage rates were detected at day 3 p.i. under the three
embryo culture conditions: GC, 81.7%; MG, 87%; MS, 87%. Mitochondrial activity and lipid
analysis (LDs area; LDs size frequency) of day 7 blastocysts were evaluated as additional
markers of developmental competence. Although not statistically significant, the mitochon-
drial activity was higher in MG and MS compared to GC blastocysts (Figure 5a). Figure 5
shows representative images of blastocysts cultured in GC (Figure 5b), MG (Figure 5c), and
MS (Figure 5d), labeled in vivo with MitoTracker DeepRed to visualize mitochondrial activ-
ity. LDs size frequency quantification showed a significantly higher number of classes in a
range 0.07-0.3 and 0.3-5 um? and a lower mean diameter (1.8 4 0.48 um) in MS compared
to MG (2.53 £ 0.10 pm) and GC (2.28 =+ 0.43 um) conditions (Figure 6a,b). Blastocyst’s
lipid contents were comparable among the three culture conditions (GC, 0.29 £ 0.15; MG,
0.38 4 0.17; MS, 0.37 4 0.25 um?) (Figure 6¢). Furthermore, the total number of LDs per blas-
tocyst was slightly higher in MS (949 + 50.18) compared to GC and MG (757.81 £ 200.15;
720.43 + 200.37) (Figure 6d) conditions, although not statistically significant. Figure 6
depicts representative 3D reconstruction images of blastocysts cultured in GC (Figure 6e),
MG (Figure 6f), and MS (Figure 6g), stained with Hoechst 33342 to visualize cell nuclei
(blue) and BODIPY to visualize LDs (green). It was notable that in MS, a greater abundance
of smaller size LDs occurred compared to GC and MG conditions (Figure 6e-g).
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DeepRed. Bar = 20 pm.
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Figure 6. Experiment 3: Culture of presumptive zygotes from day 1 to day 7 p.i. in GC, MG and MS.
(a) LDs size frequency expressed in pum?. (b) Mean diameter of LDs. (c¢) Quantification of the total
area of lipid droplets (um?). (d) Total number of LDs per blastocyst. (e-g) Representative images
of cell numbers (blue) and Bodipy-stained LDs (green) in blastocysts cultured in GC, MG and MS.
*,p <0.05vs. GC and MG; #, p < 0.05 vs. MG. Bar = 20 um.
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4. Discussion

The possibility of selecting competent blastocysts to transfer through omics assessment
on spent culture media is a current trend in assisted reproduction both in human and
domestic animal species [37-39]. However, such a procedure depends on the possibility of
efficiently culturing individual embryos. Individual embryo culture negatively affects the
ability to reach the blastocyst stage and blastocyst developmental competence compared
with high-density group embryo cultures [17,40-45]. Thus far, the “group effect” has been
clearly demonstrated in a number of poli- and mono-ovulatory species, including humans,
(though controversial data were reported on the latter species) [12,13,44,46—48]. The lack
of efficiency of individual versus group cultures depends on a number of factors, the
dilution of embryo-secreted positive effects embryotropins being the most unfavorable
condition [18,19]. Attempts to increase the concentration of such positive factors through
a reduction in the volume of single embryo culture drops under oil must cope with the
enhanced unwanted bidirectional apolar solute exchanges between oil and medium due
to the increase in the drop surface relative to its volume and the possible deprivation
of nutrients and accumulation of embryo-damaging waste metabolites [20,21,24,49,50].
Under this context, the most striking finding of the present study is the ability of bovine
zygotes to be individually and continuously cultured for 7 days until the blastocyst stage
in only ~70 nL of IVC medium without any detrimental effect in terms of mean cells
numbers, mitochondrial activity and lipid content compared to standard group culture.
To our knowledge, this is the first proof that such an extremely confined, static individual
culture has an efficiency similar to high-density standard group culture. The minimal
medium volume required to continuously culture a bovine embryo from day 1 to day
8 p.i. is thought to be a compromise among nutrient deprivation, waste metabolites
accumulation, and putative embryotropins concentrations. In the case of culture in drops
under oil, a further constraint of minimal required volume for individual embryo cultures
is represented by the enhanced drop surface exposed to oil relative to the drop volume
associated with its reduction. Such a constraint likely derives from the enhanced in and out
unwanted solute exchanges between oil and medium when drop volume is progressively
reduced. Oil has been shown to sequester from the culture medium apolar solutes such
as steroid hormones and release toxic solutes like alkenals, aldehydes, triton X-100, etc.,
damaging embryo development [21-27]. This concept seems to be in contrast with the
present findings, as the calculated surface/volume ratio during single microwell culture is
2.85, i.e., approximately equal to the ratio of 2.5 pL drops (approximating the drop geometry
to a hemisphere) in which bovine zygotes reportedly do not successfully develop to the
blastocyst stage. Carolan et al. (1996) cultured bovine embryos individually in droplets of
1,2,5, 10, or 20 uL overlaid with mineral oil and showed that embryo development was
seriously compromised in droplet sizes of less than 10 puL. Moreover, individual culture in
10 and 20 pL droplets produced blastocysts with lower cell numbers and hatching rates
compared with group cultures [20]. Similar findings were reported by O” Doherty et al.
(1997), showing detrimental effects on blastocyst rates when embryos were individually
cultured in 10 pL drops compared to high-density group culture [51]. Conversely, our main
findings demonstrate that in individual cultures, approximately 70 nL is enough to allow for
blastocyst development. Compared with individual cultures in 10 uL drops, the putative
embryotropins concentration achieved in ~70 nL of culture medium should be more than
140-fold higher. It can be speculated that such a higher concentration of positive-effect
embryo secreted factors counterbalances the well-known detrimental effects of oil overlay
at the same surface/volume ratio. This is in agreement with studies demonstrating the
feasibility of extremely confined culture, using the microcapillary “Glass Oviduct” system
(GO) in which oil is only in contact the two ends of the capillary, achieving an extremely
low surface/volume ratio. GO systems support single bovine embryo development until
the blastocyst stage for 7 days of uninterrupted culture in 1 puL [52,53]. In the present
study, individual culture (MS) was compared with standard group culture (GC) at a density
of 1 embryo/10 pL and semi-confined group culture (MG) in a microwell chamber at
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1 embryo/3.75 pL. Blastocyst rates in MS were not different from those achieved in GC
and were significantly higher than those achieved in MG. The mean cell numbers were
not different among the three culture conditions, whereas the proportion of apoptotic cells
in MS and MG was reduced compared to GC. Similarly, Sugimura et al. (2010) showed
a reduced apoptosis in microwell semi-confined group culture compared to standard
group culture at a density of 1 embryo/5 uL, while blastocyst morphological quality
and inner cell mass and trophectoderm cell numbers were similar under the two culture
conditions [54]. In the first experiment of our study, embryos were initially cultured in
GC and then transferred to MG and MS at day 3 p.i. Although the mean cell numbers in
blastocysts were consistent across all embryo culture conditions, those developed in MG
and MS exhibited significantly fewer apoptotic cells compared to those in GC. However,
both microwell culture conditions showed a significant decline in blastocyst formation
rates compared to GC culture. This could be explained by the interrupted culture in MG
and MS compared to a continuous culture in GC. Transfer in the microwell devices at
day 3 involved a change in medium leading to the depletion of putative embryotrophic
factors accumulated during the first 3 days of development and an additional manipulation
at a time close to compaction, which reportedly represents a critical stage of embryo
development [55-58]. Blastocyst mitochondrial activity and lipid content were assessed
as additional markers of developmental competence [36,59]. No significant differences
were detected among the three culture conditions in terms of mitochondrial activity, lipid
content (per blastocyst area), and the number of lipid droplets per blastocyst. However, a
higher prevalence of smaller-sized LDs was revealed in the MS condition. Lipids provide
an energy reserve during the initial stages of embryo development before the activation
of the embryonic genome and play a key role in plasma membrane biosynthesis [59].
However, excessive lipid droplet formation and increased droplets size, due to perturbed
lipid metabolism and mitochondrial function, impair embryo developmental competence
and cryotolerance [59-62]. During morphogenesis, lipid droplets accumulate and grow in
size until the morula stage and decrease at the blastocyst stage due to an increased lipid
demand [63,64]. The enhanced lipid accumulation in embryos is a consequence of the
stress experienced during the in vitro culture procedures [59]. Although no differences
in terms of lipid area and LDs number per blastocyst among the three culture conditions
were found, it can be hypothesized that the reduced size of lipid droplets in MS blastocysts
might be attributed to a higher metabolic activity (and possibly competence) of individually
cultured embryos. Consistent with this hypothesis, lipid droplets >6 um in diameter have
been associated with the presence of immature mitochondria and reduced developmental
competence [64,65]. Although the blastocyst mean droplets diameter was <6 um across
the three culture conditions, a significantly lower diameter was present in MS compared
with MG blastocysts. Further studies are needed to clarify whether individually cultured
blastocysts have an enhanced lipid metabolism and cryotolerance compared with embryos
cultured in groups.

5. Conclusions

One of main goals in ART is the establishment of an effective individual culture to
select euploid high-quality embryos for transfer. The demonstration that individual bovine
zygotes can be successfully cultured until the blastocyst stage in ~70 nL of medium would
open the way to successfully reach this goal through the application of time-lapse tech-
nology coupled to omics analysis on spent media [37,66,67]. Although currently such a
nanoliter volume is poorly compatible with the analytical techniques for the detection of
single embryo cell free DNA, metabolites, secreted proteins, microRNA, etc., the expo-
nential progresses in this field could allow for the manipulation and analysis of pico- to
nanoliter volumes of spent media in the near future. The finding that a bovine embryo
can be effectively cultured in approximately 70 nL of medium in a microwell geometry
where excessive detrimental solute exchanges between the oil and medium are prevented
underscores the importance of extreme confinement in optimizing individual embryo cul-
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ture. This paves the way for establishing confined individual cultures in larger microwells,
which are more conducive to the collection and analysis of spent media.

Author Contributions: Conceptualization, R.G. and R.T.; formal analysis, V.D.G.; investigation, A.T.,
A.C, VDG, V.G, M.C. and V.B,; writing—original draft, A.T., A.C. and V.D.G.; writing—review and
editing, R.G. and R.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data are freely available by the authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Vajta, G.; Parmegiani, L.; Machaty, Z.; Chen, W.B.; Yakovenko, S. Back to the future: Optimised microwell culture of individual
human preimplantation stage embryos. J. Assist. Reprod. Genet. 2021, 38, 2563-2574. [CrossRef] [PubMed]

Consensus Group, C. ‘There is only one thing that is truly important in an IVF laboratory: Everything” Cairo Consensus Guidelines
on IVF Culture Conditions. Reprod. BioMed. Online 2020, 40, 33—60. [CrossRef]

Vajta, G.; Rienzi, L.; Cobo, A.; Yovich, J. Embryo culture: Can we perform better than nature? Reprod. Biomed. Online 2010, 20,
453-469. [CrossRef]

Tsuiko, O.; Catteeuw, M.; Zamani Esteki, M.; Destouni, A.; Bogado Pascottini, O.; Besenfelder, U.; Havlicek, V.; Smits, K.; Kurg, A,;
Salumets, A.; et al. Genome stability of bovine in vivo-conceived cleavage-stage embryos is higher compared to in vitro-produced
embryos. Hum. Reprod. 2017, 32, 2348-2357. [CrossRef]

Rizos, D.W.E; Duffy, P.; Boland, M.P.; Lonergan, P. Consequences of bovine oocyte maturation, fertilization or early embryo
development in vitro versus in vivo: Implications for blastocyst yield and blastocyst quality. Mol. Reprod. Dev. 2002, 61, 234-248.
[CrossRef]

Machaty, Z.; Day, B.N.; Prather, R.S. Development of Early Porcine Embryos In Vitro and In Vivol. Biol. Reprod. 1998, 59, 451-455.
[CrossRef] [PubMed]

Bauer, B.K,; Isom, S.C.; Spate, L.D.; Whitworth, K.M.; Spollen, W.G.; Blake, S.M.; Springer, G.K.; Murphy, C.N.; Prather, R.S.
Transcriptional Profiling by Deep Sequencing Identifies Differences in mRNA Transcript Abundance in In Vivo-Derived Versus In
Vitro-Cultured Porcine Blastocyst Stage Embryos1. Biol. Reprod. 2010, 83, 791-798. [CrossRef] [PubMed]

Jochems, R.; Canedo-Ribeiro, C.; Silvestri, G.; Derks, M.EL.; Hamland, H.; Zak, L.J.; Knol, E.F,; Handyside, A.H.; Grindflek,
E.; Griffin, D.K. Preimplantation Genetic Testing for Aneuploidy (PGT-A) Reveals High Levels of Chromosomal Errors in In
Vivo-Derived Pig Embryos, with an Increased Incidence When Produced In Vitro. Cells 2023, 12, 790. [CrossRef]

Rambags, B.P.B.; Krijtenburg, PJ.; Drie, H.EV,; Lazzari, G.; Galli, C.; Pearson, P.L.; Colenbrander, B.; Stout, T.A.E. Numerical
chromosomal abnormalities in equine embryos produced in vivo and in vitro. Mol. Reprod. Dev. 2005, 72, 77-87. [CrossRef]
Murray, J.D.; Moran, C.; Boland, M.P; Nancarrow, C.D.; Sutton, R.; Hoskinson, R.M.; Scaramuzzi, R.J. Polyploid cells in blastocysts
and early fetuses from Australian Merino sheep. Reproduction 1986, 78, 439-446. [CrossRef]

Viuff, D.; Rickords, L.; Offenberg, H.; Hyttel, P; Avery, B.; Greve, T.; Olsaker, I.; Williams, J.L.; Callesen, H.; Thomsen, PD. A High
Proportion of Bovine Blastocysts Produced In Vitro Are Mixoploid1. Biol. Reprod. 1999, 60, 1273-1278. [CrossRef]

O'Neill, C. The potential roles for embryotrophic ligands in preimplantation embryo development. Hum. Reprod. Update 2008, 14,
275-288. [CrossRef] [PubMed]

Gopichandran, N.; Leese, H.J. The effect of paracrine/autocrine interactions on the in vitro culture of bovine preimplantation
embryos. Reproduction 2006, 131, 269-277. [CrossRef] [PubMed]

Rizos, D.; Maillo, V.; Sanchez-Calabuig, M.-].; Lonergan, P. The Consequences of Maternal-Embryonic Cross Talk during the Peri-
conception Period on Subsequent Embryonic Development; Springer International Publishing: Berlin/Heidelberg, Germany, 2017;
pp- 69-86.

Harris, E.A; Stephens, K.K.; Winuthayanon, W. Extracellular Vesicles and the Oviduct Function. Int. . Mol. Sci. 2020, 21, 8280.
[CrossRef] [PubMed]

Saint-Dizier, M.; Schoen, J.; Chen, S.; Banliat, C.; Mermillod, P. Composing the Early Embryonic Microenvironment: Physiology
and Regulation of Oviductal Secretions. Int. J. Mol. Sci. 2019, 21, 223. [CrossRef] [PubMed]

Paria, B.C.; Dey, S.K. Preimplantation embryo development in vitro: Cooperative interactions among embryos and role of growth
factors. Proc. Natl. Acad. Sci. USA 1990, 87, 4756-4760. [CrossRef] [PubMed]

Tao, T.; Robichaud, A.; Mercier, ].; Ouellette, R. Influence of group embryo culture strategies on the blastocyst development and
pregnancy outcome. J. Assist. Reprod. Genet. 2013, 30, 63—68. [CrossRef] [PubMed]

Minasi, M.G.; Fabozzi, G.; Casciani, V.; Lobascio, A.M.; Colasante, A.; Scarselli, F.; Greco, E. Improved blastocyst formation with
reduced culture volume: Comparison of three different culture conditions on 1128 sibling human zygotes. J. Assist. Reprod. Genet.
2015, 32, 215-220. [CrossRef] [PubMed]

Carolan, C.; Lonergan, P.; Khatir, H.; Mermillod, P. In vitro production of bovine embryos using individual oocytes. Mol. Reprod.
Dev. 1996, 45, 145-150. [CrossRef]


https://doi.org/10.1007/s10815-021-02167-4
https://www.ncbi.nlm.nih.gov/pubmed/33864207
https://doi.org/10.1016/j.rbmo.2019.10.003
https://doi.org/10.1016/j.rbmo.2009.12.018
https://doi.org/10.1093/humrep/dex286
https://doi.org/10.1002/mrd.1153
https://doi.org/10.1095/biolreprod59.2.451
https://www.ncbi.nlm.nih.gov/pubmed/9687321
https://doi.org/10.1095/biolreprod.110.085936
https://www.ncbi.nlm.nih.gov/pubmed/20668257
https://doi.org/10.3390/cells12050790
https://doi.org/10.1002/mrd.20302
https://doi.org/10.1530/jrf.0.0780439
https://doi.org/10.1095/biolreprod60.6.1273
https://doi.org/10.1093/humupd/dmn002
https://www.ncbi.nlm.nih.gov/pubmed/18281694
https://doi.org/10.1530/rep.1.00677
https://www.ncbi.nlm.nih.gov/pubmed/16452720
https://doi.org/10.3390/ijms21218280
https://www.ncbi.nlm.nih.gov/pubmed/33167378
https://doi.org/10.3390/ijms21010223
https://www.ncbi.nlm.nih.gov/pubmed/31905654
https://doi.org/10.1073/pnas.87.12.4756
https://www.ncbi.nlm.nih.gov/pubmed/2352946
https://doi.org/10.1007/s10815-012-9892-x
https://www.ncbi.nlm.nih.gov/pubmed/23239126
https://doi.org/10.1007/s10815-014-0399-5
https://www.ncbi.nlm.nih.gov/pubmed/25491125
https://doi.org/10.1002/(sici)1098-2795(199610)45:2%3C145::aid-mrd6%3E3.0.co;2-t

Cells 2024, 13, 868 13 of 14

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Miller, K.E; Goldberg, ].M.; Collins, R.L. Covering embryo cultures with mineral oil alters embryo growth by acting as a sink for
an embryotoxic substance. |. Assist. Reprod. Genet. 1994, 11, 342-345. [CrossRef]

Shimada, M.; Kawano, N.; Terada, T. Delay of nuclear maturation and reduction in developmental competence of pig oocytes
after mineral oil overlay of in vitro maturation media. Reproduction 2002, 124, 557-564. [CrossRef] [PubMed]

Scarica, C.; Monaco, A.; Borini, A.; Pontemezzo, E.; Bonanni, V.; De Santis, L.; Zaca, C.; Coticchio, G. Use of mineral oil in IVF
culture systems: Physico-chemical aspects, management, and safety. J. Assist. Reprod. Genet. 2022, 39, 883-892. [CrossRef]
[PubMed]

Miller, K.F,; Pursel, V.G. Absorption of compounds in medium by the oil covering microdrop cultures. Gamete Res. 1987, 17, 57-61.
[CrossRef]

Otsuki, J.; Nagai, Y.; Chiba, K. Peroxidation of mineral oil used in droplet culture is detrimental to fertilization and embryo
development. Fertil. Steril. 2007, 88, 741-743. [CrossRef] [PubMed]

Martinez, C.A.; Nohalez, A.; Parrilla, I.; Motas, M.; Roca, J.; Romero, I.; Garcia-GonzaLez, D.L.; Cuello, C.; Rodriguez-Martinez, H.;
Martinez, E.A; et al. The overlaying oil type influences in vitro embryo production: Differences in composition and compound
transfer into incubation medium between oils. Sci. Rep. 2017, 7, 10505. [CrossRef] [PubMed]

Morbeck, D.E; Khan, Z.; Barnidge, D.R.; Walker, D.L. Washing mineral oil reduces contaminants and embryotoxicity. Fertil. Steril.
2010, 94, 2747-2752. [CrossRef] [PubMed]

Vajta, G.P.T.T.; Holm, P; Paldi, A.; Greve, T.; Trounson, A.O.; Callesen, H. New method for culture of zona-included or zona-free
embryos: The Well of the Well (WOW) system. Mol. Reprod. Dev. 2000, 55, 256-264. [CrossRef]

Vajta, G.; Korosi, T.; Du, Y.; Nakata, K; Ieda, S.; Kuwayama, M.; Nagy, Z.P. The Well-of-the-Well system: An efficient approach to
improve embryo development. Reprod. Biomed. Online 2008, 17, 73-81. [CrossRef]

Apter, S.; Ebner, T.; Freour, T.; Guns, Y.; Kovacic, B.; Le Clef, N.; Marques, M.; Meseguer, M.; Montjean, D.; Sfontouris, I; et al.
Good practice recommendations for the use of time-lapse technology. Hum. Reprod. Open 2020, 2020, hoaa008. [CrossRef]
[PubMed]

Lemmen, ].G.; Agerholm, I.; Ziebe, S. Kinetic markers of human embryo quality using time-lapse recordings of IVF/ICSI-fertilized
oocytes. Reprod. Biomed. Online 2008, 17, 385-391. [CrossRef]

Lee, A.M.; Connell, M.T.; Csokmay, ]. M.; Styer, A K. Elective single embryo transfer- the power of one. Contracept. Reprod. Med.
2016, 1, 11. [CrossRef] [PubMed]

Kim, J.; Lee, J.; Jun, ].H. Non-invasive evaluation of embryo quality for the selection of transferable embryos in human in vitro
fertilization-embryo transfer. Clin. Exp. Reprod. Med. 2022, 49, 225-238. [CrossRef]

Jiang, Z.; Sun, J.; Dong, H.; Luo, O.; Zheng, X.; Obergfell, C.; Tang, Y.; Bi, J.; O’'Neill, R.; Ruan, Y.; et al. Transcriptional profiles of
bovine in vivo pre-implantation development. BMC Genom. 2014, 15, 756. [CrossRef]

Meénézo, Y.J.; Hérubel, F. Mouse and bovine models for human IVFE. Reprod. Biomed. Online 2002, 4, 170-175. [CrossRef]
Cafion-Beltran, K.; Cajas, Y.N.; Peréz-Cerezales, S.; Leal, C.L.V.; Agirregoitia, E.; Gutierrez-Adan, A.; Gonzalez, E.M.; Rizos,
D. Nobiletin enhances the development and quality of bovine embryos in vitro during two key periods of embryonic genome
activation. Sci. Rep. 2021, 11, 11796. [CrossRef] [PubMed]

Zmuidinaite, R.; Sharara, EL; Iles, R K. Current Advancements in Noninvasive Profiling of the Embryo Culture Media Secretome.
Int. ]. Mol. Sci. 2021, 22, 2513. [CrossRef]

Egea, R.R; Puchalt, N.G.; Escriva, M.M.; Varghese, A.C. OMICS: Current and future perspectives in reproductive medicine and
technology. . Hum. Reprod. Sci. 2014, 7, 73-92. [CrossRef]

Rabel, R.A.C.; Marchioretto, P.V.; Bangert, E.A.; Wilson, K.; Milner, D.].; Wheeler, M.B. Pre-Implantation Bovine Embryo
Evaluation—From Optics to Omics and Beyond. Animals 2023, 13, 2102. [CrossRef] [PubMed]

Looman, J.; Rodriguez, Z.; Waugh, L.; Gibbons, J. Effects of bovine ova density and culture supplements on cleavage and
blastocyst development rates of in vitro embryos. Clin. Theriogenol. 2024, 16. [CrossRef]

Reed, M.L.; Woodward, B.].; Swain, J.E. Single or group culture of mammalian embryos: The verdict of the literature. J. Reprod.
Stem Cell Biotechnol. 2011, 22, 77-87. [CrossRef]

Donnay, I.; Van Langendonckt, A.; Auquier, P; Grisart, B.; Vansteenbrugge, A.; Massip, A.; Dessy, F. Effects of co-culture and
embryo number on the in vitro development of bovine embryos. Theriogenology 1997, 47, 1549-1561. [CrossRef] [PubMed]
Kelley, R.L.; Gardner, D.K. In vitro culture of individual mouse preimplantation embryos: The role of embryo density, microwells,
oxygen, timing and conditioned media. Reprod. BioMed. Online 2017, 34, 441-454. [CrossRef]

Ebner, T.; Shebl, O.; Moser, M.; Mayer, R.B.; Arzt, W.; Tews, G. Group culture of human zygotes is superior to individual culture
in terms of blastulation, implantation and life birth. Reprod. BioMed. Online 2010, 21, 762-768. [CrossRef] [PubMed]

Stokes, P.J.; Abeydeera, L.R.; Leese, H.J. Development of porcine embryos in vivo and in vitro; evidence for embryo ‘cross talk’
in vitro. Dev. Biol. 2005, 284, 62-71. [CrossRef]

Ruiz, M.; Santamaria-Lopez, E.; Blasco, V.; Herndez, M.].; Caligara, C.; Pellicer, A.; Fernandez-Sanchez, M.; Prados, N. Effect
of Group Embryo Culture under Low-Oxygen Tension in Benchtop Incubators on Human Embryo Culture: Prospective,
Randomized, Controlled Trial. Reprod. Sci. 2020, 27, 1522-1533. [CrossRef]

Spyropoulou, I. A prospective randomized study comparing the outcome of in-vitro fertilization and embryo transfer following
culture of human embryos individually or in groups before embryo transfer on day 2. Hum. Reprod. 1999, 14, 76-79. [CrossRef]


https://doi.org/10.1007/bf02214139
https://doi.org/10.1530/rep.0.1240557
https://www.ncbi.nlm.nih.gov/pubmed/12361474
https://doi.org/10.1007/s10815-022-02479-z
https://www.ncbi.nlm.nih.gov/pubmed/35445905
https://doi.org/10.1002/mrd.1120170107
https://doi.org/10.1016/j.fertnstert.2006.11.144
https://www.ncbi.nlm.nih.gov/pubmed/17292894
https://doi.org/10.1038/s41598-017-10989-5
https://www.ncbi.nlm.nih.gov/pubmed/28874873
https://doi.org/10.1016/j.fertnstert.2010.03.067
https://www.ncbi.nlm.nih.gov/pubmed/20452587
https://doi.org/10.1002/(SICI)1098-2795(200003)55:3%3C256::AID-MRD3%3E3.0.CO;2-7
https://doi.org/10.1016/s1472-6483(10)60296-9
https://doi.org/10.1093/hropen/hoaa008
https://www.ncbi.nlm.nih.gov/pubmed/32206731
https://doi.org/10.1016/s1472-6483(10)60222-2
https://doi.org/10.1186/s40834-016-0023-4
https://www.ncbi.nlm.nih.gov/pubmed/29201400
https://doi.org/10.5653/cerm.2022.05575
https://doi.org/10.1186/1471-2164-15-756
https://doi.org/10.1016/s1472-6483(10)61936-0
https://doi.org/10.1038/s41598-021-91158-7
https://www.ncbi.nlm.nih.gov/pubmed/34083641
https://doi.org/10.3390/ijms22052513
https://doi.org/10.4103/0974-1208.138857
https://doi.org/10.3390/ani13132102
https://www.ncbi.nlm.nih.gov/pubmed/37443900
https://doi.org/10.58292/ct.v16.9801
https://doi.org/10.1177/205891581100200203
https://doi.org/10.1016/s0093-691x(97)00160-x
https://www.ncbi.nlm.nih.gov/pubmed/16728097
https://doi.org/10.1016/j.rbmo.2017.02.001
https://doi.org/10.1016/j.rbmo.2010.06.038
https://www.ncbi.nlm.nih.gov/pubmed/21051291
https://doi.org/10.1016/j.ydbio.2005.05.001
https://doi.org/10.1007/s43032-020-00150-5
https://doi.org/10.1093/humrep/14.1.76

Cells 2024, 13, 868 14 of 14

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Rebollar-Lazaro, I.; Matson, P. The culture of human cleavage stage embryos alone or in groups: Effect upon blastocyst utilization
rates and implantation. Reprod. Biol. 2010, 10, 227-234. [CrossRef]

Lane, M.; Gardner, D.K. Effect of incubation volume and embryo density on the development and viability of mouse embryos
in vitro. Hum. Reprod. 1992, 7, 558-562. [CrossRef] [PubMed]

Schini, S.A.; Bavister, B.D. Two-Cell Block to Development of Cultured Hamster Embryos is Caused by Phosphate and Glucosel.
Biol. Reprod. 1988, 39, 1183-1192. [CrossRef]

O’Doherty, EM.; Wade, M.G; Hill, ].L.; Boland, M.P. Effects of culturing bovine oocytes either singly or in groups on development
to blastocysts. Theriogenology 1997, 48, 161-169. [CrossRef]

Thouas, G.; Jones, G.; Trounson, A. The ‘GO’ system—A novel method of microculture for in vitro development of mouse zygotes
to the blastocyst stage. Reproduction 2003, 126, 161-169. [CrossRef]

Vajta, G.; Lewis, LM.; Hyttel, P.; Thouas, G.A.; Trounson, A.O. Somatic cell cloning without micromanipulators. Cloning 2001, 3,
89-95. [CrossRef]

Sugimura, S.; Akai, T.; Somfai, T.; Hirayama, M.; Aikawa, Y.; Ohtake, M.; Hattori, H.; Kobayashi, S.; Hashiyada, Y.; Konishi, K.;
et al. Time-Lapse Cinematography-Compatible Polystyrene-Based Microwell Culture System: A Novel Tool for Tracking the
Development of Individual Bovine Embryos. Biol. Reprod. 2010, 83, 970-978. [CrossRef]

Cockburn, K.; Rossant, J. Making the blastocyst: Lessons from the mouse. J. Clin. Investig. 2010, 120, 995-1003. [CrossRef]

Graf, A.; Krebs, S.; Zakhartchenko, V.; Schwalb, B.; Blum, H.; Wolf, E. Fine mapping of genome activation in bovine embryos by
RNA sequencing. Proc. Natl. Acad. Sci. USA 2014, 111, 4139-4144. [CrossRef]

Menchero, S.; Rayon, T.; Andreu, M.J.; Manzanares, M. Signaling pathways in mammalian preimplantation development: Linking
cellular phenotypes to lineage decisions. Dev. Dyn. 2017, 246, 245-261. [CrossRef]

Wale, P.L.; Gardner, D.K. The effects of chemical and physical factors on mammalian embryo culture and their importance for the
practice of assisted human reproduction. Hum. Reprod. Update 2016, 22, 2-22. [CrossRef]

De Andrade Melo-Sterza, F.; Poehland, R. Lipid Metabolism in Bovine Oocytes and Early Embryos under In Vivo, In Vitro, and
Stress Conditions. Int. . Mol. Sci. 2021, 22, 3421. [CrossRef]

Lopez-Damian, E.P,; Jiménez-Medina, J.A.; Lammoglia, M.A.; Pimentel, J.A.; Agredano-Moreno, L.T.; Wood, C.; Galina, C.S,;
Fiordelisio, T. Lipid droplets in clusters negatively affect Bos indicus embryos during cryopreservation. Anat. Histol. Embryol.
2018, 47, 435-443. [CrossRef]

Li, R.; Hosoe, M.; Shioya, Y.; Bou, S. The preliminary research on freezing viability of bovine in vitro fertilized embryos. Chin. J.
Sci. Agric. Sin. 2002, 35, 1125-1129.

Nagashima, H.; Kashiwazaki, N.; Ashman, R.J.; Grupen, C.G.; Seamark, R.F.; Nottle, M.B. Removal of Cytoplasmic Lipid
Enhances the Tolerance of Porcine Embryos to Chilling. Biol. Reprod. 1994, 51, 618-622. [CrossRef]

Kajdasz, A.; Warzych, E.; Derebecka, N.; Madeja, Z.E.; Lechniak, D.; Wesoly, ].; Pawlak, P. Lipid Stores and Lipid Metabolism
Associated Gene Expression in Porcine and Bovine Parthenogenetic Embryos Revealed by Fluorescent Staining and RNA-seq. Int.
J. Mol. Sci. 2020, 21, 6488. [CrossRef]

Sudano, M.J.; Rascado, T.D.S,; Tata, A.; Belaz, K.R.A.; Santos, V.G.; Valente, R.S.; Mesquita, ES.; Ferreira, C.R.; Aradjo, J.P; Eberlin,
M.N; et al. Lipidome signatures in early bovine embryo development. Theriogenology 2016, 86, 472-484.e1. [CrossRef]

Abe, H.; Yamashita, S.; Satoh, T.; Hoshi, H. Accumulation of cytoplasmic lipid droplets in bovine embryos and cryotolerance of
embryos developed in different culture systems using serum-free or serum-containing media. Mol. Reprod. Dev. 2002, 61, 57-66.
[CrossRef]

Leaver, M.; Wells, D. Non-invasive preimplantation genetic testing (niPGT): The next revolution in reproductive genetics? Hum.
Reprod. Update 2020, 26, 16—42. [CrossRef]

Salmeron, A.M.; Abreu, A.C.; Vilches-Ferrén, M.; Fernandez, I. Solution NMR in human embryo culture media as an option for
assessment of embryo implantation potential. NMR Biomed. 2021, 34, e4536. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S1642-431X(12)60042-4
https://doi.org/10.1093/oxfordjournals.humrep.a137690
https://www.ncbi.nlm.nih.gov/pubmed/1522203
https://doi.org/10.1095/biolreprod39.5.1183
https://doi.org/10.1016/S0093-691X(97)00199-4
https://doi.org/10.1530/rep.0.1260161
https://doi.org/10.1089/15204550152475590
https://doi.org/10.1095/biolreprod.110.085522
https://doi.org/10.1172/jci41229
https://doi.org/10.1073/pnas.1321569111
https://doi.org/10.1002/dvdy.24471
https://doi.org/10.1093/humupd/dmv034
https://doi.org/10.3390/ijms22073421
https://doi.org/10.1111/ahe.12382
https://doi.org/10.1095/biolreprod51.4.618
https://doi.org/10.3390/ijms21186488
https://doi.org/10.1016/j.theriogenology.2016.03.025
https://doi.org/10.1002/mrd.1131
https://doi.org/10.1093/humupd/dmz033
https://doi.org/10.1002/nbm.4536

	Introduction 
	Materials and Methods 
	Oocyte Retrieval and In Vitro Maturation 
	Semen Preparation, In Vitro Fertilization and Embryo Culture 
	Culture Devices and Loading of Embryos or Presumptive Zygotes 
	Experimental Design 
	Embryo Development and Quality Assessment 
	TUNEL Assay 
	Blastocyst Mitochondrial Activity and Lipid Content 

	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

