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Abstract
Purpose The aim of this study was to analyze the metabolic profiles of blastocoel fluid (BF) obtained from bovine embryos
produced in vivo and in vitro.
Methods Expanded blastocysts (20/group) that were in vitro and in vivo derived at day 7 were used. BF was collected and
analyzed under direct infusion conditions using a microTOF-Q®mass spectrometer with electrospray ionization and amass range
of 50–650 m/z.
Results The spectrometry showed an evident difference in the metabolic profiles of BF from in vivo and in vitro produced
embryos. These differences were very consistent between the samples of each group suggesting that embryo fluids can be used to
identify the origin of the embryo. Ions 453.15 m/z, 437.18 m/z, and 398.06 m/z were identified as biomarkers for the embryo’s
origin with 100% sensitivity and specificity. Although it was not possible to unveil the molecular identity of the differential ions,
the resulting spectrometric profiles provide a phenotype capable of differentiating embryos and hence constitute a potential
parameter for embryo selection.
Conclusion To the best of our knowledge, our results showed, for the first time, an evident difference between the spectrometric
profiles of the BF from bovine embryos produced in vivo and in vitro.

Keywords Biomarker . Blastocyst . Electrospray . In vivo . In vitro

Introduction

In vitro embryo production (IVP) is a well-established bio-
technology commercially used to accelerate the multiplication
of animals with the desired zootechnical characteristics.
Moreover, it has also been used as a tool for animal preserva-
tion, genomic selection, and gene editing [1]. Currently, the
use of IVP in cattle has grown worldwide, being responsible
for more than 70% of the total embryos transferred.

Despite the advancements in the last decades, the efficien-
cy of this biotechnology for calf production is far from opti-
mal. The most limiting factor is not the quantity, but the qual-
ity of the embryos produced in vitro, which impairs its devel-
opment, implantation, and birth rates. In fact, 60% of trans-
ferred IVP bovine embryos fail to establish and maintain preg-
nancy until birth [2, 3]. This high embryonic and fetal loss
occurs, in part, due to the lower quality of these embryos
associated with the inability to select blastocysts with the
greatest potential to develop until their birth. To improve the
success rate during embryo transference, an efficient strategy
is essential to select blastocysts with the greatest potential to
develop until their birth. It has been extensively reported that
in vitro embryos are different from their in vivo counterparts,
in terms of aspects such as lower number of total cells,
higher number of apoptotic cells [4], lower tolerance to
cryopreservation [5–7], increased intracellular accumula-
tion of lipids [7], and differences in gene expression [4,
8, 9], attributed to the artificial culture conditions that
IVP embryos are exposed to.

* Margot Alves Nunes Dode
margot.dode@embrapa.br

1 School of Agriculture and Veterinary Medicine, University of
Brasilia, Brasília, DF, Brazil

2 Laboratory of Mass Spectrometry, Embrapa Genetic Resources and
Biotechnology, Brasília, DF, Brazil

3 Laboratory of Animal Reproduction, Embrapa Genetic Resources
and Biotechnology, Brasília, DF, Brazil

https://doi.org/10.1007/s10815-021-02189-y

/ Published online: 18 April 2021

Journal of Assisted Reproduction and Genetics (2021) 38:2209–2217

http://crossmark.crossref.org/dialog/?doi=10.1007/s10815-021-02189-y&domain=pdf
http://orcid.org/0000-0002-1096-0457
mailto:margot.dode@embrapa.br


The current selection method for embryos is based on the
morphological appearance, which is not accurate for the pre-
diction of embryo quality [10, 11]. Hence, the use of non-
invasive methodologies that are capable of indicating which
embryo should be transferred has become a subject of great
interest.

Among the current and very promising embryo, non-
invasive methodologies available are those that evaluate me-
tabolites, microRNAs, and cell-free DNA (cfDNA) in the em-
bryo culture medium [12–15]. However, to date, no marker
that could be used to indicate embryo quality has been identi-
fied in the culture medium. In humans, an alternative that has
been evaluated as a potential source of biomarkers is blasto-
coel fluid (BF). The interest in this new source gained traction
when Palini et al. (2013) detected the presence of genetic
material in the BF of human embryos [16]. Currently, several
authors argue that although embryos are subjected to some
manipulation, the removal of BF is still less invasive than
biopsy of cells, and it is being considered as a new alternative
for predicting embryo quality [17–20].

The BF is predominantly composed of water and relies on
the ion transport system of the nonpolar cells of the
trophectoderm (TE), which are responsible for regulating the
initial cavitation events through the expression of genes that
facilitate the transport and retention of blastocoel fluid [21].
The components from the inner cell mass (ICM) and TE cells,
including several types of proteins [22] and other molecules
[23], are transported into the fluid. It is known that the BF
plays a fundamental role during pre-implantation, and its com-
ponents are used in the formation of the yolk sac. Hence, its
composition can be directly related to the initial blastocyst
development and may reflect embryo health [22, 24]. In fact,
studies in humans have reported that the DNA present in the
BF can be amplified and quantified, displaying a potential
approach for performing genetic pre-implantation testing
[24–28]. Nevertheless, further studies are still needed to rec-
ommend BF for genetic testing [29–31]. In domestic animals,
the majority of studies on BF are related to cryopreservation
processes, since the presence of fluid in the blastocoel can be
associated with ice crystal formation and poorer post-warming
survival [32]. The removal of BF prior to cryopreservation has
already been successfully reported in bovine embryos [33],
horses [34], murine [35] and feline [36]. In the case of cryo-
preservation, the BF is removed and discarded without any
investigation or usage of the content.

Despite few studies focusing on the BF composition in
cattle, quantifying glucose, pyruvate, lactate, and amino acid
concentrations [18] and some proteins [22], there is a lack of
reports in this area. The lack of interest in studying BF in cattle
is probably due to the small volume obtained from each em-
bryo and the difficulty of handling and analyzing such a small
volume [19, 22, 37]. Nevertheless, with the availability of
equipment with higher sensitivity and specificity, such as

mass spectrometry, a small volume of BF is sufficient to per-
form analysis without the need for pooling samples.
Therefore, the use of BF to evaluate embryo quality becomes
viable and its use can also be associated with other assisted
reproduction techniques such as cryopreservation and geno-
mic selection, increasing the advantages of using IVP for an-
imal production. In addition, the information obtained here
can also be valuable for studies in human, since bovine and
human preimplantation embryos seem to be more similar in
terms of biochemical and regulatory processes, than mice and
humans [38–40].

Considering that the BF plays an important role during
embryo development, we hypothesized that the compounds
present in BF may reflect embryo quality. To assess this hy-
pothesis, we analyze the metabolic profile of blastocoel fluid
obtained from bovine embryos produced in vivo and in vitro.

Material and methods

Unless otherwise specified, all reagents used were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

In vitro embryo production

The ovaries were collected from slaughterhouses and
transported to the laboratory in saline solution (0.9%
NaCl) supplemented with amikacin (250 μg/mL) at 35
°C. Follicles ranging from 3 to 8 mm in diameter were
aspirated using a 10 mL syringe and an 18G gauge nee-
dle. Only cumulus-oocyte complexes (COCs) presenting a
homogenous cytoplasm and at least three layers of cumu-
lus cells were used (n = 316).

After selection, groups of 25 to 30 COCs were transferred
to 150 μL drops of maturation medium consisting of TCM-
199 with Earl’s salts (Gibco BRL, Burlington, Canada) sup-
plemented with 0.075 mg/mL amikacin, 10% SFB (Gibco®),
0.1 mg/mL L-glutamine, 1 μM pyruvate, 1 μM/mL cyste-
amine, and 0.01 UI/mL FSH and were incubated for 22–24
h at 38.5 °C and 5% CO2 in air.

After maturation, the COCs were transferred to a fertiliza-
tion medium (FEC) composed of Tyrode’s albumin lactate
pyruvate [TALP] [41] supplemented with 0.5 mM penicilla-
mine, 0.25 mM hypotaurine, 25 μM epinephrine, and 10 μg/
mL heparin. Semen from a Nellore bull whose fertility was
known was used. After thawing in a water bath at 37 °C for 30
s, the sperm cells were selected using a Percoll® gradient as
described by Machado et al. [42]. The sperm cells were added
to the fertilization drop at a final concentration of 1 × 106

sperm cells/mL. Matured oocytes were co-incubated with
sperm cells for 18 h, and the day of insemination was consid-
ered as day 0 (D0).
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After co-incubation, the presumptive zygotes were gently
pipetted for partial removal of the cumulus cells and trans-
ferred to 150 μL drops of SOFaa medium [43] supplemented
with 0.0293 mg/mL L-glutamine, 0.35 mM sodium tris-cit-
rate, 2.8 mM myo-inositol, 8 mg/mL pyruvate, 0.075 mg/mL
amikacin, essential amino acid solution (BME 50×), solution
of non-essential amino acids (MEM 100×), 0.5 μg/mL ITS
(insulin 10 mg/L, transferrin 5.5 mg/L, and selenium 5 μg/L),
and 0.4% of bovine serum albumin (BSA) and were incubated
during 7 days at 38.5 °C and 5% CO2 in air.

The embryos were evaluated on D2 (48 h post-
insemination) for cleavage, and on D6 (144 h post-
insemination) and D7 (168 h post-insemination) for stage of
development. Embryos that were in the expanded blastocyst
stage on D7 (168 h post-insemination) were used for
collecting the BF.

In vivo embryo production

For in vivo embryo production, Nellore breed (Bos Taurus
Indicus) donors (n = 12) were subjected to an ovarian
superstimulation protocol, and it was obtained 4.66 embryos
per cow (56/12) with a ratio of 2.58 expanded blastocyst per
cow (31/12). On day 0 (D0) of synchronization, the animals
received an intravaginal progesterone device (1 g; Sincrogest®

Ourofino Saúde Animal, Cravinhos, Brazil) and 2 mg of es-
tradiol benzoate (RIC-BE®, Tecnopec Ltda, São Paulo,
Brazil). Four days later (D4), the animals were subjected to
superstimulated treatment with 100 mg FSH (Folltropin-V®;
Vetoquinol N.-A. Inc, QC, Canada) in decreasing doses, re-
ceiving two applications per day over 4 days (12/12 h). Along
with the fifth application of FSH, luteolysis was induced with
500 μg of PGF2α (500 μg of Cloprostenol; Estron®, União
Química Farmacêutica Nacional S/A, Embu-Guaçu, São
Paulo, Brazil). In the sixth application of FSH, the intravaginal
progesterone device was removed, and 12 h later, 50 μg of
GnRH analog (Lecirelin; Gestran®, ARSA S.R.L., Buenos
Aires, Argentina) was administered (i.m.). All animals were
inseminated, with the same semen batch used in IVP, at 12
and 24 h after GnRH injection. Seven days after insemination,
the embryos were collected through uterine washing, and only
those that were at the EB stage were used for the experiment.

Blastocoel fluid collection

Only expanded blastocysts from both groups were used to
collect BF. To avoid sample contamination, each embryo
(in vitro and in vivo) was washed and micromanipulated in
individual drops of 30 μL of phosphate-buffered saline (PBS)
and covered with mineral oil. The entire process was per-
formed in a 100-mm Petri dish. For BF collection, two glass
pipettes coupled to a micromanipulator were used: one to fix
the embryo (holding pipette) and the other, with an internal

diameter of approximately 5 μm, to aspirate the fluid. The
aspiration pipette was gently pressed against the zona pellucid
area until it reached the embryo's cavity, and then, the liquid
was totally aspirated (Fig. 1). Then, the liquid was placed in a
drop containing 3 μL of deionized water previously prepared
on the micromanipulation plate. Finally, the drop containing
the BF was collected and stored individually in 200 μL
microtubes at − 80 °C until analysis.

Mass spectrometry (ESI-MS)

The stored samples of BF collected from in vivo (n = 20) and
in vitro (n = 20) embryos were thawed and 50 μL of acetoni-
trile/H2O solution (50:50) with 0.1% formic acid was added.
The analyses were performed by the direct infusion of samples
in a micrOTOF-Q® mass spectrometer (Bruker Daltonics,
Bremen, Germany) equipped with an electrospray ionization
source operating in positive mode under the following condi-
tions: injection flow of 180 μL/h, 8 V of collision energy, end
plate off set 500 V, 4500 capillarity, 0.6 bar pressure, and 5 L/
min of gas at 180 °C. The spectra were acquired in the range of
50–650 m/z. The spectra were acquired using oTOFcontrol®

and DataAnalyis® was used to analyze the BF profiles of the
in vivo and in vitro embryos, using both software (Bruker®).
Fragmentation (MS/MS) of the sections showing differences
between the spectra of in vivo and in vitro groups was per-
formed in multiple reaction monitoring (MRM) mode with a
2 Da isolation window, initial collision energy of 5 V, with
variation until all the precursors were fragmented.

Statistical analysis

The raw data generated from the ESI-MS [mass/charge (m/z)
and signal intensity (I)] was analyzed using software Data
Analysis (Bruker®) and MetaboAnalyst 4.0 version (https://

a b

c d

Fig. 1 Blastocoel fluid collection of D7 expanded blastocyst (20×). a
Intact expanded bovine blastocyst before collection. b The micropipette
is introduced in the blastocoel for fluid collection. c Approximately 30%
of the fluid collection. d Complete collection of the blastocoel fluid
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www.metaboanalyst.ca/). Initially, all spectra of the in vitro
and in vivo groups were processed with a mass tolerance of 0.
05 m/z to get the archive data processed. After, the data was
normalized by sum and cub root transformation. In order to
provide a preliminary overview of the data, Volcano plot
with threshold 4 was performed. Subsequently, a princi-
pal component analysis (PCA) and partial least squares
discriminant analysis (PLS-DA) multivariate regression
model for variable importance in projection (VIP) was
applied. The ions were selected for analysis through
logistic regression, and the receiver operating character-
istic (ROC) curves were used to illustrate their ability to
discern BF in vivo or BF in vitro. For all analyses, p ≤
0.05 were considered significant.

Results

ESI-MS analysis revealed a distinctive spectrometric profile
between BF from embryos produced in vivo and those obtain-
ed by in vitro production in range mass 50–650 m/z (Fig. 2).
Considering a mass tolerance of 0.05 m/z, a total of 6119
peaks were obtained between the range of 50 and 650 m/z.
After peakmatching and alignment, a total of 162 peak groups
were obtained. Volcano plot was performed an overview of
the data identifies the principal ions (Fig. 3a). The principal
component analysis (PCA) was able to distinguish the groups
with formation of cluster (Fig. 3b). After the PLS-DA was
performed and the list the principal ions were identified, they
showed a VIP score > 1.55 (Fig. 4a). These results constitute a
panel of ions capable of differentiating BF in vivo or in vitro.

a

b

c

d

Fig. 2 Representative spectrometric profile of the blastocoel fluid (BF)
from expanded blastocysts of cattle used in vivo (blue) and in vitro (red)
on day 7 (D7) of embryo development. a In vivo (above) and in vitro

(below). b In vivo and in vitro with mass range 50–300 m/z; c in vivo and
in vitro with mass range 300–650 m/z; d in vivo and in vitro with mass
range 50–650 m/z
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The ions 453.15 Da [M+H]+, 437.18 Da [M+H]+, and
398.06 Da [M+H]+ were selected for the ROC curve of indi-
vidual biomarker analyses. The results of the ROC curve
showed 100% specificity, indicating that these ions are bio-
markers of embryo origin (Fig. 4b). Figure 4 c shows the
spectrometric profile of the biomarkers in detail. To identify
these specific ions, fragmentations (MS/MS) were performed,
however, without success.

Discussion

Considering that the BF plays an important role during em-
bryo development, participating in cell differentiation and
self-renewal processes, we hypothesized that the compounds
present in BF may reflect embryo quality. To assess this hy-
pothesis, we used embryos produced in vivo, which were

considered to be of standard quality, and embryos produced
in vitro, to be of inferior quality. Then, BF was removed from
the embryos on the same day and at the same stage of devel-
opment of the two embryo categories, and their spectrometric
profile was analyzed.

Our results showed that the spectrometric profiles were
clearly distinct between the BF of embryos produced in vitro
and in vivo, indicating that there are physiological differences
between them. These different profiles were very consistent,
since samples from each of the groups were very similar. This
high repeatability reinforces the idea that embryo fluids
in vitro and in vivo follow a certain pattern of the mass spec-
trometric data. At the same time, the identity of the com-
pounds related to the differential ions could be very enlight-
ening; however, their identification was not possible as no
matches for the MS/MS spectra were found in the compound
spectrum databases. Assuming that the composition of the BF

a

b

Fig. 3 a Volcano plot of the ions
of the blastocoel fluid in vivo and
in vitro identified with fold
change (FC) > 4 and p ≤ 0.05
(pink dots). The ten identified
ions, five ions in the left (in vivo
group), and five ions in the right
(in vitro group) represent those
with higher FC andminor p value.
b Partial least square discrimina-
tory analysis (PLS-DA) shows the
2D score plot between fluid blas-
tocoels in vivo (red) and in vitro
(green). Ellipses represent 95%
confidence interval
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is different between the groups, the osmotic pressure would
also vary and blastocyst expansion and hatching times would
be probably affected. In this regard, using embryos at the
initial blastocyst stage would be probable better than using
expanded blastocyst. However, due to the difficulty to obtain
large amount of the BF, it was not possible to use that type of
embryos. Indeed, other studies that analyzed the blastocoel
fluid also used only the expanded blastocyst stage [18, 22]

to overcome the limitation of blastocoel fluid volume in other
stages of development. Nevertheless, because we use for both
groups embryos at the same stage of development and the
different profiles were very consistent among samples, we
can assume that spectrometric profiles can be differentiated
in vitro and in vivo embryos.

Though, our results constitute a panel of differential ions
that enable one to distinguish the in vivo BF from in vitro BF.

a

c

b

Fig. 4 General analysis of the blastocoel fluid in vivo and in vitro. a VIP
score of the most important ions identified by partial least square
discriminatory analysis (PLS-DA). The ions selected for the next
analyses are underlined. b Univariate receiver operating characteristic—

ROC curve and box plot of the ion selection by VIP score. AUC: area
under curve (blue). c Representative spectrum of the selected ions in vivo
and in vitro groups
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The ions 453.15 Da [M+H]+, 437.18 Da [M+H]+, and
398.06 Da [M+H]+ can be considered as biomarkers for the
embryo’s origin, with 100% sensitivity and specificity
through ROC analysis. It is also important to highlight that
the ion 437.18 Da [M+H]+, present only in the BF of embryos
produced in vivo, was also detected in another study by our
group, in culture medium of embryos IVP (submitted manu-
scripts). This could indicate that the in vitro embryos are able
to produce the compound 437.18 Da but are not able to inter-
nalize it in their BF as in vivo embryo would do. Therefore,
understanding the importance and the reason why this ion is
present only in the BF of in vivo embryos, which is routinely
used as the standard for embryo quality, can be crucial to
improve the quality of the embryos produced in vitro. It is
important to mention that in vivo embryos were obtained after
ovarian stimulation, which has been reported as having some
impact in embryo quality. Nevertheless, due to difficulties in
obtaining large numbers of embryo produced in vivo, it was
necessary to use stimulatory treatment to make the experiment
feasible.

Studies with BF from human embryos represent an alter-
native for pre-implantation tests [24, 26, 44]. In particular, BF
aspiration is considered less invasive to the embryo and ap-
pears to have a high predictive value in ploidy conditions and
greater conformity with chromosomal status ploidies when
compared to the polar body, blastomeres, and trophectoderm
cells [24, 45]. However, only recently, it has been reported as
an attempt to correlate the presence of DNA in the BF with the
implantation potential of human embryos [30, 44]. Moreover,
in studies involving proteomic analysis of humans and bovine
BF, it was possible to identify a total of 286 and 23 proteins,
respectively [20, 22]. Similarly, a study analyzing lactate in
the culture media and BF of bovine embryos found a higher
lactate concentration in the BF than in the medium [18]. All
these results which showed the presence of genetic material
and proteins in BF, as well as ours, suggested that BF is a
potential source, in seeking biochemical markers for embryo
quality.

Although it was not possible to unveil the molecular iden-
tity of the differential ions, our results, to the best of our
knowledge, for the first time showed evident difference be-
tween the spectrometric profiles of the BF from bovine em-
bryos produced in vivo and in vitro. These profiles provide a
phenotype that can be used as a starting point for a new series
of studies using BF to provide information about embryo
characteristics.

Further studies should be carried out in an attempt to dis-
cover the identity of compounds relative to the differential
ions detected in this study, or perhaps to associate different
embryo evaluation techniques simultaneously, such as the
presence of metabolites, cell-free DNA, and microRNAs in
the culture medium as well as in the BF. This knowledge
would provide important information not only to indicate

specific markers of embryonic quality, but also to propose
changes in the culture systems to produce an in vitro embryo
as similar as possible to the in vivo and, thereby, increase the
efficiency of in vitro production of bovine embryos.
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