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a b s t r a c t

Vitrification and slow freezing are the two commonly used embryo cryopreservation methods. In most
studies, vitrification of intact embryos has proven superior in several respects, including cell and embryo
survival and pregnancy rate. However, there is a lack of data for comparing these two methods in in vitro
produced (IVP) bovine blastocysts, which have been subjected to the retrieval of trophectoderm (TE)
biopsy. Day 7 IVP blastocysts were pooled and randomized into four groups: 1) non-biopsy (NB), 2)
biopsy (B), 3) biopsy-vitrification (BV), 4) biopsy-slow freeze (BSF). The blastocysts in the B, BV, and BSF
groups were subjected to TE biopsy. For the B group, this was followed by 5 hours (h) incubation and
subsequent scoring of the biopsy-survival (re-expansion) rate before processing for further analyses. For
the BV and BSF groups, the biopsy procedure was followed by 2 h incubation, allowing for a quick re-
expansion, after which the blastocysts were subjected to vitrification and slow freezing, respectively.
After warming and thawing, respectively, they were then incubated for 5 h followed by scoring the cryo-
survival (re-expansion) rates before processing for further analyses. These included quantification of ICM
and TE cells, cleaved caspase-3- and TUNEL-positive cells, quantitative PCR on cellular stress markers
(SOD1 and PRDX1), and ultrastructural analysis.

The biopsy-survival rate in the B group was 94% (307/326). The cryo-survival rate in BV (86%, 138/161)
was higher than that in BSF (57%, 81/142; P < 0.001). No differences were noted between the average
ICM, TE, and total cell numbers of the groups. The percentages of cleaved caspase-3-positive cells were
higher in BV vs. NB (P < 0.05), in BSF vs. NB (P < 0.001), and in BSF vs. B (P < 0.001). The percentages of
TUNEL-positive cells were higher in BV vs. NB (P < 0.05) and in BSF vs. NB (P < 0.001). The levels of mRNA
abundance for SOD1 and PRDX1 in B, BV, and BSF were not different from that in NB. The ultrastructural
analysis of blastocysts in the BV and BSF groups showed distension of extracellular spaces and appear-
ance of intracellular vacuoles in the ICM, distension of mitochondria, and disorganization of mito-
chondrial cristae in both ICM and TE, and weakened tight junctions between adjacent TE cells. In
summary, our findings demonstrate that vitrification yields a higher cryo-survival rate than slow freezing
in biopsied bovine IVP blastocysts. However, biopsy-vitrification and biopsy-slow-freeze values are
comparable in terms of ICM, TE, and total blastocyst cell numbers, as well as cleaved caspase-3- and
TUNEL-positive cell rates. Moreover, biopsy and cryopreservation performed alone had no effect on ICM,
TE, total blastocyst cell numbers, or TUNEL-positive cell rates. Biopsy and vitrification performed alone
had no effect on the cleaved caspase-3 positive cell rates, whereas slow freezing resulted in an increased
rate. Furthermore, double traumatization with a combination of biopsy and cryopreservation, either
vitrification or slow freezing, resulted in increased rates of cleaved caspase-3- and TUNEL-positive cells.
© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

In cattle, assisted reproductive technologies (ART) including
ovum pick up (OPU), in vitro production (IVP) of embryos, bio-
psying, PCR/genotyping, cryopreservation and embryo transfer (ET)
constitute a potential pipeline for sex determination and assess-
ment of genomic estimated breeding values (GEBVs) of embryos.
This package enables the determination of an embryo's fate as early
as the preimplantation stage. Once a preimplantation IVP embryo is
produced, a biopsy is acquired for analysis of genetic material, from
which the fate of the embryo is decided [1,2]. An optimal biopsy
procedure, in terms of embryo development stage and technique, is
not only of importance for embryo re-expansion, cryopreservation,
and subsequent pregnancy [3], but it is also imperative for the
analysis of the biopsy. Biopsies can be collected at different stages
of embryonic development: i) at 4e8 cell stage by collecting a
single blastomere [4e6], ii) at the precompaction morula stage by
aspirating 2e3 blastomeres [3], or iii) at the blastocyst stage by
excising 3e10 trophectoderm (TE) cells.

Acquisition of biopsies from 4-cell up to morula stage embryos
has some disadvantages [7e10]. First, blastomere biopsy causes a
significant reduction in the embryonic cell number, which accounts
for 12e25% of the entire embryo [11]. This may adversely affect
embryonic development [12e14] and, consequently, decrease the
pregnancy rates [15,16], and unnecessary use of resources may be
invested in biopsying embryos that cease development at the early
cleavage stages [17]. Another disadvantage of blastomere biopsying
is that too small amounts of genetic material are obtained for
molecular analysis [18]. However, TE biopsy has become increas-
ingly popular worldwide at the preimplantation blastocyst stage
[19,20] and was first reported in 1988 [21,22]. With this technique,
3e10 cells are dissociated from the TE part of the blastocyst. This
procedure has several advantages over embryo cleavage stage bi-
opsy: i) a higher number of cells are secured for downstream an-
alyses, conceding more accuracy and reliability, ii) the procedure is
relatively less invasive as the biopsy is removed from the extra-
embryonic part of the blastocyst, leaving the inner cell mass (ICM)
intact, and iii) it results in higher pregnancy rates [15,23,24].

The biopsied embryo must be cryopreserved until its corre-
sponding biopsy is analyzed and its fate can be determined.
Furthermore, Cryostorage enables the preservation of elite em-
bryos, facilitates long-distance embryo transport at a much lower
cost, and minimizes disease transmission risk by not transporting
entire animals [25]. Finally, embryos can be stored should there not
be recipients available.

There are two principal approaches for embryo cryopreserva-
tion: controlled slow freezing and vitrification. According to the
data retrieval of the International Embryo Technology Society
(IETS) in 2017, slow freezing was employed in approximately 60% of
the cryopreserved in vivo-derived bovine embryos and 34% of
bovine IVP embryosworldwide [26]. In the controlled slow freezing
approach, the embryos reach an osmotic equilibrium by incubation
in approximately 1e2 M permeable and non-permeable cryopro-
tectants prior to freezing, resulting in lowering of the freezing
temperature and partial embryonic dehydration, respectively.
Consequently, the embryos are protected from the formation of
intracellular ice crystals. The extracellular ice formation is then
seeded and, subsequently, the embryos are, at a controlled rate,
cooled to �30 to �70 �C at 0.2e2.0 �C/minutes (min) using a pro-
grammable slow freezing machine. Finally, the embryos are
plunged into liquid nitrogen (LN2) for short- or long-term storage
[27,28]. Vitrification, on the other hand, is achieved by using short-
term exposure to high concentrations of cryoprotectants (~7e8 M)
followed by immersion of the embryos directly into liquid nitrogen,
resulting in ultra-rapid cooling at around 20000 �C/min. With this
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technology, a glass-like amorphous state is reached, and the for-
mation of both intracellular and extracellular ice crystals is pre-
vented [29e31].

The superiority of vitrification over slow freezing of intact hu-
man and bovine blastocysts, in terms of survival (re-expansion or
hatching) and pregnancy rates, has been demonstrated in several
studies [32e35]. The same applies to intact cleavage stage embryos
[36,37], biopsied cleavage stage embryos (human and bovine)
[36,38]. The apparently superior performance of vitrification is, at
least in part, due to the elimination of internal and external ice
crystal formation, which reduces the chilling injury and, thus, poses
less risk of damage to the embryonic cells [39,40]. Since it does not
require any particular instruments, other than a stereomicroscope,
vitrification is also much quicker and more straightforward than
slow freezing and can be performed even under field conditions.
However, it requires highly trained staff to manipulate the embryos
in small volumes and short time windows under the microscope
[41]. Moreover, unlike direct in-straw transfer after slow freezing,
vitrified embryos need to re-expand in warming solutions before
transfer to recipients, making the transfer procedure relatively
more time-consuming when working under field conditions. The
main concern with vitrification, however, is treating the embryos
with high concentrations of cryoprotectants, which may cause os-
motic shock and thus affect embryo survival [39]. A large number of
commercial enterprises still prefer slow freezing over vitrification
for cryostorage of bovine embryos. This preference may also arise
from the fact that some studies have reported slow freezing to
result in similar or even higher rates of embryonic survival [42e44],
implantation [42,43], pregnancy [45], and live birth [45]. In the
present study, we undertook a multifaceted investigation to reveal
which cryopreservation approach was superior for the biopsied
bovine day (D) 7 IVP blastocysts.

2. Materials and methods

All chemicals were purchased from Sigma-Aldrich (Copenha-
gen, Denmark) unless otherwise stated. All IVP and transfer media,
oil, vitrification, and warming solutions were purchased from IVF
Bioscience, UK, and all media were used according to the manu-
facturer's recommendations. All the media, solutions, and oil were
warmed at 38.5 �C before use unless indicated otherwise.

2.1. Experimental design

D7 IVP blastocysts (see section 2.2) were pooled and subse-
quently randomized into four groups: i) non-biopsy (NB), ii) biopsy
(B), iii) biopsy-vitrification (BV), iv) biopsy-slow freeze (BSF). The
NB group was directly processed for further analyses without bio-
psying. The B group was biopsied (see section 2.3), left in the BO-
Transfer medium, and placed in an incubator set at 38.5 �C with
6% CO2 for 5 hours (h) to re-expand. The biopsy-survival rate was
scored, and the re-expanded blastocysts were subsequently pro-
cessed for further analyses. Survival, either after biopsy or cryo-
preservation, was defined as the re-expansion of a blastocyst after
5 h of incubation. The BV groupwas biopsied, left in the BO-Transfer
medium, and placed in the incubator set at 38.5 �C with 6% CO2 for
2 h to re-expand. The blastocysts were then subjected to vitrifica-
tion (see section 2.4.1). Following warming, the biopsied blasto-
cysts were left in the BO-Transfer medium and placed in an
incubator set at 38.5 �C with 6% CO2 for 5 h to re-expand before
scoring the cryo-survival rate. They were subsequently processed
for further analyses. A similar procedure was imposed on the BSF
group, except that the blastocysts were slow frozen and thawed
(see section 2.4.2) before the cryo-survival rate was scored. The
subsequent analyses included quantifying ICM, TE, terminal
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deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)- and
cleaved caspase-3-positive cells, quantitative reverse transcription
(qRT) PCR for measuring candidate stress markers (peroxiredoxin 1
(PRDX1) and superoxide dismutase 1 (SOD1)), and transmission
electron microscopy (TEM; Fig. 1). Exclusively survived/re-
expanded blastocysts were utilized for these analyses, and the
collapsed ones were discarded.
2.2. In vitro production of bovine blastocysts

Bovine blastocysts were produced In vitro as described in
Ref. [46]. In brief, Ovaries were collected from a local Danish
slaughterhouse. Immature cumulus-oocyte complexes (COCs) were
retrieved from antral follicles (2e20 mm in diameter), using a
vacuum pump (KNF-Neuberger N86 KN.18, VWR International,
Copenhagen, Denmark) connected to an 18-gauge needle (18-
G � 1.5, 1.2 � 40, VWR), into in a 50 ml tube containing 140 ml
heparin (5000 i. u./ml, Leo Pharma, Ballerup, Denmark).
2.2.1. In vitro maturation (IVM)
Following transferring the collection tube to the lab, COCs were

washed three times in BO-Wash and once in BO-IVM maturation
media before transferring to a 4-well plate (Nunc, Thermo Fisher
Scientific) containing 500 ml pre-equilibrated BO-IVM medium.
COCs were matured for 20e24 h in an incubator set at 38.8 �C and
6% CO2.
2.2.2. In vitro fertilization (IVF)
Matured COCs were rinsed once in BO-IVF medium before

transferring to a 4-well plate containing 400 ml of pre-equilibrated
BO-IVF medium. Frozen semen straws from in vitro proven fertile
sires (Viking Genetics, Denmark) were thawed at 37 �C. Each semen
straw was mixed with prewarmed BO-SemenPrep medium in a
15ml centrifuge tube (Almeco), centrifuged twice at 328 g for 5min
and the supernatant was removed before re-suspending in a total
volume of 700 ml. COCs were inseminated with a final sperm con-
centration of 2 � 106/ml in the IVF wells. The IVF plates were
incubated for 22e24 h at 38.8 �C and 6% CO2.
Fig. 1. Experimental design. Bovine day 7 in vitro-produced blastocysts were pooled and
biopsy, B: biopsy, BV: biopsy vitrification, BSF: biopsy slow freeze, TE: trophectoderm, h: h
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2.2.3. In vitro culture (IVC)
Cumulus-free zygotes were achieved by vertexing COCs in one

ml BO-wash medium in a Nunc™ polystyrene centrifuge tube
(ThermoFisher Scientific). The denuded zygotes were subsequently
washed in BO-Wash and rinsed in IVC medium before transferring
to a pre-equilibrated 500 ml BO-IVC culture medium with an oil
overlay. The IVC plates were then incubated at 6% O2, 6% CO2, and
38.8 �C until day 7 (D7).

2.3. Trophectoderm biopsy

For TE biopsy, a modified version of the flicking technique
described in Ref. [47] was implemented. In brief, six IVP blastocysts
were transferred to an OOSAFE® ICSI/IMSI dish (SparMED,
Denmark) containing six individual 10 ml BO-Transfer drops over-
laid with 4ml oil. Biopsies were acquired using a Zeiss Axiovert 200
microscope and the TransferMan NK2 micromanipulator setup
(Eppendorf). Each dish was placed on the heated (38.5 �C) micro-
manipulator stage. The blastocyst was held firmly on a holding
pipette (G32806, Cook Medical, Germany) by applying negative
suction such that ICM was at the opening of the holding pipette.
The tip of the blunt biopsy pipette (G32795, Cook Medical, Ger-
many) was gently pushed through the zona pellucida (ZP), opposite
the ICM. Once it reached the TE, 3e10 TE cells were aspirated out of
the ZP and into the biopsy pipette. Next, the negative suction on
both pipettes was neutralized. The flicking technique was executed
by placing the holding pipette next to the blastocyst and against the
biopsy pipette tip. With several quick movements of the holding
pipette against the biopsy pipette, the aspirated TE was dissociated
from the blastocyst.

2.4. Cryopreservation

2.4.1. Vitrification and warming
Biopsied blastocysts were vitrified with a commercially avail-

able kit, BO-Vitricool, containing ethylene glycol (EG) and DMSO,
and according to the manufacturer's instruction. All the steps were
processed at room temperature (RT). Briefly, embryos were washed
in the transfer medium and randomized into groups of five. They
were then transferred to the pre-incubation solution for 2 min,
randomly distributed between four groups prior to trophectoderm biopsy: NB: non-
our.
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followed by incubating in cooling solutions 1 and 2 for 2min and 30
seconds (sec), respectively. They were subsequently placed on a
Cryolock vitrification device (IVF Store LLC, United States) with a
minimum amount of cooling 2 vitrification solution and immersed
into LN2, followed by sleeving and storing in LN2. Warming was
conducted using the BO-VitriWarm kit and according to the man-
ufacturer's protocol. All the steps were performed at 37 �C. In brief,
the embryos were unloaded and immersed into the warming 1
solution for 3 min, followed by transferring to warming 2, 3, and 4
solutions for 2, 2, and 1 min, respectively. The embryos were then
transferred to the BO-Transfer medium and incubated for 5 h at
38.8 �C with 6% CO2 concentration. They were subsequently scored
for re-expansion rate before processing for further analyses.

2.4.2. Slow freezing and thawing
Biopsied embryos were slow frozenwith a programmable freeze

control device (CL5500 Cryologic, Australia) and according to the
manufacturer's instruction. The device consisted of a freeze
controller attached to a cryo chamber. Briefly, biopsied embryos
were washed with BO-Transfer medium. Next, they were incubated
in ViGRO™ Ethylene Glycol Freeze Plus (Vetoquinol, Canada),
containing 0.1 M sucrose, 1.5 M EG, and 0.4% BSA, for 7 min prior to
the start of slow freezing. They were subsequently drawn into
straws (Agtech, United States) in groups of 10. Next, they were
loaded onto the cryo chamber, which had already been set at�6 �C.
The seeding technique was performed after 1 min incubation
at�6 �C by touching the column's ends containing EG and embryos
with an LN2 -immersed cotton bud. This was followed by a 10-min
pause before the device started to decrease the temperature at the
rate of �0.3 �C/min. Once the temperature reached �35 �C (around
70 min), the straws were removed from the cryo chamber,
immersed, and stored in LN2.

For thawing the embryos, the straws were exposed to RT air for
2e5 sec. This was followed by an immersion into 25 �C water for
20e30 s. Subsequently, the embryos were expelled and transferred
to the BO-Transfer medium and incubated for 5 h at 38.5 �C with 6%
CO2 concentration. They were subsequently scored for re-
expansion rate and processes for further analyses.

2.5. Combined Immunostaining and TUNEL assay

Blastocysts were fixed in a 56e60 �C depolymerized 4% para-
formaldehyde containing 4% sucrose (4% PFAS) solution (in
phosphate-buffered saline containing 0.1% polyvinyl alcohol (PBS/
PVA)) at 4 �C for 30min. Theywere thenwashed three times in PBS/
PVA, quenched with 50 mM NH4Cl (in PBS/PVA) for 10 min, per-
meabilized with 0.1% Triton X-100 (in PBS/PVA) for 10 min, and
blocked with 5% serum for 30 min, all at RT. Subsequently, the
blastocysts were incubated overnight in a prediluted primary anti-
CDX2 antibody (ab86949, Abcam) at 4 �C. Next, they were washed
in PBS/PVA three times and incubated with Alexa Fluor™ 594 (A-
11032 Invitrogen; 1:1000) donkey anti-mouse IgG secondary anti-
bodymixedwith 5 mg/ml Hoechst 33342 for 30min at 38.5 �C. After
three times washing with PBS/PVA, preparations were then incu-
bated in a TUNEL reaction mixture (FITC-conjugated in situ cell
death detection kit, Cat. # 11684795910, Roche) according to the
manufacturer's instruction for 60 min at 37 �C. They were subse-
quently washed three times in PBS/PVA before mounting (DAKO
mounting medium, S3023, USA). For primary antibody control, the
CDX2 primary antibody was replaced with the blocking buffer. For
TUNEL assay positive control, after permeabilization with TX-100,
the blastocysts were treated with recombinant DNase I (1:10
dilution, Roche) for 10 min at 15e25 �C to induce DNA breakdown.
For TUNEL negative control, the blastocysts were treated with Label
Solution (without terminal transferase) instead of TUNEL reaction
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mixture. The images were acquired on an epifluorescence micro-
scope (Olympus BX50) with a QImaging Retiga™ 6000 camera
using Q-Capture 7 software. Cell numbers were quantified, and
micrographs were pseudocolored using ImageJ software (Fig. S1).

2.6. Immunostaining

For immunostaining, all the steps described in Combined Im-
munostaining and TUNEL Assay section were followed, but the
incubation with the TUNEL assay step was omitted. For antibody
staining, the blastocysts were incubated overnight in prediluted
primary anti-CDX2 (ab86949, Abcam) and anti-cleaved caspase-3
(9661, Cell Signaling Technology, 1:400) antibodies at 4 �C. The
secondary antibodies included Alexa Fluor™ 488 (cat. #: A-21202,
Thermo Fisher Scientific, 1:1000), against anti-CDX2, and Alexa
Fluor™ 594 (cat. #: A-21207, Thermo Fisher Scientific, 1:1000),
against anti-cleaved caspase-3, mixed with 5 mg/ml Hoechst 33342
for 30 min at 38.5 �C.

2.7. Transmission electron microscopy (TEM)

D7 bovine IVP blastocysts were fixed in 3% glutaraldehyde
(Merck, 1042390250) in 0.1 M Na-phosphate buffer for one h at
4 �C. They were then embedded in 4% Batco agar at 45 �C (BD di-
agnostics, 214010). Specimens were subsequently washed twice in
0.1 M Na-phosphate buffer and postfixed in 1% OsO4 (in 0.1 M Na-
phosphate buffer) for one h at RT and covered in folio. This was
followed by washing twice in Milli-Q water. Next, samples were
dehydrated in a series of ascending ethanol concentrations (50%
EtOH for 10 min, 70% EtOH for 10 min, 96% EtOH for 10 min, 99%
EtOH for 3 � 20 min) followed by an intermediate solution con-
sisting of propylene oxide (Merck, 8070271000) for 2 � 10 min.
Next, samples were infiltrated gradually in Epon (812 Resin, TAAB
T031) and were in a rotor overnight in pure Epon. The following
day, samples were embedded in Epon and polymerized for 48 h at
60 �C. Serial semi-thin sections of 2 mmwere cut with a glass knife
(LKB Bromma 7800, Leica Microsystems) on an ultramicrotome
(Reichert Ultracut S, Leica, Microsystems) and stained with 1% to-
luidine blue (VWR 34187.185) in 0.1% Borex (VWR 27727.231).
Selected semi-thin sections were re-embedded [48], and ultra-thin
sections (50e60 nm) were cut with a diamond knife (Jumdi, 2 mm)
on an ultramicrotome (Reichert Ultracut UCT, Leica). The sections
were collected on 150 mesh copper grids (Gilder, G150-C3), coated
with a parlodion-amyl acetate film (EMS), and contrasted with 2%
uranyl acetate (Polyscience, 21447) and 1% lead citrate (Reynold,
1963). Micrographs were acquired by a Philips CM100 transmission
electron microscope equipped with an 11-megapixel Morada soft
imaging system camera (Olympus).

2.8. RNA extraction and real-time PCR

10 mL of RNAGEM™ Tissue PLUS buffer (MicroGEM) was pre-
pared according to the manufacturer's specifications, and pools of
blastocysts were lysed in it. cDNA was synthesized after DNAse
treatment, as described in Ref. [49]. NCBI/Primer-BLASTwas used to
design the primers shown in Table 1. When designing primers, it
was assured that they spanned an exon-exon junction. Primers
were synthesized by Integrated TAG Copenhagen A/S (Copenhagen,
Denmark).

QuantiFast SYBR® Green PCR Kit (Qiagen) was used to perform
the reactions on an MX3005P instrument (Agilent Technologies,
USA). The master mix consisted of 1.0 ml of each primer (10 mM),
5.0 ml Quantifast SYBRGreen, 2.0 ml PCR-grade water, and 1.0 ml
cDNA template. For running the machine, the following program
was used: i) denaturation; 5 min at 95 �C, ii) amplification and



Table 1
Primer pairs used for real-time PCR.

Gene Sequence (50- 30) Fragment size (bp) Accession no.

18S F: GTGCATGGCCGTTCTTAGTT 140 NR_036642
R: GAACGCCACTTGTCCCTCTA

PRDX1 F: ACTGCCAAGTGATTGGTGCT 117 NM_174431
R:TGGGGGCTGATATCAAGGGA

SOD1 F: ACACAAGGCTGTACCAGTGC 105 NM_174615
R: TGTCACATTGCCCAGGTCTC
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quantification for 40 cycles; 10 sec at 95 �C and 30 sec at 60 �C, iii)
melting curve; 95 �C for 1 min, cooling to 55 �C for 30 sec, and then
heating to 95 �C for 30 sec, and iv) cooling to 4 �C. For relative
quantification comparison between the groups, a delta-delta Ct
approach was taken as described in Ref. [50], with 18S serving as an
internal control.
2.9. Statistical analysis

For blastocyst survival comparisons, statistical analysis was
conducted by pairwise Fisher's exact test. Average cell numbers
were analyzed by one-way analysis of variance (ANOVA) with post-
hoc Tukey honestly significant difference (HSD). Gene expression
analyses were conducted by Student 2-tailed t-test. Comparisons
were considered statistically significant if P < 0.05. All bars repre-
sent standard error of the mean (SEM). “N" denotes the number of
samples. “n" denotes the number of independent biological/IVP
replicates.
3. Results

3.1. Vitrification yields a higher cryo-survival rate than slow-
freezing in biopsied IVP blastocysts

The survival rate was recorded 5 h post -biopsying or -thawing/
warming as indicated by blastocoel formation. Representative
phase-contrast micrographs of each group, after re-expansion, are
presented in Fig. 2. The blastocyst biopsy-survival rate in the B
group was 94% (307/326 blastocysts; n ¼ 11; Table 2). The blasto-
cyst cryo-survival rate in the BV group was 86% (138/161, n ¼ 9),
which was significantly higher than that in the BSF group with 57%
(81/142, P < 0.001, n ¼ 8; Table 2).
3.2. Blastocyst cell numbers and ICM:TE ratios are comparable
between biopsied-vitrified and biopsied-slow frozen IVP blastocysts

The ICM, TE, and total cell numbers were quantified after im-
munostaining with CDX2 (TE) and staining with Hoechst (DNA). For
cell quantification, 53 blastocysts in the NB group, 52 in the B group,
50 in the BV group, and 45 in the BSF group from 8-9 independent
IVP replicates were processed. No significant differences were
found between the average ICM cell numbers in the NB (38 ± 6), B
(42 ± 4), BV (43 ± 4), and BSF (38 ± 6) groups (Table 3). Likewise, no
significant differences were found between the average TE cell
numbers in the NB (52 ± 6), B (53 ± 5), BV (56 ± 6), and BSF (48 ± 9)
groups (Table 3). No significant differences were found between the
average total blastocyst cell numbers (ICM þ TE) in the NB
(90 ± 10), B (95 ± 7), BV (99 ± 8), and BSF (86 ± 10) groups either
(Table 3). Furthermore, there were no significant differences be-
tween the average ICM:TE ratios of the NB (0.74 ± 0.14), B
(0.79 ± 0.14), and BV (0.76 ± 0.11) groups (Table 3). However, the
ratio in the BSF group (0.79 ± 0.31) was significantly higher than
that in the NB group (P < 0.05).
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3.3. Vitrification and slow freezing produce comparable cleaved
caspase-3- and TUNEL-positive cell rates in biopsied IVP blastocysts

Biopsied-cryopreserved IVP blastocysts were immunostained
with cleaved caspase-3 (apoptosis) and labeled with TUNEL (DNA
fragmentation) in separate experiments. The number of cleaved
caspase-3- and TUNEL-positive cells was subsequently quantified
for each group. Representative micrographs are illustrated in
Fig. S2. The percentage of cleaved caspase-3-positive cells (positive
cell number divided by the total blastocyst cell number) in the NB
group (3%, 3/109) was not significantly different from that in the B
group (3%, 3/109; Table 4). However, in the BV (6%, 6/98, P < 0.05)
and BSF (8%, 8/102, P < 0.001) groups, the percentages were
significantly higher than in the NB group. In the BV and B groups,
the percentages were not significantly different. However, in the
BSF group, the percentage was significantly higher than that in the
B group (P < 0.001). There was no statistical difference between the
percentages in the BV and BSF groups (Table 4). The percentage of
TUNEL-positive cells in the NB group (5%, 4/81) was not signifi-
cantly different from that in the B group (9%, 8/90), but it was
significantly lower than that in the BV (10%, 9/97, P < 0.05) and the
BSF (13%, 10/77, P < 0.001) groups (Table 5). These percentages in
the BV and BSF groups were not significantly different from that in
the B group. Likewise, the percentages in the BSF and BV groups
were not significantly different.

3.4. Effect of cryopreservation on the gene expression levels of
cellular stress markers in biopsied IVP blastocysts

The relative abundances of PRDX1 and SOD1 transcripts were
measured by qRT-PCR in the 4 designated groups: NB, B, BV, and
BSF.

For SOD1, the fold-changes for the B, BV, and BSF groups over the
NB group were 2.4, 1.9, and 3.2, respectively, and none of themwas
significantly different from the NB group (Fig. 3). For PRDX1, the
fold-changes for the B, BV, and BSF groups over the NB group were
3.7, 5.4, and 6.6, respectively, and none of them was significantly
different from the NB group.

3.5. Effect of cryopreservation on the ultrastructure of biopsied-
cryopreserved bovine IVP blastocysts

Light microscopy (LM) and transmission electron microscopy
(TEM) of the biopsied-cryopreserved IVP blastocysts were con-
ducted 5 h following warming/thawing. LM images revealed that
the NB blastocysts displayed a well-organized morphology with
distinct ICM and TE (Fig. 4). The blastocysts were, in general,
expanded andwithout a discernible perivitelline space (PVS). In the
B group, some blastocysts presented a wide PVS, and in a couple of
instances, the TE had formed an apparent double blastocoel. Loose
cells were noted in both the PVS and the blastocoel. In the BV group,
the blastocysts displayed the same features as in the B group, but
distended intercellular spaces were noted between the ICM cells.
Also, some loose cells and cell debris were found in both the PVS



Fig. 2. Representative phase-contrast micrographs of biopsied-cryopreserved day 7 in vitro-produced blastocysts. Each group was treated according to the experimental
design in Fig. 1. Photographs were acquired after 5 h incubation in the Bo-Transfer medium at 38.5 �C and 6% CO2 following biopsy (B), biopsy-warming (BV), or biopsy-thawing
(BSF). NB: non-biopsy, B: biopsy, BV: biopsy vitrification, BSF: biopsy slow freeze. Scale bar ¼ 50 mm.
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and the blastocoel. In the BSF group, the blastocysts displayed the
same features as in the BV group, and in a few cases, more abundant
cellular debris was noted in the perivitelline space.

TEM images revealed distended intercellular spaces and large
intracellular vacuoles in the ICM of the BV and BSF blastocysts
compared to their NB and B counterparts (Fig. 4). The mitochondria
in the ICM of the NB and B blastocysts looked intact with well-
organized parallel cristae, whereas the ones in the BV and BSF
blastocysts showed an irregular arrangement of the cristae and
lucent areas in themitochondrial matrix as a sign of distension. The
mitochondria in the TE showed similar features as in the ICM,
except that lucent areas in the mitochondrial matrix were also
noted in the B blastocysts. The junctional complexes (tight junc-
tions and desmosomes) between adjacent TE cells were well
developed in the NB and B blastocysts with abundant intermediate
filaments associated with the desmosomes. However, in the BV and
BSF blastocysts, the tight junctions appeared to be smaller in
transection (Fig. 4).
Table 3
4. Discussion

Several studies have compared vitrification and slow freezing in
Table 2
The survival rates of biopsied-cryopreserved IVP blastocysts.

Treatment n N Blastocyst survival (% ± SEM)

B 11 326 307 (94 ± 2)
BV 9 161 138 (86 ± 5)
BSF 8 142 81 (57 ± 4) **

** ¼ Groups differ P < 0.001 from the BV group within the same column, using
Fisher's exact test.
n ¼ number of independent IVP experiments.
N ¼ number of Day 7 IVP blastocysts.
SEM ¼ standard error of the mean.
B: biopsy, BV: biopsy vitrification, BSF: biopsy slow freeze.
IVP: in vitro production.
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intact cleavage- and blastocyst-stage embryos, mostly in the hu-
man [32,33,51e53]. There is also some limited research on biopsied
cryopreserved human and bovine (cleavage stage), and mouse
(blastocyst stage) embryos [36,38,54]. However, there is a lack of
research comparing these two cryopreservation approaches in
biopsied bovine D7 IVP blastocysts. The present study aimed to
make such a comparison by measuring cryo-survival rate, quanti-
fying ICM, TE, cleaved caspase-3- and TUNEL-positive cells, evalu-
ating gene expression levels of candidate cellular stress markers, as
well as studying potential ultrastructural alterations (TEM). Our
findings indicate that vitrification provides a higher cryo-survival
rate than slow freezing in biopsied bovine IVP blastocysts. How-
ever, ICM, TE, and total blastocyst cell numbers as well as cleaved
caspase-3- and TUNEL-positive cell rates are comparable in the
biopsied-vitrified and biopsied-slow-frozen blastocysts.

Choosing the right biopsy procedure is of paramount impor-
tance, particularly for blastocysts that will be subjected to cryo-
preservation since it significantly affects blastocyst viability after
warming/thawing [3] and subsequent live birth rates following
The average cell numbers in the biopsied-cryopreserved IVP blastocysts.

Treatment n N No. of nuclei (mean ± SEM)

ICM TE Total ICM:TE

NB 9 53 38±6a 52±6a 90 ± 10a 0.74 ± 0.14a

B 9 52 42±4a 53±5a 95±7a 0.79 ± 0.14ab

BV 9 50 43±4a 56±6a 99±8a 0.76 ± 0.11ab

BSF 8 45 38±6a 48±9a 86 ± 10a 0.79 ± 0.31b

n ¼ number of IVP replicates.
N ¼ number of Day 7 IVP blastocysts.
a,b ¼ Groups with no common superscripts are different at least P < 0.05 within the
same column, using One-way ANOVA with post-hoc Tukey HSD.
SEM: standard error of the mean.
NB: non-biopsy, B: biopsy, BV: biopsy vitrification, BSF: biopsy slow freeze.
ICM: inner cell mass, TE: trophectoderm, IVP: in vitro production.



Table 4
Percentages of cleaved caspase-3-positive cells in the biopsied-cryopreserved IVP blastocysts.

Treatment n N No. of nuclei Caspase-3 (% ± SEM)

Total (mean ± SEM) Caspase-3 (mean ± SEM)

NB 3 15 113 ± 13 3 ± 2 3±2a

B 3 14 109 ± 9 3 ± 2 3±2ab

BV 3 21 98 ± 19 6 ± 2 6±2bc

BSF 3 16 102 ± 17 8 ± 1 8±2c

n ¼ number of independent IVP experiments.
N ¼ number of Day 7 IVP blastocysts.
a,b,c ¼ Groups with no common superscripts are different at least P < 0.05 within the same column, using One-way ANOVA with post-hoc Tukey HSD.
SEM: standard error of the mean.
NB: non-biopsy, B: biopsy, BV: biopsy vitrification, BSF: biopsy slow freeze.
IVP: in vitro production.
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embryo transfer [3]. For this study, we refined and utilized the
flicking technique described in Ref. [47]. This technique requires a
great deal of skills to minimize damage to the blastocyst for sub-
sequent optimal embryo survival. We showed that the biopsy-
survival rate with this technique, after a 5 h recovery time, was
94% (Table 2), which is comparable to McArthur's study using both
laser and flicking approaches for TE biopsy [47]. The average TE cell
number in the biopsy group was comparable to the non-biopsy
control group (Table 3), which implies that TE biopsy did not
cause a significant reduction in TE cell numbers since only
3e10 cells were removed. High call rates (>0.90) from the biopsy
SNP analyses, achieved in a parallel study, furthermore indicate
that this biopsy technique is optimal for genotyping (data not
shown).

The percentages of cleaved caspase-3-positive and TUNEL-
positive cells between the B and NB groups were comparable
(Tables 4 and 5). This implies that the flicking technique per se does
not impose increased cell death. This assumption is sustained by
the fact that we have several calves born from freshly transferred
biopsied D7 IVP blastocysts and that the pregnancy and birth rates
were comparable to those of non-biopsied fresh IVP blastocyst
transfers (data not shown). Cenariu et al. [3] biopsied bovine
blastocysts with three different techniques: needle, aspiration, and
microblade biopsy, and subjected them to slow freezing and
thawing before transferring them to recipients. They reported
significantly different pregnancy rates with 57% in the needle bi-
opsy group, 43% in the aspiration biopsy group, and 31% in the
microblade biopsy group. They did not include an intact-embryo
control group in their studies. Nonetheless, their findings imply
that the biopsy technique has an irrefutable impact on pregnancy
outcomes. Overall, our results suggest that the flicking technique is
very safe, low-cost, and efficient and that it could be incorporated
in a laboratory setting for routine implementation.
Table 5
Percentages of TUNEL-positive cells in the biopsied-cryopreserved IVP blastocysts.

Treatment n N

Total (mean ± S

NB 6 38 81 ± 15
B 6 38 90 ± 12
BV 6 38 97 ± 11
BSF 5 30 77 ± 13

n ¼ number of independent IVP experiments.
N ¼ number of Day 7 IVP blastocysts.
a,b ¼ Groups with no common superscripts are different at least P < 0.05 within the sam
SEM: standard error of the mean.
NB: non-biopsy, B: biopsy, BV: biopsy vitrification, BSF: biopsy slow freeze.
TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling.
IVP: in vitro production.
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Before cryostorage (vitrification and slow freezing), the
collapsed biopsied blastocysts were allowed to recover for 2 h. It
has been demonstrated that 1.25e10 h incubation time between
biopsy and vitrification improved bovine IVP blastocyst viability
following warming [55]. The cryo-survival rate, recorded 5 h post
warming, of the BV group was significantly higher than that of the
BSF group (Table 2). In agreement with our findings, Zheng et al.
reported a higher survival rate after vitrification than after slow
freezing in biopsied human cleavage-stage embryos [36]. Agca et al.
biopsied cleavage-stage bovine embryos before vitrification and
slow freezing and reported the survival rate of 85% for the vitrifi-
cation group, recorded 24 h following warming. However, these
authors did notmeasure the survival rate in the slow freezing group
as these embryos were directly transferred to the recipients [38].
The survival rate of the vitrification group in their study is consis-
tent with our findings.

There is also growing evidence that vitrification yields a higher
survival rate than slow freezing in intact cleavage- and blastocyst-
stage embryos [32,33,51,52,56]. However, and in contrast, other
authors have reported the survival rates between vitrification and
slow freezing to be comparable after 2 and 24 h recovery [57].
Likewise, Do et al. found no difference in the survival rates between
the two cryopreservationmethods (96% for vitrification and 89% for
slow freezing) [58]. Similar outcomes were also reported in another
study on bovine embryos [59]. These discrepancies may be attrib-
uted to the double-traumatization of IVP blastocysts in our study,
TE biopsy followed by cryopreservation. Longer recovery time after
biopsy, especially in the slow frozen group, might have helped the
blastocysts to tolerate cryopreservation better. Nonetheless, our
results clearly demonstrate that the cryo-survival rate was higher
after vitrification than after slow freezing in biopsied bovine IVP
blastocysts following 5 h recovery post warming/thawing.

Regarding ICM, TE, and total cell numbers, we did not find
No. of nuclei TUNEL (% ± SEM)

EM) TUNEL (mean ± SEM)

4 ± 3 5±3a

8 ± 3 9±3ab

9 ± 4 10±3b

10 ± 5 13±6b

e column, using One-way ANOVA with post-hoc Tukey HSD.



Fig. 3. Relative abundance of SOD1 and PRDX1 transcripts in the biopsied and biopsied-cryopreserved IVP blastocysts. cDNA was extracted from pools of day 7 invitro
produced (IVP) blastocysts for qRT-PCR. Target gene Ct values were normalized on 18S values and expressed as fold-change over the NB group. Error bars: SEM, n: no. of IVP
experiments, NB: non-biopsy, B: biopsy, BV: biopsy vitrification, BSF: biopsy slow freeze.
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significant differences between the groups in our study (Table 3).
Consistent with our findings, two studies reported no statistical
differences in total cell numbers in mouse, human, and intact
bovine blastocysts between the vitrified, slow frozen, and control
groups [59,60]. By contrast, other groups reported a reduction in
total bovine blastocyst cell numbers from the control to both
vitrified and slow frozen [61,62], from control to slow frozen [63],
and fromvitrified to slow frozen [61]. Such inconsistencies could be
due to the use of different cryoprotectants at various concentra-
tions and different incubation times [36]. For ICM:TE ratio, likewise,
Fig. 4. Light microscopy and ultrastructural micrographs of biopsied-cryopreserved bo
perivitelline space (PVS) in the B, BV, and BSF blastocysts. Also, note the degenerated cells (D
blastocoel, TE: trophectoderm, ICM: inner cell mass. 2) Transmission electron micrographs (
the intracellular vacuoles (V) in the BV and BSF blastocysts, as well as the degenerated cell
mitochondria (Mito). Note the normal mitochondria (M) in the NB and B blastocysts and t
cristae in the BV and BSF blastocysts. 4) TEM of TE mitochondria (Mito). Note the normal mit
the matrix and irregularly organized cristae in the B, BV, and BSF blastocysts. 5) TEM of ti
junctions in the BV and BSF blastocysts are smaller in transsection than those in the NB and
biopsy-vitrified, BSF: biopsy-slow frozen.
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none of the biopsy-cryopreservation groups was different from the
B or NB groups, except for the BSF group being lower than the NB
group. This differencewas attributed to a lower, yet insignificant, TE
cell number in the BSF group than the NB group. The ICM:TE ratios
in the BV and BSF groups were comparable. In summary, our
findings imply that ICM, TE, total blastocyst cell numbers, and
ICM:TE ratios are comparable between biopsied-vitrified and
biopsied-slow frozen bovine IVP blastocysts. Neither of the cryo-
preservation methods causes significant loss of cells in biopsied IVP
blastocysts. However, the combined biopsy-slow freezing
vine IVP blastocysts. 1) Light micrographs (LM) of the 4 treatment groups. Note the
C) in the blastocoel (BC) and PVS of the BV and BSF blastocysts. ZP: zona pellucida, BC:
TEM) of ICM areas. Note the distended intercellular (IS) spaces in the BV blastocyst and
s (DC) in the PVS of the BSF blastocyst. L: lipid droplets, BC: blastocoel. 3) TEM of ICM
he distended mitochondria with lucent areas in the matrix and irregularly organized
ochondria (M) in the NB blastocyst and the distended mitochondria with lucent areas in
ght junctions (TJ) and desmosomes (D) between adjacent TE cells. Note that the tight
B blastocysts. TEM: transmission electron microscopy. NB: non-biopsy, B: biopsied, BV:
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procedure reduces ICM:TE ratio when compared to the nonbiopsy
group. Whether this reduction may have an impact on the preg-
nancy rate requires to be elucidated.

Apoptosis is the ultimate cellular response to suboptimal envi-
ronmental conditions and is also involved in regulating tissue ho-
meostasis [64]. It is now evident that both vitrification and slow
freezing leads to physical, chemical, and thermal damage, which
could lead to induction of apoptosis in blastocysts [65]. Embryo
viability and developmental potentials are associated with the
intact-to-damaged blastomere ratio [54]. We evaluated cell death
with TUNEL labeling (DNA fragmentation) and cleaved caspase-3
immunostaining (apoptosis). It has been demonstrated that the
TUNEL assay is not a specific indicator of apoptosis as it can detect,
for instance, necrotic and autolytic cell deaths as well [66,67]. The
presence of intracellular caspase activity, on the other hand, proves
the occurrence of the apoptotic cascade since caspases are
apoptosis-specific proteases. Activated caspases specifically cleave
the carboxyl side of aspartate residues of specific peptide motifs
[68]. Of all caspases, caspase-3, in particular, plays a critical role in
cell execution since it is a crucial downstream effector of the
cysteine protease family. This family is known for its role in the
mitochondrial apoptosis and death receptor pathway [69]. The
inactive form of caspase-3 has been demonstrated to be present in
preimplantation embryos [70,71] and is primarily located in the
cytoplasm. Upon activation, the cleaved caspase-3 is translocated
into the nucleus to cleave nuclear substrates [72,73], resulting in
apoptotic nuclear transformations including DNA fragmentation,
chromatin condensation, and nuclear disruption [74,75].

Our results revealed that while biopsy per se (the B group) did
not increase the cleaved caspase-3-positive cell percentage, higher
apoptotic percentages were observed in the BV and BSF groups
compared to their nonbiopsy counterpart. This indicates that
double traumatization, either by biopsy-vitrification or biopsy-
slow freezing, increases apoptosis compared to the nonbiopsy
group. The apoptotic percentages in the B and BV groups were
comparable, whereas there was a significant increase from the B
group to the BSF group (Table 4). This suggests that slow freezing
increases apoptosis compared to the biopsy group, whereas vitri-
fication does not. Nonetheless, the cleaved caspase-3-positive cell
percentages between the BV and BSF groups were comparable. This
implies that biopsy-vitrification and biopsy-slow freezing produce
comparable percentages of apoptosis.

The TUNEL assay results showed no difference between the NB
and B groups, whereas the TUNEL-positive percentages in both the
BV and BSF groups were higher than that in the NB group. This
implies that TE biopsy per se does not affect the TUNEL-positive
percentage. However, combining biopsy with vitrification or slow
freezing produces higher TUNEL-positive percentages compared to
the nonbiopsy group. There were no differences in the TUNEL-
positive cell percentages in the B, BV, and BSF groups (Table 5).
Contrary to these results, some studies on intact human, mouse,
and bovine blastocysts reported higher TUNEL-positive cell per-
centages in slow frozen blastocysts than in their fresh control
counterparts. However, in line with our findings, the TUNEL-
positive cell percentages in vitrified blastocysts were comparable
to their fresh control counterparts [60,61]. These findings indicate
that vitrification and slow freezing produce TUNEL-positive cell
rates comparable to the biopsy group. Likewise, the TUNEL-positive
cell rates between the BV vs. BSF groups were comparable. This
contrasts with the studies of other groups that found a higher
TUNEL-positive cell rate in the slow freezing group than their
vitrification counterpart in intact human, mouse, and bovine blas-
tocysts [60,61]. We speculate these discrepancies between the
findings of other groups and ours are due to using different cryo-
preservation protocols. Since IVP embryos are susceptible to
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cryopreservation, subtle changes in the cryoprotectant concentra-
tion, slow freezing speed, length of exposure to cryoprotectants,
and operator skills may affect the outcome. In summary, our find-
ings suggest that fresh biopsied IVP blastocysts, biopsied-vitrified,
and biopsied-slow frozen blastocysts display comparable TUNEL-
positive cell percentages. However, double traumatization with
either biopsy-vitrification or biopsy-slow freezing produces
increased TUNEL-positive cell percentage.

The differences between caspase-3- and TUNEL-positive cell
percentages in the NB, B, BV, and BSF groups were 2%, 6%, 4%, and
5%, respectively (comparison between Tables 4 and 5). This implies
that blastocyst cells die not only via apoptosis but also via other
pathways, such as necrosis or cell autolysis. These data underline
the lack of specificity of the TUNEL assay to exclusively detect
apoptosis [66,67].

We also measured the relative mRNA abundance of candidate
cellular stress markers, SOD1 and PRDX1, in the biopsied-
cryopreserved D7 IVP blastocysts. Exposing embryos to cryopres-
ervation or oxidative stress may upregulate genes encoding de-
fense-associated enzymes [76]. SOD1, a cytoplasmic enzyme,
protects the cells from oxidative damage by breaking down su-
peroxide (O₂⁻), a highly reactive oxygen species, into oxygen and
H2O2, a less reactive molecule [77]. PRDX1, an antioxidant enzyme,
plays a crucial role in cellular survival by suppressing cell death
caused by H2O2, oxidative, and thermal stress damages, mainly in
the cytosol [78,79].

Data regarding SOD1 and PRDX1 expression levels in biopsied or
intact blastocysts, in any species, after cryopreservation and
warming/thawing are scarce. The SOD1 results in our study showed
no up-/down-regulation in the B, BV, and BSF groups compared to
the NB control group. In agreement with our findings, Castillo-
Martín et al. demonstrated no significant difference in the abun-
dance of SOD1 in vitrified porcine blastocysts compared to the fresh
control group 24 h post warming [80]. Another group, studying
mouse blastocysts, also reported no changes in the abundance of
SOD1 upon vitrification or slow freezing compared to the control
group [62]. Contrary to our finding, SOD1 was upregulated in solid
surface vitrification (SSV)-treated mouse embryos 10 h following
warming [81]. Our results showed that PRDX1 abundance levels,
likewise, were not different between the treatment groups (B, BV,
and BSF) and the NB control group. Accordingly, Marqui et al. found
no difference in the PRDX1 expression levels in cooled and non-
cooled bovine embryos after 24 and 48 h [82]. Overall, our find-
ings suggest that a 5 h incubation time for recovery after biopsy and
biopsy-cryopreservation may be sufficient for cellular stress re-
adjustment to the levels as in the NB group. However, further ex-
periments onmeasuring SOD1 and PRDX1 levels in the immediately
warmed/thawed biopsied IVP blastocysts may confirm this notion.

The ultrastructural evaluation of the biopsied-vitrified and
biopsied-slow frozen blastocysts revealed signs of osmotic injuries
expressed as distended intercellular spaces and intracellular vac-
uoles in the ICM, distended mitochondria in both ICM and TE, loss
of mitochondrial cristae organization in the ICM and TE, and less
pronounced TE-to-TE tight junctions compared to the fresh and
biopsied blastocysts. The biopsied blastocysts looked normal except
for the distention of TE mitochondria and, in some cases, disorga-
nization of the blastocoel. These features are presumably imposed
by the physical trauma to the TE cell compartment caused by the
biopsy procedure. However, this trauma apparently does not affect
the pregnancy rate (data not shown). Ultrastructural changes in
mitochondria following cryopreservation have been reported in
other studies in bovine and equine embryos, and it has been sug-
gested that mitochondrial damage may lead to cell death [83,84].
Furthermore, osmotic injuries have also been observed in the cry-
opreserved bovine blastocysts [85,86], which agree with our
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observations. Associating cryo-survival and TEM data suggest that
slow freezing imposes damage to more cells and to a more irre-
versible extent than vitrification. The cause of such lower cryo-
survival has earlier been suggested to be damage to the plasma
membrane functions, changes in mitochondrial cristae and matrix,
and distension of the rough endoplasmic reticulum [87]. It is of note
that the ultrastructural discrepancies between the cryopreserved
and fresh blastocysts in our studies were observed at only 5 h post
thawing/warming. Resumption of normal embryonic development
and repair of the damages induced by cryopreservation requires a
gradual restoration of normal metabolic and synthetic activities of
the embryos following thawing/warming [88]. This repair heavily
depends on the environment in which the embryo is recovering
[89,90], and whether in vivo recovery would be more efficient than
in vitro needs to be investigated. Our ultrastructural investigations
clearly show that bovine IVP blastocysts require a more extended
period to fully recover from cryopreservation at the cellular and
subcellular levels.

In conclusion, our findings indicate that vitrification appears to
be a better alternative than slow freezing for the cryostorage of
biopsied bovine IVP blastocysts. A significantly higher percentage
of biopsied blastocysts survived after vitrification than after slow
freezing. However, both the biopsy-vitrification and biopsy-slow
freezing approaches leave comparable fingerprints on the IVP
blastocysts following 5 h incubation post warming/thawing with
respect to ICM, TE, and total blastocyst cell numbers, ICM:TE ratios,
and cleaved caspase-3- and TUNEL-positive cell rates. Furthermore,
cellular structures/organelles appeared to have been affected to
similar levels by both cryopreservation methods, except for a few
slow frozen blastocysts displaying abundant cellular debris. Both
biopsy-vitrification and biopsy-slow freezing caused a higher per-
centage of cell death than what was recorded in fresh IVP blasto-
cysts. Nevertheless, the ultimate experiment to determine either
method's superiority would be the transfer of biopsied-vitrified
and biopsied-slow frozen bovine IVP blastocysts for comparisons
of pregnancy and calving.
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