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Blastocyst formation in vitrified-warmed
preimplantation embryos derived from vitrified-
warmed oocytes in a mouse model

Yeon Hee Hong, Byung Chul Jee

Department of Obstetrics and Gynecology, Seoul National University Bundang Hospital, Seoul National University College of Medicine, Seongnam,
Republic of Korea

Objective: The purpose of this study was to use a mouse model to investigate the blastocyst formation rate in vitrified-warmed embryos de-
rived from vitrified-warmed oocytes.

Methods: Metaphase Il oocytes obtained from BDF1 mice were vitrified and warmed, followed by fertilization with epididymal sperm. On
day 3, a total of 176 embryos, at either the eight-cell or the morula stage, were vitrified-warmed (representing group 1). For group 2, 155 em-
bryos at the same developmental stages were not vitrified, but rather were directly cultured until day 5. Finally, group 3 included day-5 blas-
tocysts derived from fresh oocytes, which served as fresh controls. The primary outcome measured was the rate of blastocyst formation per
day-3 embryo at the eight-cell or morula stage.

Results: The rates of blastocyst formation per day-3 embryo were comparable between groups 1 and 2, at 64.5% and 69.7%, respectively
(p>0.05). The formation rates of good-quality blastocysts (expanded, hatching, or hatched) were also similar for groups 1 and 2, at 35.5% and
43.2%, respectively (p>0.05). For the fresh oocytes (group 3), the blastocyst formation rate was 75.5%, which was similar to groups 1 and 2.
However, the rate of good-quality blastocyst formation in group 3 was 57.3%, significantly exceeding those of group 1 (p=0.001) and group 2
(p=0.023).

Conclusion: Regarding developmental potential to the blastocyst stage, vitrified-warmed day-3 embryos originating from vitrified-warmed
oocytes demonstrated comparable results to non-vitrified embryos from similar oocytes. These findings indicate that day-3 embryos derived
from vitrified-warmed oocytes can be effectively cryopreserved without incurring cellular damage.
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Introduction toxic treatment and for women who want to delay childbearing [1].
Thanks to massive advancements in cryobiology, oocytes can now
be cryopreserved effectively and safely [2-4].

Two methods are used for oocyte cryopreservation: slow freezing

Oocyte cryopreservation is an essential technique for fertility preser-
vation, particularly for female cancer patients who require gonado-
and vitrification. Vitrification is generally preferred to slow freezing,

as it tends to be less expensive, more convenient, and potentially
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more effective [5-7]. A 6-year study of 13,847 in vitro fertilization (IVF)
cycles using cryopreserved oocytes found that the clinical pregnancy
rate per transfer was significantly higher among cycles that em-
ployed vitrified oocytes than among those involving slow-frozen oo-
cytes (19.9% vs. 16.0%, p<0.0001) [8].

The existing literature is inconclusive regarding whether vitrified
and fresh oocytes are comparable in terms of clinical pregnancy out-
comes [9-11]. When an appropriate vitrification protocol was em-
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ployed, the post-warming oocyte survival rate was observed to reach
90%, with embryo development and clinical pregnancy outcomes
approaching those of cycles using fresh oocytes [3]. However, in a
separate study, clinical pregnancy rates per transfer in cycles utilizing
vitrified oocytes were lower than those in either fresh or frozen em-
bryo transfer cycles using fresh oocytes [8]. Additionally, one investi-
gation revealed that the ongoing pregnancy rate was significantly
lower in cycles involving vitrified oocytes compared to those using
fresh oocytes, despite similar fertilization, cleavage, and clinical preg-
nancy rates [12].

When vitrified oocytes are used in an attempt to achieve pregnan-
cy, multiple oocytes are warmed and subsequently fertilized with
the partner’s sperm to produce embryos. The physician must deter-
mine the number of vitrified oocytes to warm. Current data indicate
that the survival rate of oocytes after warming exceeds 90%, and the
fertilization rate is reportedly over 75% [13,14]. The proportion of
high-quality day-3 embryos derived from zygotes arising from vitri-
fied oocytes has been documented at 33.3% [15]. The rate of blasto-
cyst development from day-3 embryos has been reported to be
comparable between vitrified and fresh oocytes (48.7% vs. 47.5%,
respectively) [14]. Based on these findings, nine to 10 vitrified oo-
cytes are required to yield two high-quality day-3 embryos, while 15
to 16 vitrified oocytes are needed to produce two blastocysts. How-
ever, atypical scenarios are possible, including the re-vitrification of
supernumerary embryos or biopsied blastocysts.

When day-3 embryos derived from vitrified-warmed oocytes are
themselves vitrified, it remains uncertain whether they sustain more
cryo-damage than non-vitrified day-3 embryos derived from similar
oocytes. To date, no reports have been published concerning the
embryonic development of vitrified day-3 embryos arising from vitri-
fied-warmed oocytes.

This study was conducted using a mouse model. Day-3 embryos (at
the eight-cell or morula stage) were obtained from vitrified-warmed
oocytes. These embryos were then either vitrified or left unvitrified,
and the day-5 blastocyst formation rate was assessed.

Methods

1. Animals

A total of 147 female BDF1 mice, aged 7 to 8 weeks (Orient Co.),
were utilized in this study. Additionally, 40 male BDF1 mice of the
same age were employed for the collection of epididymal sperm.
The mice were housed under a 12-hour light/dark cycle at a tem-
perature of 23 °C and had ad libitum access to food. The Institutional
Animal Care and Use Committee (IACUC) of Seoul National Universi-
ty Bundang Hospital granted approval for this research (IACUC num-
ber BA-2011-307-097-01). The overall procedures adhered to those

Clin Exp Reprod Med 2024;51(1):57-62

of a previous experiment conducted at our center [16].

2. Oocyte collection and vitrification

After a 1-week acclimation period, the female mice were super-
ovulated with an intraperitoneal injection of 7.5 IU of pregnant
mare’s serum gonadotropin (Daesung Microbiological Labs), fol-
lowed by a trigger with 5 IU of equine chorionic gonadotropin (eCG;
Daesung Microbiological Labs) 48 hours later. Sixteen hours follow-
ing the eCG injection, the mice were euthanized via cervical disloca-
tion. The bilateral ovaries were excised and immediately placed in 1
mL of L-15 medium (Welgene Inc.) supplemented with 0.4% bovine
serum albumin (Sigma-Aldrich). Cumulus oophorus complexes
(COCs) were released via mechanical disruption using a syringe nee-
dle. The COCs were then transferred to human tubal fluid (HTF; FUJI-
FILM Irvine Scientific) containing 10% serum substitute supplement
(SSS; FUJIFILM Irvine Scientific) and 10 pL of hyaluronidase (Cook) to
enable the collection of metaphase Il (MIl) oocytes. An Ml oocyte,
characterized by the extrusion of a polar body, is deemed mature
and ready for fertilization or cryopreservation.

The retrieved MIl oocytes were immersed in an equilibration solu-
tion for 5 minutes. This solution was composed of phosphate-buff-
ered saline (PBS; LB001-02; Welgene Inc.), 20% fetal bovine serum
(FBS), 7.5% ethylene glycol (EG; 102466; Sigma-Aldrich), and 7.5%
dimethyl sulfoxide (DMSO; D8418; Sigma-Aldrich). The oocytes were
then transferred to a vitrification solution, consisting of PBS with
20% FBS, 15% EG, 15% DMSO, and 0.5 M sucrose (S1888; Sigma-Al-
drich), for 1 minute. Next, five oocytes were placed onto each poly-
propylene strip in a Cryotop device (Kitazato Biopharma Co. Ltd). The
device was plunged into liquid nitrogen, and the cover was secured
using forceps.

3. Oocyte warming and IVF

The oocytes were warmed within 5 days following vitrification.
The warming solutions consisted of PBS supplemented with 20%
FBS and three different concentrations of sucrose (1, 0.5, and 0.25 M).
The Cryotop device was directly immersed in a 37 °C warming solu-
tion including 1 M sucrose for 1 minute, followed by immersion in a
warming solution containing 0.5 M sucrose for 3 minutes. Finally, the
device was transferred to a warming solution with 0.25 M sucrose for
3 minutes. The recovered oocytes were then moved to a solution of
PBS with 20% FBS and subjected to 3 minutes of incubation for
washing. After the washing step, the survival rate of the vitri-
fied-warmed oocytes was evaluated.

Surviving oocytes were incubated in 1 mL of HTF with 10% SSS,
including 10 pL of epididymal sperm suspension (0.3 to 2 million/
mL), at 37.0 °Ciin a 5% carbon dioxide (CO,) humidified air environ-
ment. Inseminated oocytes were cultured for 24 hours, and two-cell
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embryos were obtained on the following day (considered day 1).

The two-cell embryos were washed twice using pipetting and
then cultured in potassium simplex optimized medium (KSOM; Em-
bryoMax; EMD Millipore) supplemented with 10% SSS. The culture
conditions were maintained at 37 °C with 5% CO, in a humidified air
environment.

4, Embryo vitrification/warming and day-5 blastocyst acquisition

On day 3, embryos at the eight-cell or morula stage were selected
for vitrification, using the same protocol as that utilized for oocytes.
This approach was informed by previous studies indicating minimal
differences in blastocyst development competence between vitri-
fied-warmed embryos at these two stages; therefore, we combined
them for our analysis [17-19]. The embryos were warmed within 24
hours of vitrification, again using the same method employed for
oocytes. After washing, the survival of the vitrified-warmed embryos
was assessed; next, they were cultured in KSOM supplemented with
10% SSS at 37 °C and 5% CO, in a humidified atmosphere for 2 days.
On day 5, blastocysts (considered group 1) were obtained. These
were categorized into four stages: early, full, expanded/hatching, or
hatched.

The early blastocyst stage was characterized by the initial formation
of the blastocoel, occupying less than half of the blastocyst volume. A
full blastocyst was identified when the blastocoel comprised more
than half of the blastocyst volume. An expanded/hatching blastocyst
was recognized when the blastocoel was fully developed or herniated
through the zona pellucida. Finally, a hatched blastocyst was defined
by the presence of trophectoderm outside the zona pellucida.

A portion of the embryos at the eight-cell or morula stage were not
vitrified, but rather were directly cultured up to day 5. Blastocysts ob-
tained from this process were used as a control (termed group 2),
which consisted of vitrified-warmed oocytes but fresh day-3 embryos.

CERMB

On day 5, we also obtained blastocysts derived from fresh oocytes,
which served as an additional control (group 3; composed of fresh
oocytes and fresh day-3 embryos). As with groups 1 and 2, only em-
bryos at the eight-cell or morula stage were selected on day 3 for in-
clusion in this group.

The schematic flow for the experimental design is presented in
Figure 1.

5. Statistical analysis

The primary outcome measured was the rate of blastocyst forma-
tion per day-3 embryo, specifically at the eight-cell/morula stage.
Statistical analyses were conducted using SPSS ver. 25.0 (IBM Corp.),
with data expressed as numbers and percentages (%). To assess dif-
ferences among the three groups, the Kruskal-Wallis test was utilized,
followed by a post hoc test if the p-value suggested statistical signifi-
cance. The chi-square test was employed to compare rates. A p-value
of less than 0.05 was considered to indicate significance.

Results

The primary outcome—the rate of blastocyst formation per day-3
embryo at the eight-cell/morula stage—was comparable between
groups 1 and 2, at 64.5% and 69.7%, respectively (Table 1). Forma-
tion rates of good-quality blastocysts (expanded, hatching, or
hatched) were also similar for groups 1 and 2, at 35.5% and 43.2%,
respectively. For the fresh oocytes (group 3), the blastocyst formation
rate was 75.5%, which was similar to those of groups 1 and 2. How-
ever, the rate of good-quality blastocyst formation in group 3 was
significantly higher, at 57.3%, compared to group 1 (p=0.001) and
group 2 (p=0.023).

For the vitrified-warmed oocytes in groups 1 and 2, the oocyte
survival rate was 93.4%. The fertilization (two-cell) rate was 42.3%,

o)

(o)

Vitrification Blastocyst
-Warming
(
Insemination Two-cell Eight-cell/Morula Blastocyst
Vitrification
-Warming
Oocyte
\—* Insemination Two-cell Eight-cell/Morula Blastocyst

Figure 1. Schematic flow of the overall experiments.
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Table 1. Oocyte and embryo survival rates and overall development competence for each treatment condition

Variable Group 1 Group 2 Group 3 p-value
Treatment condition 1: oocytes Vitrified-warmed Fresh
Oocytes 3413 843
Surviving oocytes (survival rate) 3,190 (93.4) -
Two-cell embryos at day 1 (fertilization rate) 1,349 (42.3) 328(38.9) 0.074
Atday 3
Four-cell embryos (% per 2-cell embryo) 153(11.3) 20(6.1) 0.005
Eight-cell embryos/morulae (% per 2-cell embryo) 331(24.5) 110(33.5) <0.001
Treatment condition 2: day-3 embryos (8-cell embryos/morulae) Vitrified-warmed Fresh Fresh
Eight-cell embryos/morulae at day 3” 176 155 110
Surviving eight-cell embryos/morulae (survival rate) 166 (94.3) - -
Atday5
Overall blastocysts (% per 8-cell embryo/morula) 107 (64.5) 108 (69.7) 83(75.5) 0.043¢
Early/full blastocysts (% per 8-cell embryo/morula) 48(28.9)" 41(26.5) 20(18.2)° 0.001?
Expanded/hatching/hatched blastocysts (% per 8-cell embryo/morula) 59 (35.5)" 67 (43.2)” 63 (57.3)° 0.023°

Values are presented as number (%). A total of 127 mice were utilized for groups 1 and 2, whereas 20 mice were employed for group 3.
P9The chi-square test was used to compare proportions; “Significant difference between groups 1 and 3; “Significant difference between groups 2 and 3;

"ime of randomization for groups 1and 2.

which was comparable to the rate observed in group 3 (38.9%). On
day 3, the rate of eight-cell/morula formation (per two-cell embryo)
in groups 1 and 2 combined was significantly lower than in group 3
(24.5% vs. 33.5%, p<0.001). On the same day, a total of 331 eight-cell/
morulae were randomly allocated to groups 1 and 2. Within group 1,
176 of these embryos underwent vitrification; after warming, 166
were found to have survived, constituting a survival rate of 94.3%.

Discussion

The present study showed that the blastocyst formation rate was
similar for both vitrified and fresh eight-cell/morula embryos, both of
which originated from vitrified-warmed oocytes. Thus, day-3 embry-
os derived from vitrified-warmed oocytes can be effectively cryopre-
served and used without inflicting additional cellular damage. This
research is valuable in that it replicated specific re-vitrification sce-
narios that are likely to arise in human IVF-embryo transfer pro-
grams, employing a mouse model to illustrate their effects on blasto-
cyst formation rates.

In this study, oocytes that were vitrified and then warmed formed
blastocysts at a rate comparable to that of fresh oocytes. However,
the vitrified-warmed oocytes exhibited a significantly lower forma-
tion rate of good-quality blastocysts—those that were expanded,
hatching, or hatched—compared to fresh oocytes. This was the case
regardless of the vitrification status of the day-3 embryos.

In a study involving human oocytes [14], the blastocyst formation
rate with frozen-thawed oocytes was comparable to that with fresh
oocytes (48.7% vs. 47.5%, respectively), which aligns with our find-

ings. However, Cobo et al. [14] did not assess the rate of good-quality
blastocyst formation, which could be considered a limitation of their
study. In contrast, our mouse study demonstrated a blastocyst for-
mation rate of 69.7% using frozen-thawed oocytes and 75.5% with
fresh oocytes. These rates are slightly higher than those reported by
Cobo et al. [14]. This discrepancy may be due to our selection criteria,
as we specifically chose only good-quality embryos at day 3 (i.e., the
eight-cell/morula stage).

In our experiment, the survival rate of vitrified-warmed oocytes
was 93.4%, while the survival rate of vitrified-warmed eight-cell/
morulae derived from these oocytes was 94.3%. Therefore, we can
conclude that the vitrification and warming techniques used in this
study were highly efficient.

Freezing oocytes can lead to premature cortical granule release
and zona hardening, typically necessitating the use of intracytoplas-
mic sperm injection to achieve fertilization [20,21]. In our mouse
model experiment, however, the fertilization rates of vitrified oocytes
were comparable to those of fresh oocytes, despite both being fertil-
ized by conventional insemination. Nonetheless, the rate of eight-
cell/morula formation on day 3 was lower for vitrified-warmed oo-
cytes than for fresh oocytes, indicating potential damage incurred
during the freezing process.

From these findings, we can postulate that once vitrified-warmed
oocytes reach the eight-cell/morula stage, the rate of blastocyst for-
mation is similar, regardless of whether the embryos are frozen at
the eight-cell/morula stage. This observation suggests that any dam-
age incurred by the oocyte during freezing was adequately repaired
during subsequent fertilization and embryonic development.
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In the present study, the overall rate of blastocyst formation was
similar between vitrified-warmed oocytes and fresh oocytes. Howev-
er, the rate of good-quality blastocyst formation was lower in the vit-
rified-warmed group. This indicates that the damage sustained
during the freezing of oocytes may continue to affect development
through the blastocyst stage. Essentially, while the developmental
capacities of the blastocysts may appear similar, the quality of those
derived from vitrified-warmed oocytes might be compromised. In
contrast, once vitrified-warmed oocytes reach the eight-cell or mor-
ula stage, the rates of both overall and good-quality blastocyst for-
mation were similar regardless of whether the day-3 embryos were
frozen. Consequently, the freezing of day-3 embryos originating
from vitrified-warmed oocytes does not seem to inflict additional
cryo-damage.

The formation of ice crystals, cryoprotectant toxicity, the genera-
tion of reactive oxygen species, excessive dehydration, hypothermia,
ion imbalance, and altered gene expression are believed to contrib-
ute to the damage observed during cryopreservation [22]. Regarding
oocyte cryopreservation techniques, relative to slow freezing, vitrifi-
cation is understood to have a smaller impact on the subsequent
embryo. While the carryover effect does not appear to compromise
normal cell survival, it may induce subtle functional or molecular al-
terations that could impair certain developmental processes at later
growth stages [22]. Fathi et al. [23] found that although the rate of
blastocyst formation did not differ after re-vitrification, both the cell
count and the diameter of blastocysts were significantly lower in their
re-vitrification group than in the non-frozen or single-frozen groups.

Furthermore, the carryover effect is believed to vary with the de-
velopmental stage, including differing results for oocytes and em-
bryos. Our research group previously reported that repeatedly vitri-
fied mouse embryos at the eight-cell stage developed up to the
blastocyst stage without cryoinjury [16]. However, another study
found that re-vitrification at the eight-cell and blastocyst stages had
different impacts on embryonic developmental potential. Specifical-
ly, re-vitrification at the blastocyst stage, after initial vitrification at
the eight-cell stage, resulted in a lower delivery rate. In contrast, em-
bryos vitrified twice at the eight-cell stage exhibited pregnancy out-
comes similar to those of embryos vitrified only once [24]. The mech-
anisms underlying the differential carryover effects at each stage
warrant further investigation.

Although the precise nature of the carryover effect is not fully un-
derstood, it is conceivable that critical damage incurred during the
vitrification-warming process could account for the observed de-
crease in cellularity or developmental potential following vitrification
and subsequent re-vitrification.

Concerns have been raised regarding the developmental potential
and genetic stability of embryos derived from vitrified-warmed oo-
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cytes. It is generally understood that the meiotic spindle of oocytes
reassembles normally during the warming process. However, this
structure is highly sensitive to temperature fluctuations, which may
lead to unequal chromosome segregation during meiosis and po-
tentially result in embryo aneuploidy following fertilization [25,26].
The findings of previous studies on this matter are conflicting, neces-
sitating further research.

The strength of our study lies in its consistency in evaluating oo-
cytes and embryonic stages, ensured by the expertise of a skilled
embryologist. We made every effort to minimize potential bias by
standardizing all conditions, with the exception of the cryostress
event pertinent to the experiment. The primary limitation of our
study is the inability to observe molecular changes at the gene level
that might elucidate the observed phenomena or establish any cor-
relations. For future research, it would be beneficial to investigate the
messenger RNA expression levels of genes associated with cryoinju-
ry or antioxidants at the molecular level. Additionally, further studies
are warranted to confirm the implantation potential of vitri-
fied-warmed day-3 embryos derived from vitrified-warmed oocytes.

In conclusion, vitrified-warmed day-3 embryos arising from vitri-
fied-warmed oocytes maintain the potential for good embryonic de-
velopment up to the blastocyst stage when compared with non-vit-
rified embryos derived from vitrified-warmed oocytes. Hence, day-3
embryos derived from vitrified-warmed oocytes can be efficiently
cryopreserved without inducing cellular damage.
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