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Objective: This study was performed to compare the efficiency of slow freezing and vitrification based on survival, development to blastocysts, 
and cell numbers of blastocysts. Changes in embryonic gene expression in fresh and frozen-thawed embryos were also examined.
Methods: Eight-cell stage embryos were collected from superovulated female BDF1 mice. The collected embryos were randomly divided into 
three groups. One group was maintained as fresh controls (n = 42), one was frozen by slow freezing (n = 43), and one was cooled by vitrification 
(n = 43). After thawing or cooling, survival rates, development to blastocyst, and cell numbers and inner cell mass (ICM) cell numbers of blasto-
cysts were compared with those of the control group. The expressions of eight genes (Rbm3, Birc5, Sod1, Sod2, Cirbp, Caspase3, Trp53, Hsp70.1) 
were examined by real time-quantitative polymerase chain reaction in the fresh and frozen-thawed embryos.
Results: There were no significant differences in the slow freezing and vitrification groups’ survival rate after thawing (88.4% vs. 88.4%), devel-
opment to blastocyst (100% vs. 97.4%), cell numbers (107.0 ± 21.0 vs. 115.0 ± 19.7), or ICM cell numbers of blastocysts (11.3 ± 5.2 vs. 11.1 ± 3.7). 
Cell numbers of blastocysts were significantly (p < 0.05) lower in the frozen-thawed embryos than the fresh embryos. There were no significant 
differences in the slow freezing and the vitrification groups’ expressions of the eight genes. The expressions of CirbP and Hsp70.1 were higher in 
the frozen-thawed embryos than in the fresh embryos but there were no significant differences.
Conclusion: These results suggest that there were no significant differences between embryos that underwent slow freezing and vitrification.
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Introduction

After the birth of the first ‘test-tube baby’ [1], assisted reproductive 
technologies (ART) have advanced remarkably. Among these ad-
vancements, embryo cryopreservation has become a pivotal part of 

human IVF-ET, with frozen-thawed embryo transfer constituting ap-
proximately 20% of all ET worldwide [2]. Embryo cryopreservation 
has several advantages for increasing pregnancy rates in human IVF 
and ET programs. Cryopreservation of supernumerary embryos ob-
tained from a single IVF cycle allows single or double ET and multiple 
ETs, thus preventing multiple pregnancies and enhancing cumula-
tive pregnancy rates. Concomitantly, embryo cryopreservation can 
be used to postpone embryo transfer in patients who are at high risk 
of ovarian hyperstimulation syndrome and preserve fertility options 
for patients preparing for chemotherapy or radiation therapy.

Several cryopreservation techniques have been developed since 
the first successful cryopreservation of human embryos was reported 
[3]. Currently, two basic techniques are used in human embryo cryo-
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preservation: slow freezing and vitrification [4,5]. Both techniques 
can affect the developmental competence and function of embryos, 
as the embryos are exposed to various stressors during cryopreserva-
tion. Until now, the slow freezing technique has been the most wide-
ly used method for the cryopreservation of human embryos. The em-
bryos are then loaded into a straw and slowly cooled to between -30°C 
and -65°C in a programmable cell freezer. The straw containing the 
embryos is plunged into liquid nitrogen (LN2) and stored until the 
embryos are used in a frozen-thawed ET cycle. Slow freezing is a time-
consuming procedure and requires expensive equipment. Scientific 
interest in the application of vitrification to human embryo cryopre-
servation has increased due of its feasibility and clinical outcomes. 
During vitrification procedures, embryos are exposed to high con-
centrations of cryoprotectants and rapidly enter a glass-like state by 
exposure to rapid cooling rates (15,000 to 30,000°C/min). Vitrification 
is a more time- and cost-efficient technique as compared to slow freez-
ing given its use of rapid cooling rates, and does not require expen-
sive instruments. However, several problems, such as the toxicity of 
cryoprotectants and the dangers of contamination remain [2,6].

Numerous studies have investigated the differences between slow 
freezing and vitrification. According to studies performed with hu-
man embryos, vitrification appears to result in higher survival and 
development to blastocyst rates [7-9]. Vitrification also results in high-
er implantation and pregnancy rates than slow freezing [10-12]. How-
ever, some animal studies have reported the potential harmful effects 
of vitrification on embryonic development [13,14]. In mice, [3H]2-de-
oxyglucose uptake and the implantation rates of blastocysts devel-
oped from vitrified 2-cell embryos were lower than those of fresh em-
bryos or embryos frozen by slow freezing. Given this information, fur-
ther studies are required to confirm the superiority of vitrification to 
slow freezing as a cryopreservation technique for human IVF and ET 
programs. The majority of studies comparing slow freezing and vitri-
fication thus far have focused on survival rates, developmental rates 
after thawing and pregnancy rates. There are few studies investigat-
ing the effects of cryopreservation on cellular changes in embryos or 
the differences in cellular changes between embryos frozen by slow 
freezing or vitrification. Recently, differential expressions of 183 genes 
were reported in 8-cell stage mouse embryos frozen using the solid 
surface vitrification (SSV) technique [15]. In 2006, Boonkusol et al. 
[16] observed that the expression of stress-related genes increased at 
three hours after thawing in pronuclear embryos frozen by vitrifica-
tion and that solid surface vitrification and in-straw vitrification ex-
pression of the genes showed differences. We hypothesized that slow 
freezing and vitrification might show differences in gene expression 
since different vitrification techniques showed differences in gene 
expression. Therefore, we examined the gene expression of mouse 
embryos frozen-thawed by slow freezing or vitrification and compar-

ed the level of gene expression for slow freezing and vitrification. In 
addition, the efficiencies of these two techniques were compared us-
ing survival, development to blastocyst after thawing, and cell num-
ber of blastocysts as indicators. 

Methods

1. Embryo collection and culture
Female BDF1 mice (4-5 weeks old) were superovulated by intraperi-

toneal injection of 7.5 IU of pregnant mare serum gonadotropin (PMSG, 
Sigma, St Louis, MO, USA), followed 48 hours later by 7.5 IU of hCG 
(Sigma). The superovulated females were mated with a single male 
of the same strain ( > 10 weeks old). Mating was confirmed by the 
presence of a vaginal plug. Mated females were sacrificed by cervical 
dislocation and 8-cell embryos were collected by flushing the ovi-
ducts 62 hours after hCG injection. The embryos were washed in M16 
medium (Sigma) and cultured in the same medium at 37°C and 5% 
CO2 in air prior to freezing. Control embryos were continuously cul-
tured to blastocysts without freezing. Development to blastocyst of 
the embryos was observed 115 hours after hCG injection in the con-
trol group.

2. Slow freezing, thawing, and culture
Embryos were first placed in phosphate-buffered saline (PBS, Invit-

rogen, Grand Island, NY, USA) supplemented with 20% (v/v) synthetic 
serum substitute (SSS; Irvine Scientific, Santa Ana, CA, USA) at 37°C 
for 5 minutes. The embryos were transferred to an equilibration me-
dium consisting of 1.5 M propanediol (PROH, Sigma) in base medium 
and incubated at room temperature (24-25°C) for 10 minutes. The 
embryos were then exposed to a freezing solution (1.5 M PROH and 
0.1 M sucrose in base medium) for an additional 10 minutes. Follow-
ing exposure to the freezing solution, embryos were loaded into 0.25-
mL plastic straws and placed in a programmable freezer (Cryo Magic, 
Mirae Biotech, Seoul, Korea) for cooling. The embryos were cooled at 
a rate of -2°C/min until they reached -7°C. Seeding was carried out 
using forceps that had been placed in LN2 at -7°C. Cooling was con-
tinued at a rate of -0.3°C/min to -30°C and then at a rate of -10°C/min 
to -150°C. The straw was inserted into LN2 for storage. In order to thaw 
the embryos, the straw was removed from the LN2, held at room tem-
perature for 60 seconds, and then immersed in a water bath at 37°C 
for one minute. The embryos were then expelled into a base medium 
containing 1M PROH, 0.2 M sucrose and suspended for five minutes 
at room temperature. For further rehydration and removal of cryo-
protectants, the embryos were placed in a 0.5 M PROH, 0.2 M sucrose 
solution at room temperature for 5 minutes, a 0.2 M sucrose solution 
at 37°C for 10 minutes, and base medium at 37°C for 10 minutes. Fi-
nally, the embryos were washed five times in M16 medium and cul-
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tured to blastocysts in M16 medium at 37°C, 5% CO2 in air. Develop-
ment to blastocysts was observed 53 hours after thawing.

3. Vitrification, warming, and culture
The embryos were washed in base medium consisting of PBS sup-

plemented with 10% SSS and then suspended in an equilibration 
medium consisting of 7.5% ethylene glycol (EG, Sigma) and 7.5% di-
methylsulphoxide (DMSO, Sigma) in a base medium at room tem-
perature for 15 minutes. Following equilibration, the embryos were 
rinsed three times in small drops of vitrification solution consisting of 
15% EG and 15% DMSO in base medium for 30 to 60 seconds. The 
embryos were then loaded into a modified pull and cut straw. The 
straw was made by pulling and cutting a 0.25-mL plastic straw. After 
loading the embryos, the straw was covered with another straw whose 
end was heat sealed and plunged into LN2.

For warming, the straws were removed from the LN2 and held in air 
for 10 seconds and then placed into 37°C water for 1 minute. The con-
tents of the straws were then expelled into a 37°C 1 M sucrose solu-
tion for 1 minute. For further rehydration and removal of the cryo-
protectants, the embryos were placed in a 0.5 M sucrose solution for 
3 minutes and a base medium for 5 minutes at room temperature. 
The embryos were washed five times in M16 medium and cultured 
to blastocysts in M16 medium at 37°C, 5% CO2 in air. Development to 
blastocysts was observed 53 hours after warming.

4. Differential staining of ICM and TE
The nuclei of inner cell mass (ICM) and trophectoderm (TE) were 

stained differentially using the method described by Van der Elst et 
al. [17]. The blastocysts were preincubated for 30 minutesat room 
temperature with whole rabbit anti-mouse serum (Sigma) and then 
exposed to a 1 : 5 guinea pig complement solution (Sigma) contain-
ing propidium iodide (10 mg/mL) at 37°C for 5 minutes. The blasto-
cysts were fixed and counterstained in absolute ethanol containing 
bisbenzimide (20 mg/mL, Sigma). The blastocysts were washed in 
absolute ethanol overnight and mounted in glycerol on glass slides 
under light pressure. Cell counting was performed blindly by one in-
vestigator under ultraviolet illumination using florescent microscopy 
(BX61, Olympus, Tokyo, Japan) at 200 ×  magnification.

5. Real-time qPCR
Total RNAs (tRNA) were extracted from 20 embryos of each group 

(control, slow freezing, and vitrification) using TRIzol (Invitrogen) ac-
cording to the manufacturer’s instructions and precipitated in the 
presence of 1 µL of glycogen (20 mg/mL) (Sigma) as a nucleotide car-
rier. The RNA pellet was washed with 75% ethyl alcohol, air-dried, and 
eluted in 10 µL of distilled water. For reverse transcription reactions, 
the isolated tRNA of each group was added to a reaction mixture 

containing 5 X M-MLV reverse transcriptase buffer (Promega, Madi-
son, WI, USA), 40 U RNase inhibitor (RNasin, Promega), 10 mM dNTP 
mixture, 10 pM oligo-p(dT)15-primer, 200 U M-MLV reverse transcrip-
tase, and RNase-free distilled water. The reaction mixtures were incu-
bated at 37°C for 1 hour followed by 5 minutes of incubation at 95°C. 

The expressions of eight genes were analyzed using real-time qPCR. 
In order to analyze gene expressions of fresh and thawed embryos 
frozen by slow freezing or vitrification, gene-specific primers were 
designed and used for RT-PCR. The analyzed genes, PCR primers, and 
sizes of the amplification products are summarized in Table 1. Real-
time qPCR was performed with the DNA Engine Opticon2 system 
(Bio-Rad, Hercules, CA, USA) using a DyNAmo HS SYBR Green qPCR 
kit (Finnzymes, Espoo, Finland). The expression of each gene was nor-
malized to the housekeeping 16 S ribosomal RNA within the log lin-
ear phase of the amplification curve using the comparative CT meth-
od. Melting curve analyses were performed for all real-time qPCR re-
actions to confirm the specificity and integrity of the PCR products. 

6. Statistical analysis
All embryos were randomly distributed to experimental groups and 

three independent experiments were repeated. The survival rates, 
developmental rates, and cell numbers of blastocysts were analyzed 
with the χ2 test. The results of the real-time qPCR were analyzed us-
ing an analysis of variance test. A p-values less than 0.05 were consid-
ered significant.

Table 1. Genes, primers, and sizes of amplification products (bp) for 
quantification of gene expression by real-time quantitative polymer-
ase chain reaction 

Gene GenBank 
accession

Forward primer
Reverse primer Base pair

Hsp70.1 NM_010478 5’-ACCATCGAGGAGGTGGATTAGAG-3’
5’-TGACAGTAATCGGTGCCCAAG-3’

102

Rbm3 NM_016809 5’-TCATCACCTTCACAAACCCAGAG-3’
5’-GACTTTCCTGCATGATCAACTCG-3’

103

Cirbp NM_007705 5’-ATATCGATGACGCTAAGGACGC-3’
5’-GACCGGTTGTCAGAAGACTTGC-3’

103

Sod1 NM_011434 5’-GAACCATCCACTTCGAGCAGAA-3’
5’-ACTGATGGACGTGGAACCCAT-3’

102

Sod2 Z18857 5’-AAGGTCGCTTACAGATTGCTGC-3’
5’-TGAAGGTAGTAAGCGTGCTCCC-3’

109

Trp53 NM_011640 5’-AGTCGGATATCAGCCTCGAGCT-3’
5’- ATCGTCCATGCAGTGAGGTGA-3’

107

Birc5 NM_009689 5’-GGCCCAGTGTTTTTTCTGCTT-3’
5’-CTGCTTCTTGACAGTGAGGAAGG-3’

115

Caspase3 NM_009810 5’-TCTGACTGGAAAGCCGAAACTCT-3’
5’-AAGCCATCTCCTCATCAGTCCC-3’

101

16S rRNA AW82383 5’-AGATGATCGAGCCGCGC-3’
5’-GCTACCAGGGCCTTTGAGATGG-3’

163
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Results

1. Survival and development to blastocyst of frozen-thawed 
8-cell embryos

A total of 42 embryos were cultured to blastocysts as controls. Among 
them, 39 embryos developed into blastocysts (92.9%). Forty-three 
embryos were frozen by slow freezing and 43 were frozen by vitrifi-
cation. The frozen embryos were all recovered after warming and mor-
phological signs of damage were not observed in any of the surviv-
ing embryos. Thirty-eight of the 43 embryos (88.4%) frozen by slow 
freezing survived after thawing, all of which developed into blasto-
cysts. Thirty-eight of the 43 embryos (88.4%) frozen by vitrification 
survived, of which 37 embryos (97.4%) developed into blastocysts. 
There were no statistically significant differences in the survival rates 
or development to blastocysts of embryos that underwent slow freez-
ing or vitrification. Nor were there any statistically significant differ-
ences in development to blastocysts between the control embryos 
and the embryos underwent slow freezing or vitrification (Table 2).

2. Cell numbers of blastocysts and ICM
The cell numbers of the blastocysts and ICM were counted by dif-

ferential staining in each experimental group (Table 3). In the control 
group (n = 34), the cell numbers of blastocysts and ICM were 126.5 ±  
17.4 and 21.1 ± 7.9, respectively. The cell numbers of blastocysts and 
ICM were 107.0 ± 21.0 and 11.3 ± 5.2 in the slow freezing group (n =  
30). The numbers of blastocyst cells and ICM cells of the vitrification 
group (n=26) were 115.0±19.7 and 11.1±3.7, respectively. The num-
ber of blastocyst cells of the control group were significantly higher 
(p <0.05) than those seen in the slow freezing and vitrification groups. 
The ICM cell numbers of the control group were significantly higher 
(p <0.001) than those of the experimental groups. However, the num-
bers of blastocyst and ICM cells were not significantly different in the 
slow freezing and vitrification groups.

3. Gene expression of thawed embryos frozen by slow freezing 
or vitrification

The expressions of the eight genes were analyzed in fresh and fro-
zen-thawed embryos using real-time qPCR. The expressions of the 

genes were normalized to the expression of the housekeeping gene, 
16 S rRNA (Figure 1). Compared to the control group, the expression 
of Hsp70.1 was increased threefold in the slow freezing group and 
about sixfold in the vitrification group. The expression of CirbP was 
two times higher in the frozen-thawed embryos than in the control 
embryos. However, there were no statistically significant differences 
in the among the groups’ expressions of Hsp70.1 and CirbP. The ex-
pressions of Trp53 and Caspase3 were higher in the frozen-thawed 
embryos than in the fresh embryos, but the difference was not sig-
nificant. Nor did the expressions of the slow freezing group and vitri-
fication group differ. The expressions of Rbm3, Birc5, Sod1, and Sod2 
did not differ among the control groups, slow freezing group, and 
vitrification group.

 

Discussion

Several studies comparing slow freezing and vitrification have been 
performed using animal and human embryos. Most of these studies 
have focused on survival and development after thawing [8,9]. A few 
studies have examined differences in metabolism and pregnancy 
outcomes [7,10,11,13]. However, these studies are insufficient for un-
derstanding the cellular changes caused by cryopreservation. To the 
best of our knowledge, this is the first study comparing the effect of 
two cryopreservation techniques, slow freezing and vitrification, on 
gene expression in mouse embryos as a part of the effort to under-
stand cellular changes in embryos that are caused by cryopreserva-
tion. In addition, we were able to compare the efficiencies of the two 
techniques using survival, development to blastocyst after thawing, 
and number of blastocyst cells as indicators.

In the present study, the survival and developmental rates after 
thawing of the slow freezing and vitrification embryos did not differ 
significantly. The developments of frozen-thawed embryos and fresh 
embryos were similar (Table 2). In contrast to this study, several stud-
ies have reported that the developmental rates of cryopreserved em-
bryos were different from those of fresh embryos [18,19]. In particu-
lar, Uechi et al. [13] reported that the development rate of vitrified 
2-cell embryos was lower than embryos frozen by slow freezing. Sev-
eral factors may explain the differences in developmental rates be-

Table 2. Survival and development to blastocysts of frozen-thawed 
8-cell mouse embryos frozen by slow freezing or vitrification

Control
(n = 42)

Slow freezing
(n = 43)

Vitrification
(n = 43)

Survival ratea 38/43 (88.4%) 38/43 (88.4%)
Development to blastocyst 39/42 (92.9 %) 38/38 (100%) 37/38 (97.4%)

aSurviving embryos were defined as embryos having all eight cells intact af-
ter thawing.

Table 3. Mean cell numbers in inner cell mass and blastocysts deriv-
ed from each experimental group

Control
(n = 34)

Slow freezing
(n = 30)

Vitrification
(n = 26)

Blastocyst 126.5 ± 17.4a 107.0 ± 21.0b 115.0 ± 19.7b

Inner cell mass 21.1 ± 7.9c 11.3 ± 5.3d 11.1 ± 3.7d

Data are expressed as mean ± SD.
a,bp < 0.05, c,dp < 0.001.
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tween the present study and previous studies. For example, the de-
velopmental stage at which the mouse embryos were cryopreserv-
ed, the constitution of cryoprotectants, and the containers used to 
load embryos were all variables tailored specifically to our study. In 
contrast with other studies, which used early stage (2-cell) embryos 
for cryopreservation, our study used late stage embryos (8-cell). Cryo-
preservation of late stage embryos, such as 8-cell embryos or moru-
lae, resulted in better development to blastocysts after thawing than 
did that of early stage embryos [20]. Concentrations of cryoprotec-
tants in the vitrification solution were higher in previous studies than 

in the present study. Cryoprotectants are essential for cryopreserva-
tion of embryos but are also toxic [2]. The higher concentrations of 
cryoprotectants in previous studies may have had a detrimental ef-
fects on embryonic development. The cooling rate is the most im-
portant parameter, and increased cooling rates have been shown to 
result in higher rates of successful vitrification [21-23]. Embryos were 
loaded into 0.25-mL plastic straws in previous studies. However, we 
used a modified pull and cut straw to achieve higher cooling rates 
and to minimize the volume of the vitrification solution in which em-
bryos were loaded. A higher cooling rate may have been achieved by 

Figure 1. Relative expressions of the eight genes in thawed 8-cell mouse embryos frozen by slow freezing or vitrification. There was no signifi-
cant difference in gene expressions among the groups. Relative expression levels are expressed as mean ± SE.
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using the modified pull and cut straw. These differences between 
previous studies and our study may have resulted in the improved 
developmental rate of thawed embryos frozen by vitrification that 
was seen in this study.

It has been reported that the cell numbers of blastocysts decrease 
after the cryopreservation of mouse oocytes or embryos [13,17]. Sim-
ilar results were obtained in this study. The cell numbers of blasto-
cysts developed from frozen-thawed embryos were significantly re-
duced compared with blastocysts developed from fresh embryos. 
However, the cell numbers of blastocysts of the two experimental 
groups did not differ from each other (Table 3). Van der Elst et al. [17] 
reported that delayed cleavage and disturbed allocation of cells to 
ICM and TE may be the reason for the decrease in cell number after 
cryopreservation. Like Van der Elst et al. [17], we also observed a de-
crease in the ICM-to-TE ratio, along with a reduced cell number of 
blastocysts after cryopreservation, in blastocysts developed from fro-
zen-thawed 8-cell embryos (data not shown). If the delay develop-
ment were the only cause of the decreased cell number, the ICM-to-
TE ratio would not differ between the control blastocysts and blasto-
cyts developed from frozen-thawed embryos. However, the ratio was 
lower in blastocyts developed from frozen-thawed embryos, and it 
seems that allocation of cells to ICM and TE is disturbed in frozen-thaw-
ed embryos. It also appears that this disturbed allocation of cells caused 
the decrease in the number of ICM cells. Embryos with reduced cell 
numbers are able to give rise to fetuses [24-26]. However, the decre-
ased cell number of embryos, especially ICM cell numbers, may cause 
preclinical abortions or blighted ova [27].

There is a lack of information on cellular changes caused by cryo-
preservation. In a study investigating the effects of several vitrifica-
tion techniques on gene expression in embryos thawed after cryo-
preservation, Boonkusol et al. [16] reported that gene expression in 
embryos can be affected by cryopreservation techniques. According 
to the study, in-straw treated pronuclear stage mouse embryos show-
ed higher activity of stress-related genes than SSV-treated and fresh 
embryos 3 hours post-warming. Additionally, there were no changes 
in gene expression in the 8-cell stage mouse embryos. Similar to those 
results, gene expression of the fresh embryos and frozen-thawed em-
bryos did not differ in this study. Nor was there a significant difference 
in gene expression between slow freezing and vitrification. Boonku-
sol et al. [16] have reported that stress-related genes in pronuclear 
embryos showed different expression levels with solid surface vitrifi-
cation than with in-straw vitrification. Therefore, we analyzed the 
stress-related genes that Boonkusol et al. [16] have analyzed. We also 
analyzed the expression of caspase-3 and Birc5 genes to evaluate the 
effect of cryopreservation on the apoptosis of embryos. Although 
the expressions of Hsp70.1 and CirbP were higher in the frozen-thaw-
ed embryos, the expression of the eight genes analyzed did not dif-

fer among the groups. However, only eight genes were investigated 
in this study. It is possible that differences in gene expression between 
the two techniques could be detected by investigating the expres-
sion of additional genes; this requires further study to better under-
stand the changes in embryo cells caused by cryopreservation.

We have shown that survival, developmental potential, cell number 
of blastocysts, and gene expression pattern after thawing did not dif-
fer by using slow freezing and vitrification methods for 8-cell stage 
mouse embryos. However, compared with fresh embryos, the num-
bers of blastocyst cells were significantly lower and the expressions 
of several stress-related genes were significantly higher after freezing 
and thawing. Cellular changes, such as elevated gene expression af-
ter cryopreservation, could cause delayed development and disturb-
ed allocation of cells resulting in a decrease in the numbers of blasto-
cyst cells. According to studies thus far, vitrification appears to be su-
perior to slow freezing in terms of survival and development after 
thawing in human IVF and ET programs. Vitrification has the poten-
tial to become more attractive than slow freezing in ART laboratories. 
However, the effects of slow freezing and vitrification on pregnancy 
outcomes in human IVF and ET programs are still a matter of contro-
versy. Therefore, further studies to confirm the advantages of vitrifi-
cation and refine the technique are needed.
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