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Objective: This study was conducted to investigate the efficacy of laser-assisted hatching (LAH) and various vitrification times for embryonic 
development and blastocyst cell numbers. 
Methods: First, 2-cell and 8-cell embryos were collected by flushing out the oviducts. In the control groups, they were vitrified for 8 or 10 min-
utes without LAH. The LAH groups underwent quarter laser zona thinning-assisted hatching before vitrification (4, 6, and 8 minutes or 4, 7, and 
10 minutes, respectively). After incubation, double-immunofluorescence staining was performed. 
Results: The hatched blastocyst rate 72 hours after the 2-cell embryos were thawed was significantly higher in the 2LAH-ES8 group (33.3%) 
than in the other groups (p < 0.05). In the control-8 group (22.1 ± 4.6), the cell number of the inner cell mass was higher than in the LAH groups 
(p < 0.05). The number of trophectoderm cells was higher in the 2LAH-ES6 group (92.8 ± 8.9) than in the others (p < 0.05). The hatched blasto-
cyst rate 48 hours after the 8-cell embryos were thawed was higher in the 8LAH-ES4 group (45.5%) than in the other groups, but not signifi-
cantly. The inner cell mass cell number was highest in the 8LAH-ES7 group (19.5 ± 5.1, p < 0.05). The number of trophectoderm cells was higher 
in the 8LAH-ES10 group (73.2 ± 12.1) than in the other groups, but without statistical significance.
Conclusion: When LAH was performed, 2-cell embryos with large blastomeres had a lower hatched blastocyst rate when the exposure to vitri-
fication solution was shorter. Conversely, 8-cell embryos with small blastomere had a higher hatched blastocyst rate when the exposure to vit-
rification solution was shorter. 
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Introduction

Rapid progress in assisted reproductive technology has resulted in 
the increased production of good-quality embryos from good-quali-
ty oocytes. As more embryos are produced than are used for embryo 
transfer in fresh cycles, the need emerged for the cryopreservation of 

gametes and surplus embryos. Frozen-thawed embryo transfer is 
now a mandatory technology that can be used to give another 
chance to conceive to patients in whom fresh embryo transfer was 
unsuccessful [1,2]. 

Recently, the movement towards transferring fewer embryos has 
resulted in greater numbers of surplus embryos, leading to a greater 
likelihood of having embryos cryopreserved [3]. Other applications 
of cryopreservation include cases where severe ovarian hyperstimu-
lation syndrome is anticipated, various situations where fertilization 
is not possible on the day of oocyte retrieval, a discrepancy between 
the oocyte donor’s oocyte retrieval period and the recipient’s embryo 
transfer period; and cryopreservation of gametes and embryos for 
fertility preservation in cancer patients scheduled to receive cytotoxic 
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chemotherapy or radiotherapy. These applications are gaining more 
ground in the field of reproductive endocrinology [4-7]. Researchers 
are seeking better gamete/embryo cryopreservation techniques to 
improve the implantation and pregnancy rates [8].

The foremost issue is the damage to the blastomere during the 
freezing and thawing process. Blastomere damage may cause defec-
tive cellular development, reduced blastocyst formation and devel-
opment rates, and eventual adverse effects on implantation and 
pregnancy [9]. 

The vitrification technique uses high concentrations of cryoprotec-
tants (CP) together with a rapid temperature drop. This technique 
can reduce ice crystal formation by increasing the viscosity. It has be-
come more important to improve the efficacy of the cryopreserva-
tion process, CP, and storage container stability [10-13]. The duration 
of exposure of the cells to the CP and the concentration of the CP are 
very important factors to consider in preventing ice crystal formation 
and reducing toxic damage from exposure. 

The embryo must escape the zona pellucida (hatching), and this is 
a mandatory step in implantation. Incomplete hatching leads to im-
plantation failure and failure to conceive. In fresh embryos, an inap-
propriate in vitro culture system may cause hardening of the zona 
pellucida (zona hardening), and the hatching process may be hin-
dered. This phenomenon is also observed in cryopreserved embryos. 
Appropriately and timely performed assisted hatching increases the 
embryo development rate, hatching rate, implantation rate, and 
pregnancy rate. 

Therefore, in this study, the authors investigated the effect of laser-
assisted hatching (LAH) and different exposure times to the CP dur-
ing vitrification on the embryo development rate and cellular devel-
opment. Cellular development was evaluated by assessing the cell 
count in the inner cell mass (ICM) and trophectoderm (TE) by double-
fluorescence staining. 

Methods

1. Preparation of embryos
1) International Cancer Research mice

International Cancer Research strain mice aged 4–5 weeks (fe-
males) and 9–12 weeks (males) were housed with a 12-hour light/
dark photoperiod in an environment with a controlled temperature 
(24˚C) and constant humidity. No restrictions were placed on diet 
and water supply.

2) Recovery and culture of 2-cell and 8-cell embryos 
Intraperitoneal injections of 7.5 IU of pregnant mare’s serum go-

nadotropin (Merck, Darmstadt, Germany) and 5 IU of human chori-
onic gonadotropin (Merck) were performed 48 hours apart. Female 

mice were sacrificed 44–68 hours after mating by cervical disloca-
tion, and their oviducts were removed. The oviducts were flushed 
with a solution containing Ham’s F-10 (11-090-1K, Gibco; Life Tech-
nologies, New York, NY, USA) and 10% serum substitute supplement 
(Irvine Scientific, Santa Ana, CA, USA) to recover 2-cell stage embryos.

2. Laser-assisted hatching
1) Media

The preincubation process was performed as follows. In the center 
of a 60-mm culture dish (3002, Falcon; Corning Life Sciences, Tewks-
bury, MA, USA), each embryo was placed in a 50-μL drop of cleavage 
medium (CM; COOK, Queensland, Australia) under mineral oil, and 
put into a 6% CO2 incubator over 6 hours at 37 C̊ to equilibrate.

2) Quarter laser zona thinning-assisted hatching 
An RI Saturn 5 active laser system (6-47-500; Research Instruments, 

Falmouth, UK) attached to an inverted microscope ( × 40, TMD, TE2000-
U; Nikon, Tokyo, Japan) and a display monitor (B19940; Samsung, Su-
won, Korea) was used for quarter laser zona thinning-assisted hatching 
(qLZT-AH). The 60-mm culture dish was placed onto the heated (37 C̊) 
displacement stage on the inverted microscope, after placing 5–10 
embryos in the 2-cell and 8-cell stage in a 50-μL drop of CM. A virtual 
curved line was drawn following the outer contour of the zona pelluci-
da on the display monitor, and a continuous laser beam was emitted 
tracing the line to drill a hole in about one fourth of the zona pellucida 
surface. To reduce damage to the blastomere, the laser was emitted at 
a point where the blastomeres were far apart, and the zona pellucida 
thickness was reduced by approximately 70%–80% between the cen-
ter of the zona pellucida and the outer line. The size of the laser holes 
on the zona pellucida was 5–10 μm, and 10–15 emissions was required 
to drill a hole in about one fourth of the surface. The thickness and the 
number of laser emissions were adjusted for each embryo.

3. Vitrification and thawing
1) Preparation of solutions and straw

Vitrification was performed using a two-step method. Dulbecco’s 
phosphate-buffered saline supplemented with 10% serum substi-
tute supplement was used as a basic medium. The equilibrium solu-
tion (ES) used for step 1 was composed of basic medium, 7.5% ethyl-
ene glycol (EG; Reagent Plus, ≥ 99%, 102466; Sigma, St. Louis, MO, 
USA) and 7.5% dimethyl sulfoxide (DMSO; D-2650, Sigma). For the 
vitrification solution used in step 2, 15.0% EG, 15.0% DMSO, and 0.5 
M sucrose (S1888, Sigma) was added to the basic medium. A thaw-
ing solution mixed with 1.0 M sucrose (thawing solution 1, TS 1) and 
0.5 M sucrose (thawing solution 2, TS 2) were used. 

We used a closed-pulled straw (CPS), modified as described by Chen 
et al. [8], for murine embryo vitrification. The 0.25-μL plastic straws 
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were heat-softened over an alcohol lamp for 2–3 seconds and pulled 
manually. The pulled straws were cut at the tapered end with a surgi-
cal scalpel. The end of the straw was sealed using heated forceps. 

2) Vitrification
All vitrification procedures were performed at room temperature 

(24˚C–26˚C). The murine 2-cell embryos were transferred to the ES 
solution and treated for 4, 6, or 8, minutes, and the 8-cell embryos 
were transferred to ES solution and treated for 4, 7, or 10 minutes. Af-
ter transfer to the vitrification solution, fewer than five embryos were 
loaded per CPS. The process was performed rapidly, with less than 
1-minute elapsing from being in the vitrification solution to being 
submerged in liquid nitrogen. The CPSs were thawed after 2 weeks 
of cryopreservation.

3) Observations after thawing
After the straws were removed from liquid nitrogen to room air 

conditions, they were warmed by hand grasping. Embryos were re-
covered after removing the straw cap. Embryos were placed into the 
well containing TS 1 solution for 1 minute at 37˚C, followed by the TS 
2 solution for 3 minutes and the base medium for 5 minutes. After 
placing 5–10 embryos in a 50-μL drop of CM (equilibrated for 14–18 
hours in a CO2 incubator [37 C̊, 6%]), the embryos were incubated for 
72 hours (2-cell embryos) or 48 hours (8-cell embryos) in blastocyst 
medium (COOK). Embryos were monitored every 24 hours for surviv-
al and hatching rate. Blastocysts that fully hatched or hatched out of 
the zona pellucida were considered to have hatched. Every experi-
ment was performed 8 times. 

4. Double-fluorescence staining of blastocysts
For TE cell staining, solution 1 was prepared by mixing 100 μg/mL 

of propidium iodide (P-4170, Sigma) and 1% Triton X-100 (T-93443, 
Sigma) in Ham's F-10 solution. Solution 2 was a mixture of 25 μg of 
bisbenzimide (B-2261, Sigma) in 99.9% ethanol, which was prepared 
to stain the ICM. In order to carry out double-fluorescence staining, 
the blastocysts were stained in solution 1 for 10 seconds and trans-
ferred to solution 2 for 2 hours or more at 4 C̊. The stained blastocysts 
were washed with glycerol (G2025, Sigma) and put onto a slide glass 
for observation under a fluorescence microscope.

5. Statistical analysis
The blastocyst formation rate is reported as percentage values. The 

standard deviations of discrete variables between groups were com-
pared using SPSS ver. 18.0 (SPSS Inc., Chicago, IL, USA). Differences in 
the blastocyst cell number between two selected groups were ana-
lyzed by the Student t-test. A value of p < 0.05 was considered to in-
dicate statistical significance.

Results

1. Effects of LAH and exposure time to vitrification solution on 
blastocyst formation in mouse 2-cell embryos 

To investigate the best exposure time to ES, mouse 2-cell embryos 
were vitrified with ES exposures of 4, 6, or 8 minutes after qLZT-AH 
(Figure 1). The survival rate, 24-hour morula formation rate, and 48-
/72-hour hatching/hatched blastocyst formation rate after thawing 
are shown in Table 1. The survival rate was higher in the 2LAH-ES4 
group (LAH+4 minutes of ES exposure, 92.4%) than in the other 
groups, but the difference was not statistically significant. The 24-
hour morula formation rate was significantly higher in the 2LAH-ES8 
group (LAH+8 minutes of ES exposure, 58.8%) than in the other 
groups. The 48-hour blastocyst formation rate was highest in the 

Figure 1. Photographs of quarter laser zona thinning-assisted hatching. Twenty-five percent of the zona pellucida of a 2-cell and 8-cell fresh 
embryo is thinned to a depth of 70%–80% ( × 400). (A) Two-cell embryo before vitrification, (B) 8-cell embryo before vitrification. 
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2LAH-ES6 group (LAH+6 minutes of ES exposure, 53.2%), but this 
trend was not statistically significant. The hatched blastocyst forma-
tion rate was highest in the 2LAH-ES8 group (33.3%).

2. Effects of LAH and exposure time to vitrification solution on 
blastocyst formation in mouse 8-cell embryos 

To investigate the best exposure time to ES, mouse 8-cell embryos 
were vitrified with ES exposures of 4, 7, or 10 minutes after qLZT-AH 
(Figure 1). The 24-hour blastocyst formation rate and 48-hour hatch-
ing/hatched blastocyst formation rate after thawing are shown in Ta-
ble 2. The 24-hour blastocyst formation rate was significantly higher 
in the 8LAH-ES4 group (LAH+4 minutes of ES exposure, 69.7%) than 
in the other groups. The 48-hour hatching blastocyst formation rate 
was higher in the 8LAH-ES10 group (LAH+10 minutes of ES expo-
sure, 63.0%) than the others, and the 48-hour hatched blastocyst for-
mation rate was highest in the 8LAH-ES4 group (45.5%), but these 
trends were not statistically significant. 

3. Effects of LAH and the exposure time to vitrification solution 
on cell numbers in mouse 2-cell embryos 

Mouse 2-cell embryos were vitrified with ES exposures of 4, 6, or 8 
minutes after qLZT-AH. The cell counts of the ICM and TE of the blas-
tocysts determined by double-fluorescence staining 72 hours after 
thawing are shown in Figure 2 and Table 3. The blastocyst ICM cell 
count was highest in the control-8 group (22.1 ± 4.6), and the TE cell 
count and total cell count were highest in the 2LAH-ES6 group 
(92.8 ± 8.9 and 109.0 ± 8.4, respectively). The proportion of the ICM 
cell count relative to the total cell count was highest in the control-8 
group (23.4% ± 4.6%).

4. Effects of LAH and exposure time to vitrification solution on 
cell numbers in mouse 8-cell embryos 

Mouse 8-cell embryos were vitrified with ES exposures of 4, 7, or 10 
minutes after qLZT-AH. The cell counts of the ICM and TE of the blas-
tocysts determined by double-fluorescence staining 48 hours after 
thawing are shown in Figure 2 and Table 4. The blastocyst ICM cell 

Table 1. Effects of laser-assisted hatching and exposure time to vitrification solution on blastocyst formation in mouse 2-cell embryos 

Group

No. of
thawing
embryos 
(2-cell)

No. of embryos developed

at 24 hr at 48 hr at 72 hr

Morula Blastocysta) Hatching
blastocyst Blastocyst Hatching

blastocysta)
Hatched

blastocyst

Hatching + 
hatched 

blastocyst

Control-8 58 21 (36.2 ± 25.9)bc 31 (53.5 ± 16.1) 2 (3.5 ± 6.8)b 19 (32.8 ± 13.2)a 24 (41.4 ± 15.6) 9 (15.5 ± 9.6)b 33 (56.9 ± 14.8)b

2LAH-ES8 51 30 (58.8 ± 22.9)a 27 (52.9 ± 8.4) 4 (7.8 ± 8.3)cb 9 (15.5 ± 14.7)ab 21 (41.2 ± 16.9) 17 (33.3 ± 13.3)a 38 (74.5 ± 14.4)a

2LAH-ES6 62 30 (48.4 ± 29.0)cb 25 (40.3 ± 32.6) 11 (17.7 ± 20.5)a 4 (6.5 ± 7.1)b 33 (53.2 ± 21.1) 12 (19.4 ± 11.6)ab 4 (72.6 ± 20.8)ab

2LAH-ES4 52 13 (25.0 ± 16.1)c 19 (36.5 ± 21.9) 4 (7.7 ± 10.9)ab 10 (19.2 ± 27.2)ab 23 (44.2 ± 19.8) 10 (19.2 ± 19.6)ab 33 (63.5 ± 27.7)ab

Values are presented as number (%, mean ± standard deviation).         
Control-8, 8 minutes of vitrification without quarter laser zona thinning-assisted hatching; 2LAH-ES8, 8 minutes of vitrification after quarter laser zona thinning-
assisted hatching; 2LAH-ES6, 6 minutes of vitrification after quarter laser zona thinning-assisted hatching; 2LAH-ES4, 4 minutes of vitrification after quarter la-
ser zona thinning-assisted hatching.        
a)No significant differences between groups; a-cStatistically significant differences (p < 0.05).    

Table 2. Effects of laser-assisted hatching and exposure time to vitrification solution on blastocyst formation in mouse 8-cell embryos

Group

No. of
thawing 
embryos 
(8-cell)

No. of embryos developed 

at 24 hr at 48 hr

Morula Blastocyst Hatching 
blastocysta) Blastocyst Hatching 

blastocysta)
Hatched

blastocysta)

Hatching + 
hatched 

blastocyst

Control-10 54 26 (48.2 ± 20.1)a 27 (50.0 ± 18.3)b 1 (1.9 ± 4.4) 8 (14.8 ± 13.9)a 27 (50.0 ± 25.7) 19 (35.2 ± 20.6) 46 (85.2 ± 13.9)b

8LAH-ES10 46 19 (41.3 ± 37.2)ab 25 (54.4 ± 35.2)ab 2 (4.4 ± 9.5) 2 (4.4 ± 9.3)ab 29 (63.0 ± 40.7) 15 (32.6 ± 22.2) 44 (95.7 ± 36.6)a

8LAH-ES7 58 32 (55.2 ± 31.6)a 24 (41.4 ± 30.6)b 2 (3.5 ± 8.8) 2 (3.5 ± 14.1)a 35 (60.4 ± 25.3) 20 (34.5 ± 18.7) 55 (94.8 ± 14.1)ab

8LAH-ES4 66 20 (30.3 ± 17.5) 46 (69.7 ± 17.5)a 0 (0.0 ± 0.0) 0 (0.0 ± 0.0)b 35 (53.0 ± 18.0) 30 (45.5 ± 23.4) 65 (98.5 ± 8.8)a

Values are presented as number (%, mean ± standard deviation).         
Control-10, 10 minutes of vitrification without quarter laser zona thinning-assisted hatching; 8LAH-ES10, 10 minutes of vitrification after quarter laser zona 
thinning-assisted hatching; 8LAH-ES7, 7 minutes of vitrification after quarter laser zona thinning-assisted hatching; 8LAH-ES4, 4 minutes of vitrification after 
quarter laser zona thinning-assisted hatching.        
a)No significant differences between groups; a,bStatistically significant difference (p < 0.05). 
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count was highest in the 8LAH-ES7 group (LAH+7 minutes of ES ex-
posure, 19.5 ± 5.1), and the TE cell count and total cell count were 
highest in the 8LAH-ES10 group (73.2 ± 12.1 and 88.8 ± 12.1, respec-
tively), but these trends were not statistically significant. The propor-
tion of the ICM cell count relative to the total cell count was highest 
in the 8LAH-ES7 group (22.5% ± 4.3%).

Discussion

CP are mandatory for cell cryopreservation. However, the chemical 

toxicity of CP and ice crystallization from inappropriate freezing 
methods diminishes the survival rate and embryo development rate 
after thawing. Therefore, the type and concentration of the CP, as 
well as exposure time to the CP and surrounding environment (e.g., 
temperature) should be selected with caution [14-17]. 

In previous studies, embryos vitrified at the pronuclear stage 
showed a higher embryo development rate than those vitrified at 
the cleavage stage [18]. The implantation rates of mouse embryos 
were 27.7% (4-cell embryos) and 34.6% (7-to 8-cell embryos) [18]. 
This is because the more advanced the embryo stage, the more likely 

Table 4. Effects of laser-assisted hatching and exposure time to vitri-
fication solution on cell number in mouse 8-cell embryos 

Group No. of dyed 
embryos

No. of cells

ICM TEa)  Total % ICM 
(mean ± SD)

Control-10 8 18.1a 68.0 86.1 21.0 ± 3.8
8LAH-ES10 6 14.0b 73.2 88.8 15.8 ± 4.2
8LAH-ES7 12 19.5a 67.3 86.8 22.5 ± 4.3
8LAH-ES4 6 14.0b 67.7 81.7 17.1 ± 5.9

ICM, inner cell mass; TE, trophectoderm; SD, standard deviation; Control-10, 
10 minutes of vitrification without quarter laser zona thinning-assisted 
hatching; 8LAH-ES10, 10 minutes of vitrification after quarter laser zona thin-
ning-assisted hatching; 8LAH-ES7, 7 minutes of vitrification after quarter la-
ser zona thinning-assisted hatching; 8LAH-ES4, 4 minutes of vitrification after 
quarter laser zona thinning-assisted hatching.
a)No significant differences between groups (p < 0.05); a,bStatistically signifi-
cant difference.

Table 3. Effects of laser-assisted hatching and exposure time to vitri-
fication solution on cell number in mouse 2-cell embryos

Group No. of dyed 
embryos

No. of cells

ICM TE Total % ICM 
(mean ± SD)

Control-8 7 22.1a 72.3b 94.4 23.4 ± 4.6
2LAH-ES8 6 17.5ab 76.8b 94.3 18.6 ± 8.5
2LAH-ES6 5 16.0b 92.8a 109.0 14.7 ± 2.9
2LAH-ES4 9 16.4b 79.0b 95.3 17.2 ± 3.4

ICM, inner cell mass; TE, trophectoderm; SD, standard deviation; Control-8, 8 
minutes of vitrification without quarter laser zona thinning-assisted hatch-
ing; 2LAH-ES8, 8 minutes of vitrification after quarter laser zona thinning-as-
sisted hatching; 2LAH-ES6, 6 minutes of vitrification after quarter laser zona 
thinning-assisted hatching; 2LAH-ES4, 4 minutes of vitrification after quarter 
laser zona thinning-assisted hatching.
a,bStatistically significant difference (p < 0.05).

Figure 2. Photograph of cells differentially stained in a mouse hatched blastocyst ( × 400, double-fluorescence staining; inner cell mass, blue; 
trophectoderm, pink). (A–D) Two-cell mouse embryo, (E–H) 8-cell mouse embryo. (A) Control-8, 8 minutes of vitrification without quarter laser 
zona thinning-assisted hatching (qLZT-AH), 72 hours after thawing. (B) 2LAH-ES8, 8 minutes of vitrification after qLZT-AH, 72 hours after thaw-
ing. (C) 2LAH-ES6, 6 minutes of vitrification after qLZT-AH, 72 hours after thawing. (D) 2LAH-ES4, 4 minutes of vitrification after qLZT-AH, 72 
hours after thawing. (E) Control-10, 10 minutes of vitrification without qLZT-AH, 48 hours after thawing. (F) 8LAH-ES10, 10 minutes of vitrifica-
tion after qLZT-AH, 48 hours after thawing. (G) 8LAH-ES7, 7 minutes of vitrification after qLZT-AH, 48 hours after thawing. (H) 8LAH-ES4, 4 min-
utes of vitrification after qLZT-AH, 48 hours after thawing.

A

E

B

F

C

G

D

H
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it is to continue the development process [18]. The survival rate of 
human cleavage-stage embryos following 3 days of vitrification was 
higher in the late-cleavage stage embryos, with survival rates of 
21.1% (6-cell), 39.7% (6- to 7-cell), and 79.2% (8-cell) [19]. In our 
study, we compared mouse 2-cell embryos and 8-cell embryos; the 
survival rate (91.4% and 100%, respectively), the hatching blastocyst 
rate (41.4% and 50.0%, respectively), and the hatched blastocyst rate 
(15.5% and 35.2%, respectively); all showed superior results in the 
late-cleavage stage embryos, similar to previous studies.

The optimal temperature and exposure time to ES during vitrifica-
tion were found to be 20˚C and 30 seconds, and the implantation 
rate and live birth rate were 70.4% and 55.2%, respectively [17]. In 
human 3-day vitrification, the implantation rate and live birth rate 
were higher in the 9- to 10-minute exposure group than in the 5- to 
6-minute, 7- to 8-minute, or 11- to 12-minute exposure groups. Ten 
minutes of exposure was most effective for cleavage-stage embryos 
[20]. In the current study, when we divided 2-cell and 8-cell embryos 
into 4-, 6-, and 8-minute groups and 4-, 7-, and 10-minute groups, re-
spectively, a shorter exposure to the ES resulted in a lower blastocyst 
formation rate in the 2-cell embryos (19.2%, 19.4%, and 33.3%, re-
spectively; Table 1), but a higher blastocyst formation rate in the 
8-cell embryos (45.5%, 34.5%, and 32.6%, respectively; Table 2).

A time-lapse study of mouse embryo volume in response to expo-
sure to five different CP (EG, DMSO, propylene glycol, acetamide, and 
glycerol) showed a 90%–110% recovery rate for oocytes exposed for 
10 minutes, as well as a 65%–95% recovery rate in 2-cell embryos 
and a 65%–110% recovery rate in 8-cell embryos when exposed for 
5 minutes. In blastocysts, longer exposure to acetamide and PG re-
duced the recovery rate, and the authors concluded that the expo-
sure time to CP can be reduced as embryos develop [16]. Mouse pro-
nuclear embryos exposed to 15% EG and 15% DMSO for either 10 
minutes or 20 minutes showed no difference in the survival rate 
(100% vs. 100%), but the hatched blastocyst formation rate was low-
er (23% vs. 0%) [14]. In the current study, assisted hatching was per-
formed in mouse 2-cell and 8-cell embryos and the vitrification/
warming process used EG and DMSO. The blastocyst formation rate 
was 21.5% (2-cell) and 37.5% (8-cell).

The impaired embryo development following cryopreservation can 
be explained by faulty intracellular pH regulation, metabolism errors, 
and a collapse in energy production due to the damage to the Na+/
H+ antiporter and HCO3

–/Cl– exchanger [21]. Intracellular pH regula-
tion is the reason why 8-cell embryos have a higher embryo devel-
opment rate than 2-cell embryos [22,23], and intracellular pH is im-
portant for regulating metabolism, energy production, and cleavage 
[24].

The zona pellucida of mammalian oocytes includes a large amount 
of hyaluronic acid, which acts as a protective protein-hydrogel barri-

er. Metaphase II oocytes deprived of the zona pellucida using 15% 
PrOH and 1.4 M trehalose showed a markedly reduced survival rate 
after vitrification (92% and 13%). The presence of the zona pellucida 
has a great impact on oocyte survival [25]. In fresh embryo transfer 
cycles, assisted hatching is usually performed on 3-day incubated 
cleavage-stage embryos. The purpose of this delay is to reduce ex-
cessive exposure to the extracellular environment by a repeated em-
bryo selection process, and to perform assisted hatching only in 
good-quality embryos selected by observing the embryo develop-
ment rate before embryo transfer. However, there is a paucity of 
studies on the optimal timing of assisted hatching to overcome zona 
hardening during the freezing-thawing process and to promote the 
embryo development rate. 

LAH showed a higher implantation rate than controls among 
women who experienced implantation failure more than twice 
(10.9% vs. 2.6%) [26]. Among five different AH methods in mouse 
2-cell embryos, the hatched blastocyst rate was highest when one 
fourth of the zona pellucida was removed using LAH [27]. A high 
hatching rate in mouse blastocysts (97%) was reported when artifi-
cial shrinkage and assisted hatching were performed before vitrifica-
tion. Assisted hatching was effective in promoting the hatching rate 
after the cryopreservation of blastocysts [28]. Artificial shrinkage in 
mouse blastocysts combined with assisted hatching before cryo-
preservation was associated with a higher hatched blastocyst forma-
tion rate than observed for mechanical AH [29].

Based on these findings, we performed LAH of one fourth of the 
zona pellucida in mouse 2-cell and 8-cell embryos. The control group 
was exposed to CP for 8 or 10 minutes without LAH [14,30], and the 
study group was divided into subgroups with 4, 6, or 8 minutes or 4, 
7, or 10 minutes of exposure. The embryo survival rate, blastocyst 
formation rate, hatching/hatched blastocyst rate, and cell count were 
assessed.

The recovery rate and survival rate have been found to vary de-
pending on the straw used for vitrification. The CPS method showed 
an improved embryo survival rate compared to conventional straws 
[31,32]. The previously reported blastocyst survival rate was 391 of 
414 (94.4%), and we achieved similar survival rates using the CPS 
method in our study (430/447, 96.2%).

We used the double-fluorescence staining method reported by 
Park et al. [33], and only used fully hatched embryos with clearly dis-
tinguishable cellular structures. In a previous study, mouse 2-cell em-
bryos after 72 hours of incubation showed similar ICM, TE, and total 
cell counts in the LAH group and controls (ICM, 19.4 ± 4.7 vs. 21.0 ±  
2.0; TE, 55.0 ± 19.5 vs. 55.0 ± 4.0; total, 74.3 ± 17.8 vs. 75.3 ± 3.0) [27,34]. 
In the current study, the TE and total cell counts were significantly 
different between the LAH group and the controls, but similar ICM 
cell counts were found. 
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Rapid embryo development has been associated with a higher cell 
count and a higher proportion of the ICM [35]. In our study, the 
hatched blastocyst rate was highest (17.7%) when LAH was per-
formed on 2-cell embryos and the duration of CP exposure was 6 
minutes (the 2LAH-ES6 group). The TE cell and total cell counts were 
also highest in this group, similarly to a previous study [35]. However, 
the ICM cell count was the lowest in this group, similarly to the study 
by Park et al. [27].

There was a nonsignificant difference in the 24-hour hatching blas-
tocyst rate (4.4%), TE cell count (73.2+12.1), and total cell count 
(88.8 ± 12.1) in the 8LAH-ES10 group (8-cell embryos). Mouse 8-cell 
embryos showed a reduced blastocyst cell count (39.4 ± 13.1 and 
57.4 ± 23.8) after cryopreservation compared to controls (69.3 ± 17.4) 
[36]. In a study of blastocysts and expanded blastocysts cultured 
from mouse 4-cell embryos, different exposure times to CP (4, 8, and 
15 minutes) were applied during vitrification. The survival rates of ex-
panded blastocysts were 91.6% (4 minutes), 100% (8 minutes), and 
93.7% (15 minutes), and the optimal exposure time was 8 minutes. 
The cell counts of the blastocysts and expanded blastocysts were 
also superior in the 8-minute exposure group (8-minute group, 44.1 
vs. 59.6; control, 32.0 vs. 46.3; 4-minute group, 38.7 vs. 46.4, respec-
tively) [37].

In the current study, LAH combined with reducing exposure to the 
CP adversely affected the embryo development rate in 2-cell embry-
os, in which the blastomeres are larger. In 8-cell embryos in which 
the blastomeres are smaller, shorter exposure to CP improved both 
the embryo development rate and the hatched blastocyst formation 
rate. While different exposure times to CP had no impact on cell 
counts, LAH was associated with a difference in the ICM cell count, 
but not in the total cell count. 

 Based on these results, we have confirmed that LAH may allow the 
exposure time to CP to be reduced. Further studies are needed to 
elucidate the effects of LAH in different embryo stages and the ef-
fects of different CP on the cell count.
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