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Abstract
Purpose  To investigate the differences concerning post-thawing/warming follicle survival, DNA damage and apoptosis in 
human ovarian tissues cryopreserved by slow freezing, open, or closed vitrification methods.
Methods  A total of 50 pieces of 5 × 5 × 1 mm ovarian cortical pieces were harvested (5 donor ovaries; mean age 
31 ± 6.62 years). From each donor, one cortical piece was used as baseline; the remaining were randomly assigned to slow 
freezing (SF), vitrification using open device (VF-open), or closed device (VF-closed) groups. After 8–10 weeks of cryostor-
age, tissues were evaluated 4 h after thawing/warming. Histological analysis was evaluated for follicle survival (primordial 
and primary follicle densities) by H&E staining. The percentages of primordial and primary follicles with DNA double-
strand breaks (γH2AX) and apoptotic cell death pathway activation (AC3) were immunohistochemically assessed. Data were 
analysed using one-way ANOVA and LSD post hoc comparison.
Results  Compared to the baseline, primordial follicle (pdf) densities significantly declined in all cryopreserved groups (SF, 
VF-open, and VF-closed, P < 0.05). However, the total and non-apoptotic pdf densities were similar among SF, VF-open, 
and VF-closed. SF and VF with either open or closed devices did not increase the percentages of primordial or primary 
follicles with DNA double-strand breaks (DSBs) or apoptosis compared to the baseline or among the freezing methods in 
the present study.
Conclusion  Based on the intact primordial follicle survival, DNA damage, and apoptosis rates after thawing/warming, SF 
vs VF with either open or newly developed closed devices appear to be comparable.

Keywords  Fertility preservation · Ovarian tissue cryopreservation · Slow freezing · Vitrification · Ovarian reserve · Follicle 
survival

Introduction

The long-term survival rates of cancer patients have dra-
matically improved with the recent advances in early detec-
tion tools and treatment modalities [1]. However, treatment 
regimens with high-dose chemotherapy and radiotherapy in 
women with cancer can deplete the limited number of fol-
licles in the ovary leading to ovarian insufficiency, infertil-
ity, and early menopause [2, 3]. Therefore, several fertility 
preservations options have evolved for women who undergo 
gonadotoxic treatments but have not completed childbearing 
[4, 5]. Oocyte and embryo cryopreservation are established 
fertility preservation methods for reproductive women who 
have adequate time for controlled ovarian stimulation and 
egg retrieval before the initiation of cancer treatment [6]. 
However, these options are not feasible for children and for 
those who require immediate start of cancer therapy. Since 

Yodo Sugishita and Enes Taylan contributed equally to this work.

 *	 Kutluk Oktay 
	 info@fertilitypreservation.org

1	 Laboratory of Molecular Reproduction and Fertility 
Preservation, Department of Obstetrics, Gynecology & 
Reproductive Sciences, Yale University School of Medicine, 
333 Cedar Street, FMB 224, New Haven, CT 06520, USA

2	 Department of Obstetrics and Gynecology, St. Marianna 
University School of Medicine, Kawasaki, Japan

3	 Department of Frontier Medicine, Institute of Medical 
Science, St. Marianna University, School of Medicine, 
Kawasaki, Japan

/ Published online: 16 August 2021

Journal of Assisted Reproduction and Genetics (2021) 38:2723–2733

http://orcid.org/0000-0003-0914-7757
http://crossmark.crossref.org/dialog/?doi=10.1007/s10815-021-02297-9&domain=pdf


1 3

the first report of successful restoration of ovarian endocrine 
function with autologous transplantation of frozen-thawed 
ovarian tissue in 2000 has evolved as a promising option 
to preserve fertility for aforementioned patient categories 
[6–20]. As a result, American Society of Reproductive Med-
icine has recently removed ovarian tissue cryopreservation 
from the experimental category [21, 22], and the non-exper-
imental potential of ovarian tissue cryopreservation was rec-
ognized by the American Society of Clinical Oncology [5].

In a recent meta-analysis, we reported that autologous 
transplantations of previously cryopreserved ovarian tissues 
result in 37.7% live birth rate, indicating clinically accept-
able success rate [23]. However, not only the live birth rate 
can be further improved but there is also a need to extend the 
functional life span of ovarian auto-grafts, which averages 
around 26.9 months per transplant [23]. While one area of 
improvement may come from approaches to enhance revas-
cularization of grafts [24], another area for improvement is 
to optimize the cryopreservation methods.

Currently, there are two main methods for ovarian tissue 
cryopreservation: slow freezing (SF) and vitrification (VF). 
SF method is the conventional approach that has been in 
practice for the last two decades, and it was the method used 
in almost all reported livebirths following ovarian transplan-
tation. On the other hand, VF method is a relatively new 
approach for ovarian tissue freezing, and a small number of 
live births have been associated with this technique [25, 26].

The ultra-rapid freezing method of VF uses relatively 
higher concentrations of cryoprotectants and provides sev-
eral practical advantages over the SF method. While the SF 
protocol requires an automated cryopreservation machine 
and about a 3–4 h process, the VF protocol can be completed 
in minutes without specialized equipment. There has been a 
major shift to VF protocol with human oocyte and embryo 
cryopreservation because it provides a higher survival rate 
on post-warming oocytes and embryos [27–31]. However, 
despite some promising results from bovine [32] and non-
human primate ovaries [33], the efficacy of VF in human 
ovarian tissue cryopreservation compared to conventional 
SF method remains debatable [34, 35]. Another issue with 
vitrification is that most devices are open, resulting in poten-
tial exposure to pathogens from other specimens in the same 
storage tanks. Because of the concerns of disease transmis-
sion through the liquid nitrogen milieu [36], closed systems 
are in general preferred for long-term tissue storage.

In this study, we assessed whether the intact follicle sur-
vival after vitrification is at least equivalent to slow freezing 
and to determine if a newly developed closed VF device 
[37] is equally effective with an open VF device in human 
ovarian tissue cryopreservation. We analyzed the survival, 
extent of DNA DSBs, and apoptotic pathway activation in 
primordial and primary follicles in thawed/warmed human 
ovarian cortical tissues.

Materials and methods

Study design and human ovarian tissue harvesting

This study protocol was exempted by the Institu-
tional Review Board (IRB) as the ovarian tissues were 
obtained from organ donor cadavers, not from living sub-
jects. Ovarian tissues were harvested from organ donor 
cadavers (n = 50 pieces from 5 donor ovaries; mean age 
31 ± 6.62 years). From each ovary, the ovarian cortex was 
surgically separated from medullary tissue and cut into ten 
5 × 5 × 1 mm (length × width × thickness) cortical pieces. 
Of those 10 pieces, one cortical sample was formalin-
fixed, and paraffin embedded for histological examination 
for baseline (fresh) assessment. The remaining nine sam-
ples were randomly assigned to the groups of SF, VF using 
the open (VF-open), or closed device (VF-closed).

Slow freezing and thawing procedure

Slow freezing of ovarian tissue was performed based on 
the protocol which led to the first successful case of ovar-
ian transplantation [38]. The ovarian cortical tissues were 
placed into the freezing media containing 1.5 M dimethyl 
sulfoxide (DMSO, VWR Life Science Amresco, Solon, 
OH, USA) as cryoprotectant, 0.1  M sucrose (Sigma-
Aldrich, St. Louis, MO, USA) in Minimum Essential 
Medium Eagle Alpha (MEM-alpha, Thermo Fisher Sci-
entific, MA, USA) supplemented with 10% human serum 
albumin (HSA, LifeGlobal, Guilford, CT, USA). For equi-
librium, cortical tissues were subjected to freezing media 
for 15 min on ice on a rocking table. Next, tissue pieces 
were placed into the cryovials containing 1.5 mL freezing 
media at 4 °C; then cryovials were inserted into the cool-
ing chamber of a programmable freezer (Kryo 10 Series 
II, Planer Inc., Middlesex, UK). The sequential steps of 
freezing program were as follows: (1) cooled from 4 to 
0 °C at − 1 °C/min, (2) cooled from 0 to − 9 °C at − 2 °C/
min, (3) seeded manually, (4) held at − 9 °C for 10 min, 
(5) cooled from − 9 to − 40 °C at − 0.3 °C/min, (6) cooled 
from − 40 to − 140 °C at − 10 °C/min, and (7) removed 
cryovials immediately from cooling chamber and stored 
in liquid nitrogen at − 196 °C for 8–10 weeks.

On the day of thawing, cryovials were removed from 
the liquid nitrogen tank, immersed in warm water at 37 °C, 
and shaken gently until the freezing media had melted. 
Tissue pieces were then removed from the cryovials and 
placed in each thawing solutions containing gradually 
decreasing concentration of DMSO in a stepwise manner 
at room temperature: (1) 0.75 M DMSO + 0.5 M sucrose in 
MEM-alpha media with 10% HSA for 5 min, (2) 0.375 M 
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DMSO + 0.25 M sucrose in MEM-alpha media with 10% 
HSA for 5 min, and (3) MEM-alpha with 10% HSA alone 
for 10 min.

Vitrification using open and closed devices, 
and warming procedure

Vitrification of ovarian cortical tissues was performed using 
the protocol previously described by Suzuki et al. with slight 
modifications [26]. The ovarian pieces were washed in tissue 
culture media (M199, Life Technologies, CA, USA) with 
20% serum substitute supplement (SSS, Irvine Scientific, 
CA, USA) and then sequentially subjected to three differ-
ent vitrification solutions at room temperature. First, tis-
sues were equilibrated in M199 medium containing 10% 
ethylene glycol (EG, Wako Pure Chemical Industries, 
Tokyo, Japan) with 20% SSS for 5 min, then were trans-
ferred into the M199 medium containing 20% EG and 20% 
SSS for 5 min. As the next step, tissues were placed into 
the M199 medium containing 35% EG, 5% polyvinylpyrro-
lidone (Sigma-Aldrich, St. Louis, MO, USA), and 0.5 mol/L 
sucrose (EMD Millipore, Billerica, MA, USA) for 15 min. 
In the final step, ovarian cortical pieces were loaded onto the 
open VF device (OVA Cryo Device Type M, Kitazato BioP-
harma Co., Japan) or closed VF device (Cryosheet, Kitazato 
BioPharma Co., Japan) [37].

The open VF device consists of four fine stainless nee-
dles providing a metallic grid surface for loading the ovar-
ian cortical tissue (Fig. 1a, b). After loading the ovarian 
tissue, the open device was directly immersed in liquid 

nitrogen in a vertical position and then was placed into a 
cryogenic vial (BD Bioscience, San Jose, CA, USA).

The closed VF device is a newly designed device 
made of titanium in rectangular shape (40 × 15 × 1 mm in 
length × width × thickness, respectively) with a thin plastic 
cover attached (Fig. 1c). The device is made of titanium 
because of its excellent thermal conductivity and durabil-
ity. The ovarian tissue was placed onto the square pocket 
on the metallic surface and covered by a transparent poly-
propylene sheet attached to the proximal edge (Fig. 1d). 
Next, the closed VF device was inserted into the plastic 
bag made of polypropylene, and then, the bag was heat-
sealed using a tabletop manual sealer (Fig. 1e). Finally, the 
closed VF system is immersed in liquid nitrogen (Fig. 1f). 
The satisfactory achievement by both VF devices was vis-
ually confirmed by the observation of the cortical tissue 
pieces turning transparent and be devoid of white opacities 
due to crystal formation. After successful vitrification, the 
open and closed VF devices were stored in liquid nitrogen 
for 8–10 weeks before they were thawed and analyzed.

On the day of warming, both tissue-loaded open and 
closed VF devices were immersed in 5 ml of pre-warmed 
M199 medium containing 20% SSS and 0.8 mol/L sucrose 
at 37.0 °C for 1 min. To remove cryoprotectant from the 
tissue, cortical pieces were placed in M199 media contain-
ing 20% SSS with 0.4 mol/L sucrose for 3 min, followed 
by incubation in M199 media containing 20% SSS alone 
for 5 min twice at room temperature. The warmed pieces 
were kept in modified-HTF medium supplemented with 
10% SSS.

Fig. 1   Vitrification of human 
ovarian tissue with an open 
device (Cryo Type M) (a and b) 
and the newly developed closed 
device (CryoSheet) (c–f). a The 
human ovarian tissue is placed 
on the metallic grid. b Tissue 
loaded metallic grid is inserted 
into the cryovial. c, Components 
of closed vitrification device 
including the metallic plate and 
the plastic pouch; d Processed 
ovarian tissue is placed on the 
closed device and covered. e 
Plastic pouch is sealed using 
electrical heat sealer. f Closed 
system is inserted into the liquid 
nitrogen
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Post‑thawing Process and Dilution 
of Cryoprotectant

After thawing/warming, the ovarian cortical pieces were cut 
into 1 × 1 mm small pieces, placed on Millicell Cell Culture 
Inserts (12 mm, 24 holes hydrophilic PTFE, 0.4 µm pore 
size; Millipore Sigma, Burlington, MA, USA) and trans-
ferred to the 24-well plates (Beckton Dickinson Labware, 
Bedford, MA, USA). Tissue pieces were covered with 100 
µL of culture media containing Dulbecco’s Minimal Essen-
tial Media (DMEM, Life Global, Guilford, CT, USA), 
10% HSA, 10 µg/mL insulin-transferrin-selenium (ITS-G, 
Thermo Fisher Scientific, MA, USA) supplement, 50 IU/
mL antibiotic–antimycotic (Gibco, Thermo Fisher Scientific, 
MA, USA), and 0.3 IU/mL recombinant follicle stimulating 
hormone (Gonal-F, Merck, Kenilworth, NJ, USA). Tissues 
were incubated in a humidified atmosphere with 5% CO2 
at 37.0 °C for 4 h. The post-thawing incubation time was 
set to 4 h for several reasons. First, this allowed time for the 
activation of DNA damage and apoptotic pathways so that 
the subsequent apoptotic changes and DNA damage could be 
morphologically assessed. Second reason was to dilute the 
cryoprotectant further since Nakamura et al. [39] suggested 
the high residual cryoprotectant level after thawing would 
induce apoptosis. Third, this 4-h culture period partially 
represented the avascular period the tissues will experience 
after transplantation.

Assessment of follicle survival, DNA damage, 
and apoptotic pathway activation

After thawing/warming and 4 h of incubation, the ovarian 
cortical pieces were formalin-fixed and embedded in paraf-
fin for histological examination. The whole block of tissue 
(from fresh controls and each cryopreservation technique) 
was serially sectioned at 5 μm thickness. Approximately, a 
total of 50 slides, each slide with 4 serial sections, was pre-
pared from each block. Every 10th slide was used to analyze 
the follicle density by hematoxylin–eosin staining, as well 
as DNA damage and apoptosis by immunohistochemistry. 
For example, slide#1, #10, #20, etc., were used to examine 
the follicle density; slide#2, #11, #21, etc., were used to 
detect DNA damage; and slide#3, #12, #22, etc., were used 
to detect apoptosis. From each slide, a section with the best 
staining quality was utilized for quantification. The other 3 
serial sections were sometimes referred to when the stage or 
the staining of the follicles needed confirmation. An optical 
microscope with × 20 objective (Olympus IX73, Olympus 
Inc., Japan) was used, and the primordial and primary fol-
licle densities (number of follicle/mm3) were calculated by 
three independent observers blinded to the group assign-
ments. To determine DNA double-strand breaks (DSBs) 
in primordial and primary follicles, we used 1/500 diluted 

anti-γH2AX antibody (IHC-00059, Bethyl Laboratories, 
Texas, USA) as the first antibody. The staining was devel-
oped with HRP-conjugated anti-IgG Rabbit, Goat antibody 
(A120-201P, Bethyl Laboratories, Texas, USA), and a DAB 
substrate (SK-4100, Vector, Burlingame, CA). Finally, the 
sections were counterstained with hematoxylin [40]. Apop-
totic pathway activation in ovarian follicles was identified 
by 1/800 diluted activated caspase-3 (AC3) (AF-835, R&D 
Systems, Minneapolis, USA) as the first antibody, then the 
signals were developed with HRP-conjugated anti-IgG Rab-
bit, Goat antibody, and a DAB substrate kit [41]. The AC3 
immuno-stained tissues were counterstained with hematoxy-
lin to visualize primordial and primary follicles.

Immunohistochemistry staining results for γH2AX 
and AC3 were assessed by a scoring scale as previously 
described [40]. Briefly, 0 score was given to no staining, 1 to 
faint staining, 2 to medium staining, and 3 to strong staining. 
Staining scores of 2 and 3 were counted as positive stained. 
Follicles with oocytes stained for γH2AX and AC3 anti-
bodies were defined as γH2AX-positive and AC3-positive, 
respectively. The follicles with positive stained granulosa 
cells, but negative stained oocytes were also included in the 
count. The percentages of follicles positive for γH2AX and 
AC3 were calculated separately to represent the extent of 
follicle DNA damage and apoptosis, respectively. Finally, to 
assess the functional follicle survival, we counted the AC3-
negative (non-apoptotic) follicles and compared the density 
of AC3-negative follicles among the groups.

Statistical analysis

Data were analyzed using JMP Pro ver13.2. (Statistical Dis-
covery software). For each donor ovary, ovarian primordial 
and primary follicle densities, and γH2AX and AC3 immu-
nohistochemistry staining percentages between each group 
were compared using one-way-ANOVA and LSD Method 
for post hoc multiple comparison analysis. Differences were 
considered significant when P < 0.05.

Results

Follicle survival with slow freezing 
versus vitrification

Consistent with previous studies that ovarian cortex pre-
dominantly contains primordial follicles, our results showed 
a higher density of primordial follicles than that of primary 
follicles in the baseline controls. Compared to the baseline 
primordial follicle density in fresh fixed cortical tissue of same 
ovaries, the primordial follicle densities were reduced signifi-
cantly with all cryopreservation methods (Table 1; Fig. 3a; 
P < 0.05). However, the primary follicle density differences 
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were not statistically significant after cryopreservation with 
any method (SF, VF-open, and VF-closed) compared to the 
fresh fixed baseline (Table 2; Fig. 3e).

Primordial and primary follicle DNA damage 
after slow freezing versus vitrification

When we compared all three freezing methods to the baseline, 
we found similar percentage of primordial or primary follicles 
staining for γH2AX. We also found no differences in the per-
centages of γH2AX-positive primordial or primary follicles 
among the three cryopreservation methods (Tables 1 and 2; 
Fig. 2; Fig. 3 b and f). These data suggest that neither the 
cryopreservation process in general nor the method of freez-
ing cause a detectable differential effect on DNA integrity in 
human primordial or primary follicles.

Primordial and primary follicle apoptosis after slow 
freezing versus vitrification

Similarly, none of the cryopreservation methods induced 
significant differences on the percentages of primordial and 
primary follicles with apoptosis (AC3) in comparison to 
fresh fixed baseline and among the three methods of freez-
ing in the present study. These findings suggested that the 
method of freezing did not cause a detectable difference on 
apoptosis in the early stage of human follicles (Tables 1 and 
2; Fig. 2; Fig. 3 c and g).

The comparison of AC3-negative (non-apoptotic) primor-
dial or follicle densities also did not reveal any differences 
among the groups, indicating that none of the methods is 
superior to the other in intact follicle survival rate (Tables 1 
and 2; Fig. 3 d and h).

Table 1   Impact of slow freezing and vitrification (with conventional open device and novel closed device) on primordial follicles survival and 
DNA damage. a Fresh, b SF (slow freezing), c VF-open (vitrification with open device), d VF-closed (vitrification with closed device)

Data are presented as mean ± sd or %. p < 0.05 considered as statistically significant. One-way ANOVA with post hoc comparison (lsd) was used 
to compare primordial follicle density, DNA damage rate, apoptotic rate, and non-apoptotic density among fresh, SF, open-VF, and closed-VF 
groups. SF slow freezing, VF vitrification (with conventional open device and novel closed device), pdf primordial follicle

Variables Fresha (n = 5) SFb (n = 5) Open-VFc (n = 5) Closed-VFd (n = 5) P values

Total Pdf density (/mm3) 132.0 ± 39.4 73.6 ± 30.2 73.2 ± 25.0 72.0 ± 27.9 a vs b = 0.009**
a vs c = 0.009**
a vs d = 0.008**

b vs c = 0.984
b vs d = 0.936
d vs d = 0.952

γH2AX + Pdf (%) 26.2 ± 8.0 28.9 ± 10.0 28.1 ± 10.0 32.2 ± 15.4 a vs b = 0.707
a vs c = 0.797
a vs d = 0.409
b vs c = 0.905
b vs d = 0.649
c vs d = 0.566

AC3 + Pdf (%) 17.5 ± 4.0 23.1 ± 5.6 17.2 ± 7.5 22.6 ± 8.6 a vs b = 0.207
a vs c = 0.948
a vs d = 0.247
b vs c = 0.186
b vs d = 0.911
d vs d = 0.223

Pdf survival density (/mm3) 110.1 ± 37.8 57.0 ± 24.8 60.2 ± 19.8 58.0 ± 27.9 a vs b = 0.009**
a vs c = 0.014*

a vs d = 0.009**
b vs c = 0.855
b vs d = 0.992
c vs d = 0.862
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Follicle survival, DNA damage and apoptosis 
in vitrified tissues: open versus closed VF device

To determine whether there is a difference in intact follicle sur-
vival rate between the open and closed vitrification methods, 
we performed a subgroup comparison between the VF-open 
and VF-closed. We found similar total and non-apoptotic pri-
mordial or primary follicle densities in the VF-open and VF-
closed groups. Likewise, the percentages of apoptotic (AC3-
positive) and DNA-damaged (γH2AX positive) in primordial 
and primary follicles did not differ significantly between the 
VF-open and VF-closed groups (Tables 1 and 2; Fig. 2; Fig. 3 
b, c, f, and g). These results suggest that VF-closed system 
could provide a follicle survival efficacy similar to the cur-
rently used VF-open system.

Discussion

Although long considered as an experimental procedure by 
most, cryopreservation of human ovarian tissue with sub-
sequent auto-transplantation has become an efficient fer-
tility preservation with live birth rate at 25.4–30.6% [42] 
and 37.7% [23] since the first successful report of ovarian 
transplantation with cryopreserved tissue [7] and subse-
quent initial livebirths associated with ovarian transplanta-
tion [43]. As a result, ASRM has recently declared ovarian 
tissue freezing and transplantation as an established proce-
dure for young cancer patients desiring fertility preservation 
[21]. Currently, there are two cryopreservation techniques 
used for reproductive tissue freezing: SF and VF [11, 13, 
15, 16, 19, 25, 26, 42, 44]. The success of SF method has 

Table 2   Impact of slow freezing and vitrification (with conventional open device and novel closed device) on primary follicles survival and 
DNA damage. a Fresh, b SF (slow freezing), c VF-open (vitrification with open device), d VF-closed (vitrification with closed device)

Data are presented as mean ± sd or %. p < 0.05 considered as statistically significant. one-way ANOVA with post hoc comparison (lsd) was used 
to compare primary follicle density, DNA damage rate, apoptotic rate, and non-apoptotic density among fresh, SF, open-VF, and closed-VF 
groups. SF slow freezing, VF vitrification (with conventional open device and closed device), pyf primary follicle

Variables Fresha (n = 5) SFb (n = 5) Open-VFc (n = 5) Closed-VFd (n = 5) P values

Total Pyf density (/mm3) 27.6 ± 19.0 20.4 ± 19.0 20.0 ± 18.6 20.8 ± 21.8 a vs b = 0.570
a vs c = 0.549
a vs d = 0.592
b vs c = 0.975
b vs d = 0.975
c vs d = 0.949

γH2AX + Pyf (%) 15.1 ± 6.9 29.0 ± 18.2 33.9 ± 24.5 29.9 ± 22.1 a vs b = 0.207
a vs c = 0.094
a vs d = 0.826
b vs c = 0.649
b vs d = 0.291
c vs d = 0.140

AC3 + Pyf (%) 7.9 ± 4.7 19.7 ± 6.8 23.0 ± 22.2 17.4 ± 11.7 a vs b = 0.176
a vs c = 0.089
a vs d = 0.271
b vs c = 0.701
b vs d = 0.786
c vs d = 0.515

Pyf survival density (/mm3) 25.2 ± 16.8 15.9 ± 14.0 16.3 ± 15.2 15.9 ± 14.9 a vs b = 0.349
a vs c = 0.371
a vs d = 0.351
b vs c = 0.964
b vs d = 0.996
c vs d = 0.968
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been demonstrated by long-term experience and over 200 
live births after transplantation of frozen-thawed ovarian 
tissues [42]. On the other hand, there have been few live 
births after transplantation of vitrified-warmed ovarian tis-
sue [25, 26, 44]. Studies have shown that both methods are 
associated with a significant loss of primordial follicles due 
to cryoinjury [45, 46]. To reduce cryoinjury in ovarian corti-
cal tissues, researchers investigated several cryopreservation 
protocols using various cryoprotectants in different com-
bination and concentrations [47], antifreeze proteins [48], 
processing timing and temperatures [49], cryo-devices [50], 
and freezing systems [51, 52] using animal and human ovar-
ian tissues. From our experience, the thickness of the ovar-
ian tissue should be as little as 1 mm to avoid ice formation 
during cryopreservation [33]. In addition, it is important to 
confirm the satisfactory cryopreservation visually. The cor-
tical tissue pieces should turn transparent and be devoid of 
white opacities which represent crystal formation.

In this study, we found that the primordial densities sig-
nificantly declined in both SF group and VF groups (open 
and closed systems) due to cryoinjury, consistent with 
previous reports [45, 46]. However, the primary follicles 
were found to be more resistant to cryoinjury since all cryo-
preservation methods (SF, VF-open, and VF-closed) showed 
comparable primary follicle densities with the fresh baseline 
controls. None of the cryopreservation methods (SF, VF-
open, and VF-closed) caused a detectable increase in DNA 

damage and apoptosis compared to fresh baseline control. 
Since neither DNA damage nor apoptosis is increased in 
surviving follicles with any of the cryopreservation methods 
compared to fresh, a non-apoptotic mechanism or lysis of 
oocytes and granulosa cells may be involved to induce the 
large primordial follicle loss caused by the freezing pro-
cesses. Some may be concerned that the ischemic damage 
may have also induced the loss of primordial follicles in 
the 4-h incubation post-thawing/warming. First, the media 
contained a HEPES buffer to reduce oxidative stress and all 
groups were exposed to same culture conditions and period. 
Secondly, this 4-h culture period may partially represent the 
avascular period the tissues will experience after transplan-
tation. For the latter reason, we believe our culture model 
increases the clinical applicability of our findings.

Although numerous studies have been conducted to com-
pare SF and VF methods, it is still unclear whether vitrifi-
cation or slow freezing method provides better results for 
primordial follicle survival in human ovarian tissue. Indeed, 
Amorim suggested the inconsistent results were due to 
inconsistent methodology, such as the differences in con-
centrations of cryoprotectants, immersing time, media, and 
evaluation criteria [53]. Slow freezing still might preserve 
the early-stage follicles better than vitrification [54]. Slow 
freezing for ovarian tissue cryopreservation is superior to 
vitrification in terms of follicle survival and growth after 
xenotransplantation [55]. Vitrification and slow freezing 

Fig. 2   Representative histological sections that were immunohistochemically stained for γH2AX (DNA damage) and AC3 (follicle apoptosis) 
from cryopreserved human ovaries using slow freezing (SF), open vitrification (OVF), and closed vitrification (CVF) protocols
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produce equivalent results with respect to preservation of 
intact primordial follicles in the cryopreserved human ovar-
ian tissue. However, these studies varied in the cryopreserva-
tion protocols used [56]. A recent meta-analysis suggested 
that vitrification may be more effective than slow freezing, 
with less primordial follicular DSBs and better preserva-
tion of stromal cells [57]. However, a few recent studies 
contradicted each other regarding the effect of cryopreser-
vation procedure on genomic integrity in ovarian follicles 
[53, 58–60]. Hence, whether VF or SF causes less impact on 
oocyte DNA integrity remains to be determined.

 There has been a concern regarding the risk of viral 
cross-contamination in currently used VF-open systems 
[36]. In VF-open systems, ovarian tissue is ultra-rapidly 
frozen and stored in direct contact with the liquid nitrogen, 
which can harbour viruses. We developed a new VF-closed 
system [37, 52], in which the cortical tissues are flash-frozen 
using the supreme heat conductivity of titanium and stored 
in a sealed bag to eliminate the direct contact with liquid 
nitrogen. We have previously tested our VF-closed system 
using mouse and monkey ovarian tissues [37, 52]. This is the 
first study to compare these systems in a human model. The 

results of present study using human ovarian tissues sug-
gest that the VF with closed device provides similar efficacy 
compared to it with open device.

The major strength of our study is its paired design to 
compare SF and VF methods using human ovarian tissues. 
In addition, we for the first time investigated the efficacy of 
the newly developed closed-VF device.

A limitation of our study was that we tested follicle sur-
vival and DNA integrity in cryopreserved human ovarian 
cortical tissues on the day of thawing/warming only, after 
4 h of culture. Although we showed that follicle survival and 
DNA integrity were similarly preserved with VF as in SF, 
further functional studies such as with the rates of follicle 
activation, follicle grading, chromatin patterns of follicles, 
and ultimately xenografting are needed. If our findings are 
confirmed in human ovarian xenografting models, clini-
cal trials may be performed to test the success of ovarian 
transplantation with vitrified tissues in patients. Our novel 
findings provide the critical baseline data for these future 
translational studies.

Based on the intact primordial follicle survival, DNA 
damage, and apoptosis rates after thawing/warming, SF vs 

Fig. 3   Efficacy of slow freezing and vitrification with conventional 
open and closed devices. a Primordial follicle density(/mm3). b The 
percentage of γH2AX-positive primordial follicles. c The percent-
age of AC3-positive primordial follicles. d Non-apoptotic primordial 
follicle density(/mm3). e Primary follicle density(/mm3). f The per-
centage of γH2AX-positive primary follicles. g The percentage of 
AC3-positive primary follicles. h Non-apoptotic of primordial folli-

cle density(/mm3). Data are presented as mean ± SE or %. One-way 
ANOVA with LSD post hoc analysis was used for multiple group 
comparisons. VF-open, vitrification using open device; VF-closed, 
vitrification using the closed device; Pdf, primordial follicle; Pyf, pri-
mary follicle. *p < 0.05, compared to fresh; **p < 0.01, compared to 
fresh
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VF with either open or newly developed closed methods 
appear to be comparable. In addition, this closed VF system 
can be used with similar efficacy compared to the currently 
used open VF system. Our findings, when confirmed with 
in vivo studies, would lend credence to initiate the clinical 
trials for ovarian cryopreservation using the newly devel-
oped closed-VF devices.
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