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Simple Summary

The long-term storage of ovary-originated follicles can serve as a promising approach to
conserve genetic material and fertility of female animals, even after death. However, since
a standardized protocol is lacking, there is a need for a well-working process providing a
high survival rate of frozen–thawed samples. The objective of this study was to analyze
the effect of two different freezing methods (open and closed vitrification) on porcine
follicles, assessing the survival rate and hormonal production during a 10-day-long culture.
Although refinement is needed, our data indicate that our culture media is suitable to
maintain the hormonal production of these samples. Regarding the freezing system, open
vitrification is an appropriate method to preserve the preantral follicles and provides
superior survival rates to the closed method.

Abstract

Cryopreservation of preantral follicles (PAFs) is a promising tool for gene conservation
and fertility preservation. However, standardized protocols for the cryopreservation and
in vitro culture of isolated follicles—particularly in pigs—are still lacking. This study
aimed to analyze the survival and developmental potential of porcine PAFs vitrified using
two different methods: open pulled straw (OPS) and cryotube (CT). Ovaries of Hungarian
Large White sows were collected from a local slaughterhouse and enzymatically digested to
isolate preantral follicles. Morphologically normal follicles were assigned to three groups:
fresh control, OPS-vitrified, and CT-vitrified. All follicles were cultured for 10 days in FSH-
supplemented medium, with growth, survival, and estradiol (E2) production monitored.
Survival rate was lower in the CT group (83.3%) than that of the control and OPS (97.4%
and 94.4%, respectively). The follicular area was consistently larger in control than in
CT and OPS, with no difference between vitrified groups. E2 production varied among
treatments: OPS follicles showed lower E2 levels on Day 2, no differences were detected
on Day 7, and CT follicles produced less E2 on Day 10. These results indicate that OPS
is the more suitable vitrification method for porcine PAFs and that the culture system
supports hormone production; however, it may require refinement to provide long-term
follicle maintenance.
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1. Introduction
In the domains of conservation biology and assisted reproduction, there is an in-

creasing necessity to devise effective methodologies for storing and sustaining the re-
productive potential of endangered species, as well as those of considerable genetic
importance [1,2]. The cryopreservation of preantral follicles (PAFs) has emerged as a
promising fertility preservation approach. It is evident that these immature follicles con-
tain oocytes at an early stage of development. Consequently, they exhibit a greater de-
gree of resistance to freezing-induced damage in comparison to fully grown, mature
oocytes [3,4].

The substantial surface area to volume ratio of PAFs (particularly in the secondary
stage) facilitates enhanced substance exchange, thereby rendering them more resilient to
cryopreservation and more appropriate for the preservation of female germplasm. The
collection of these samples can be performed on any female animal, irrespective of its age
or stage in the estrous cycle, and even on animals that die unexpectedly [5,6]. Further-
more, cryopreserving PAFs provides a large supply of oocytes for assisted reproduction
techniques (ARTs), enabling the production of genetically superior animals. These features
are all potentially beneficial to cryopreservation, and PAFs are therefore considered an
important focus of cryopreservation programs [7].

Vitrification can be performed using two different approaches: open and closed
systems [8]. In the case of an open system, the sample comes into direct contact with
liquid nitrogen (LN2), resulting in an extremely high cooling rate (>10,000 ◦C/min) [9].
However, concerns have been raised about the potential for disease transmission through
liquid or vapor-phase nitrogen-mediated infection during storage [10]. In order to cir-
cumvent the potential for contamination, closed vitrification protocols have been de-
veloped. These protocols facilitate indirect contact between the sample and the liq-
uid nitrogen (LN2). However, this technique necessitates the sealing of the sample-
holding device prior to cooling, which consequently results in a lower cooling rate [8]. To
date, there is no standard protocol or even any data on the cryopreservation of porcine
isolated follicles.

In the last few years, our research team has analyzed the opportunities of cryop-
reservation and in vitro culture of isolated PAFs, establishing well-working multispecies
protocols [11,12].

It is hypothesized that an open vitrification system could provide an enhanced sur-
vival rate quality for the frozen–thawed PAFs, due to the higher cooling rate. The objec-
tive of the present study was to make a comparison between the survival and develop-
mental rate of porcine isolated PAFs after vitrification with different methods (closed vs.
open system).

2. Materials and Methods
All the methods used in this study are based on Somoskői et al. 2023 [13], with

slight modifications.
Figure 1 shows the methods in a summarized way.
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Figure 1. Schematic representation of the methods used in this study. Created with BioRender.com.

2.1. Collection of Ovaries

Ovaries of Hungarian Large White sows were collected from a local slaughter-
house (n = 5). After collection, ovaries were placed in sterile 500 mL containers,
filled with filtered Dulbecco phosphate-buffered saline (DPBS; Merck KGa, Darmstadt,
Germany) + 1% PEN/STREP (100 IU penicillin and 100 mg streptomycin/L; Merck KGaA,
Darmstadt, Germany). Samples were stored at room temperature and delivered to the
laboratory within 2 h.

2.2. Isolation of Preantral Follicles

The ovarian cortex of each ovary was sliced into approximately 1 mm2 pieces with
a surgical blade, subsequently placed in a digestive solution (HEPES-modified Medium
199 + 3 mg/mL collagenase [both from Merck KGa, Darmstadt, Germany]), and incubated
for 60 min at 37 ◦C. Thereafter, following the enzymatic digestion, preantral follicles
were manually isolated using 28G needles attached to 1 mL syringes. Following the
isolation process, morphologically normal secondary follicles (which are characterized by
multiple layers of evenly distributed granulosa cells, surrounded by the basal lamina and
the absence of abnormal oocyte structure, highly dense granulosa cell area, or damaged
basement membrane) were randomly divided into three groups: fresh control, open pulled
straw (OPS) vitrified, and cryotube vitrified (CT). The entire procedure was conducted
utilizing a stereomicroscope (Olympus SZX7, Olympus Corporation, Tokyo, Japan).

2.3. Vitrification and Thawing

In this research, two distinct vitrification protocols were utilized to preserve mor-
phologically normal, intact PAFs: cryotube (CT) vitrification and OPS vitrification. The
following assertion is made with reference to Somoskoi et al., 2023 [13].

The cryotube vitrification process was conducted in accordance with the following
protocol. Follicles were subjected to an incubation in an equilibration solution (ES) com-
prising base medium (HEPES-modified Medium199 + 10% FBS) + 10% ethylene glycol
(EG) + 10% DMSO (dimethyl-sulfoxide) + 0.3 M sucrose for a duration of 4 min. Subse-
quently, the samples were transferred into a vitrification solution (VS), which comprised
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base medium, 25% ethylene glycol, 25% dimethyl sulfoxide, and 0.3 M sucrose. The sam-
ples were then equilibrated for 45 s. Following equilibration in the VS, the follicles were
placed into cryotubes (10 follicles per vial) containing 200 µL of the VS. The cryotubes
were then directly plunged into liquid nitrogen (LN2) and stored for a period of one week.
The thawing process was initiated by immersing the cryotubes in a water bath maintained
at a temperature of 37 ◦C for a duration of one minute. Subsequently, the follicles were
subjected to a series of three solutions, each characterized by a gradual decrease in sucrose
concentration (base medium + 0.3 M; 0.15 M; 0.075 M sucrose). Each step in the process
was completed within a time frame of five minutes.

OPS vitrification: PAFs were washed in Holding Medium (HM) (HEPES-modified
Medium 199 + 20% FBS), then incubated for 3 min in equilibration solution (ES) (Holding
Medium + 7.5% EG + 7.5% DMSO). Following the process of incubation in ES, the follicles
were transferred into a vitrification solution (VS) (comprising HEPES-modified Medium
199, 20% fetal bovine serum (FBS), 16.5% EG, 16.5% DMSO, and 1M sucrose) for a period of
30 s. Thereafter, the follicles were collected into OPSs (10 follicles per straw; supplied by
VitaVitro Biotech, Shenzhen, China) and plunged into liquid nitrogen (LN2). Subsequent to
a 30 s exposure to liquid nitrogen (LN2), the pulled straws containing the follicles were
transferred into 0.5 mL containers, ultrasonically sealed, and stored in LN2 for a period of
one week. The thawing process involved the removal of OPSs from liquid nitrogen (LN2)
and subsequent immersion in a modified HM + 50% sucrose medium (SM) (consisting of
HEPES-modified Medium 199, 1 M sucrose, and 20% fetal bovine serum [FBS]). This was
followed by a series of three washing steps, during which the sucrose concentration in
the medium was systematically reduced. It is imperative to note that all the steps of the
vitrification and thawing procedures were carried out at ambient temperature.

2.4. In Vitro Culture (IVC)

Fresh and frozen/thawed PAFs were cultured individually in 100 µL drops of culture
medium, using 18-well culture dishes (ibiTreat: #1.5 polymer coverslip, Ibidi GmBH,
Grafelfing, Germany). The culture medium is composed of Opti MEM (obtained from
Thermo Fisher Scientific Inc., Waltham, MA, USA), which has been supplemented with
5% fetal bovine serum (FBS) (obtained from Thermo Fisher Scientific Inc., Waltham, MA,
USA), 1% yeast extract (obtained from ITS-G, 100X; also from Thermo Fisher Scientific Inc.,
Waltham, MA, USA), 0.5% antibiotic-antimycotic solution (obtained from Thermo Fisher
Scientific Inc., Waltham, MA, USA), and 100 mIU/mL rFSH (obtained from R&D Systems
Inc., Minneapolis, MN, USA). The follicles were then cultured for a period of 10 days at
a temperature of 38.5 ◦C, with the presence of 6.5% CO2 (Figure 2). Half of the medium
was changed on Days 2, 7, and 10, at which time samples were collected from the culture
media for further analysis. It has twofold higher concentrations of FSH on each changing
day (dynamic culture). The rate of normal and abnormal follicles was subjected to analysis
through the calculation of the rate of follicles exhibiting atresia (irregular shape and dark,
dense cell material) by Day 10.

In vitro growth (area change) of follicles was examined during the IVC period. The
measurement was conducted on follicles that were deemed to be viable, as evidenced by
the absence of atresia. Concurrently with the medium change, images were captured of
each sample. The evaluation of growth was conducted by measuring the follicular area
(in mm2) and subsequently analyzing the data using ImageJ (version 1.54j, NIH, Bethesda,
MD, USA) with the designated “Area Measurement” function.

Furthermore, the production of estradiol (17β-estradiol; E2) from each follicle was
evaluated. The aspirated culture medium was collected in Eppendorf tubes and stored at a
temperature of −20 ◦C until measurement. The concentration of estradiol in the samples
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was measured with an ELISA assay (DE2693, Demeditec Diagnostics, Kiel, Germany;
analytical sensitivity 10.6 pg/mL; intra-assay CV < 5%; inter-assay CVs were 14.9% and
6.9% for low and high controls, respectively).

 
Figure 2. Representative images of Day 1 and Day 10 follicles, respectively.

2.5. Statistical Analysis

Data analysis was performed with version 4.1.1 of R (R Foundation for Statistical
Computing, Vienna, Austria).

Prior to the statistical analysis, the normality of the data was analyzed with the
Shapiro–Wilk test. Given that the data did not demonstrate a normal distribution, non-
parametric methods were employed. Consequently, in the context of growth and hormonal
production, the median was utilized as opposed to the mean. An analysis was conducted
to ascertain the differences in in vitro growth and estradiol production among the various
treatments on Days 2, 5, and 10. To this end, the Kruskal–Wallis test was employed, with
the post hoc Dunn test (with the Benjamini–Hochberg adjustment method) utilized for the
purpose of pairwise comparison of treatments. A comparative analysis of the growth and
estradiol production data within groups was conducted utilizing a Friedman test, followed
by a post hoc Wilcoxon rank sum test for multiple comparisons. The differences in the
in vitro survival rate among the various treatments were analyzed using a chi-squared test.
Statistical significance was defined as p < 0.05.

3. Results
3.1. Survival Rate

The survival rate of follicles throughout the 10-day-long in vitro culture period was
lower for the CT group (83.3% [15/18]) than for the control and OPS groups (97.4% [75/77]
and 94.4% [17/18], respectively).

3.2. Follicular Growth

During the 10-day-long culture period, higher follicular area was found in the control
group (0.49 mm2 on D2; 0.33 mm2 on D7; 0.27 mm2 on D10) than in the CT (0.29 mm2 on
D2 [p < 0.001]; 0.18 mm2 on D7 [p < 0.001]; 0.19 mm2 on D10 [p < 0.05]) and OPS (0.29 mm2

on D2 [p < 0.001]; 0.19 mm2 on D7 [p < 0.001]; 0.18 mm2 on D10 p < 0.001) groups (ranges
can be seen in the graph). However, a comparison of cryopreserved groups (OPS and CT)
did not show any differences on D2, D7, and D10 (Figure 3).

Analysis of area change within groups showed that follicles decreased their area day
by day, except for the CT follicles on Day 10, for which the area did not change from Day 7
(Table 1).
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Figure 3. Changes in porcine ovarian follicle median area in fresh and vitrified groups, during the
10-day-long IVC period. (a,b) p < 0.05; differences among groups were analyzed with Kruskal–Wallis
test followed by post hoc Dunn test (with Benjamini/Hochberg adjustment method) for pairwise
comparison. Control = non-vitrified control group; CT = cryotube vitrification; OPS = open pulled
straw vitrification.

Table 1. Changes in median follicular area within the different treatment groups. p-values in italics
indicate significant difference (p < 0.05). Friedman test with post hoc Wilcoxon rank sum test for
pairwise comparison. Control = non-vitrified control group; CT = cryotube vitrification; OPS = open
pulled straw vitrification.

Treatment Interval p Value Size Change

Control

D2–7 p < 0.001 decreasing

D7–10 p < 0.001 decreasing

D2–10 p < 0.001 decreasing

CT

D2–7 p < 0.001 decreasing

D7–10 p = 0.8 unchanged

D2–10 p < 0.001 decreasing

OPS

D2–7 p < 0.001 decreasing

D7–10 p < 0.05 decreasing

D2–10 p < 0.001 decreasing

3.3. Estradiol Production

Differences were detected in the median E2 concentrations among the different treat-
ments during the 10-day-long IVC period, except on Day 7. On Day 2, the median hor-
monal level of OPS follicles was lower compared to fresh and CT groups (15.34 pg/mL vs.
22 pg/mL [p < 0.05] and 21.85 pg/mL [p < 0.05], respectively), while control and CT follicles
produced similar levels of estradiol. On Day 7, differences in hormonal production were
not found (27.8 pg/mL, 34.5 pg/mL, and 32 pg/mL in control, CT, and OPS groups, respec-
tively). On Day 10, the follicles of the CT group produced estradiol in a lower concentration
than that of the control and OPS groups (28.66 pg/mL vs. 34.8 pg/mL [p < 0.001] and
34.8 pg/mL [p < 0.05], respectively). Ranges can be seen in the graph (Figure 4).
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Figure 4. Changes in hormonal production (median estradiol concentration) in fresh and vitri-
fied porcine ovarian preantral follicles, during the 10-day-long IVC period. (a,b) p < 0.05; dif-
ferences among groups were analyzed with Kruskal–Wallis test with post hoc Dunn test (with
Benjamini/Hochberg adjustment method) for pairwise comparison. Control = non-vitrified control
group; CT = Cryotube vitrification; OPS = open pulled straw vitrification.

The alterations in estradiol production across the various treatment groups were
also subjected to analysis. As demonstrated in Table 2, follicles of fresh control and OPS
demonstrated a higher level of estradiol production on Day 10 than on Day 2. In contrast,
the CT group exhibited no significant change in estradiol production over the course of
the experiment.

Table 2. Changes in estradiol production within the different treatment groups. p-values in italics
indicate significant difference (p < 0.05). Friedman test with post hoc Wilcoxon rank sum test for
pairwise comparison. Control = non-vitrified control group; CT = cryotube vitrification; OPS = open
pulled straw vitrification.

Treatment Interval p Value Size Change

Control

D2–7 p = 0.8 unchanged

D7–10 p < 0.001 increasing

D2–10 p < 0.001 increasing

CT

D2–7 p < 0.001 increasing

D7–10 p = 0.06 unchanged

D2–10 p = 0.18 unchanged

OPS

D2–7 p < 0.001 increasing

D7–10 p = 0.13 unchanged

D2–10 p < 0.001 increasing

4. Discussion
In the last decade, the status of the indigenous pig breeds has attracted more and

more attention [14]. In Europe and the Caucasus region, the demographic status of local
pig populations is alarming. Currently, 14 breeds are classified as being at critical risk of
extinction, 5 as critical-maintained, 24 as endangered, 11 as endangered-maintained, and
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6 as vulnerable [15]. From a biological perspective, indigenous breeds represent a unique
genetic reservoir. They are well adapted to their local environments, which is essential
for the sustainability and resilience of pig production systems. In terms of long-term food
security, these breeds exhibit adaptation capacity to changing environmental conditions
and disease resistance [16]. A recent and unforeseen threat to the European indigenous
pig population has emerged in the form of African Swine Fever (ASF), which entered the
EU from the east, primarily affecting the wild boar population. The disease is currently
present in fourteen Member States. Once a farm is contaminated, all animals have to be
slaughtered [17]. If an indigenous breed population became infected, such total culling
could result in a severe bottleneck effect, or the irreplaceable disappearance of a whole
breed [18]. Therefore, in addition to in situ preservation strategies, the establishment of
ex situ gene banks is critically important. In such a situation, storage of preantral follicles
could be a valuable tool for gene preservation of the female side.

There are only a few studies dealing with the cryopreservation of porcine ovarian fol-
licles, and most of these analyze the freezing injury to tissue-embedded follicles. In a study
by Moniruzzaman et al. [19], tissue slices from 15-day-old neonatal piglets were vitrified
and the viability of the primordial follicles was tested using xenografting [19]. This study
employed a vitrification method similar to ours, involving the supplementation of the equi-
libration and vitrification media with 7.5% EG + 7.5% DMSO and 15% EG + 15% DMSO,
respectively. The slices were cryopreserved using a Cryotop, a commonly used open
vitrification system. After thawing, the slices were xenografted into mice and analyzed
for viability and morphology after two months. They found that frozen–thawed folli-
cles had developed; however, they did not reach the antral stage. In a recent paper,
Hwang et al. [20] vitrified ovarian tissue slices using the modified Kitazato Cryotissue
method (a modification of Cryotop) and analyzed the morphology of oocytes and the rate
of apoptotic granulosa cells in fresh, vitrified, and frozen control samples (i.e., fresh samples
directly plunged into liquid nitrogen). They found that vitrification caused a higher rate
of abnormal oocytes than fresh samples (25.8% vs. 6.6%), but direct freezing of samples
without equilibration resulted in an even higher rate (67.7%) of abnormal oocytes. Follicles
contained only TUNEL-negative cells in both the fresh and vitrified groups. Borges et al.
assessed the effect of slow freezing with different cryoprotectants on porcine ovarian tissue
by storing the samples in a cryotube [21]. The cooling rate was similar to embryo-based
protocols (seeding on −7 ◦C, then −0.3 ◦C/min) and the morphology of follicles was histo-
logically analyzed soon after thawing. They found that the highest normal morphology
can be reached if DMSO or EG was used as cryoprotectants (67 ± 4.8% and 81.8 ± 1.4%,
respectively), instead of 1,2-propanediol (56 ± 10%) or glycerol (0%) (normal morphology
in fresh samples was 97.7 ± 1.2%). Similar results were found by Han et al., who analyzed
the transport of different cryoprotectants in tissue slices [22]. Ethylene glycol and DMSO
showed the best results compared to GLY and PG, based on spectroscopic and thermal ap-
proaches. In another research, Gabriel et al. vitrified porcine ovarian slices in cryotubes [23].
They applied EG as the only intracellular cryoprotectant (15 and 20% in equilibration and
vitrification medium, respectively) and analyzed the effect of sucrose supplementation
on primordial and primary follicles. They found that all of the sucrose supplementation
decreased the normal rate in a dose-dependent manner (the highest rate was 65.28% in 0 M
sucrose vs. 75% in fresh samples), showing the higher sensitivity of primary follicles than
that of primordial ones. Since isolated follicles contain a relatively small number of cells,
including special oocytes, supplementing the vitrification medium with sucrose is essential
in order to provide the high osmolarity, which allows the exchange of intracellular water
and ethylene glycol. This kind of mixture provides a high survival rate in the OPS (94.4%)
and a relatively high rate in the CT (83.3%) group.
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Ovarian follicles can be isolated using two approaches: mechanical, which involves
the use of a >28 G needle, and enzymatic. In a recent paper, Le et al. [24] assessed the
effect of crude (IA and IV) and purified (Liberase TM and DH) collagenases on in vitro
growth and oocyte quality during the isolation step. The authors cultured the isolated
follicles in an agarose 3D culture system until Day 18. Interestingly, they found that a
higher collagenase concentration provided better follicle quality (92.5% G1 at 1 mg/mL
and 13.26% at 0.05 mg/mL, respectively), the opposite effect to that observed for oocytes,
which deteriorate in quality at higher enzyme concentrations. Therefore, the authors
hypothesize that there is an optimal concentration that provides a high rate of good-
quality oocytes and satisfactory-quality follicles. They found the optimal concentration of
crude collagenase to be 0.1 mg/mL, with 0.07 W/mL of the purified form. In a study by
Campos et al. [25], the authors developed a protocol for isolating preantral follicles in col-
lared peccaries. Collagenase IV (0.5 mg/mL) was used for digestion, and this was compared
to the mechanical method. The results demonstrated that the enzymatic method provided
a higher number of preantral follicles (primordial, primary, and secondary: 961.7 ± 132.9)
than the mechanical method (434.3 ± 88.9, p < 0.05). Analysis of viability after 24 h of
culture showed that the enzymatic method preserved viability at a higher rate (98.7 ± 0.6%
vs. 89.2 ± 1.6% for the mechanical method, respectively). In our study, we isolated the PAFs
using collagenase IV by incubating the samples in a solution of 3 mg/mL for 60 min. This
method was based on that of Durant et al. (1998) [26], and was also used in our previous
studies on canine follicles [12]. This type of digestion yielded high-quality follicles (>80%
viable cells) in all examined treatments and is considered an appropriate technique for
pig breeding.

Despite the many attempts that have been made to establish well-working protocols
for PAF IVC, standardized methods are lacking, and results are inconsistent, especially
in the case of pigs. However, all of these methods are based on the supplementation
of a common basic medium with a hormone. In a study by Mao et al. [27], the authors
investigated the granulosa cell proliferation (follicular growth) when they were cultured
in the presence or absence of different concentrations of IGF1 (0–100 ng/mL) and EGF
(10 ng/mL) in serum-containing or serum-free medium for 8 days. All of the media con-
tained FSH. Data show that follicles exhibited a dose-dependent response to IGF-1, showing
the highest proliferation rate when 100 ng/mL IGF-1 was added to the medium. However,
if the medium did not contain serum, follicular growth showed a low rate, irrespective of
whether EGF and/or IGF-I were present. In a paper by Rocha et al. [28], secondary follicles
were cultured for 4 days. They analyzed the effect of FSH and FSH + AMH supplementa-
tion. There was no effect of AMH on growth rate, normal morphology rate, and estradiol
production, which means that adding hormones to the culture medium besides FSH is
unnecessary and makes the whole procedure more expensive.

During the in vitro culture period, investigating the function of the samples with a
non-invasive method, as well as carrying out a morphological assessment, is crucial. One
suitable method for achieving this goal is to measure the estradiol production of each
follicle. In the papers by Wu et al. [29,30], isolated follicles were cultured for four days in
an FSH-supplemented medium. They observed a continuous increase in estradiol levels
over the short culture period. Tasaki et al. [31] examined the effect of E2 on the formation
of antrum in porcine oocyte-granulosa complexes isolated from preantral and early antral
follicles. The samples were cultured for 14 days, and the production of estradiol was
measured in the culture media. Furthermore, an estradiol receptor inhibitor was added.
Follicles that formed an antrum produced significantly more estrogen than those that did
not (8.5 ± 1.2 ng/mL vs. 3.5 ± 0.7 ng/mL, respectively). However, in our study, we did not
find such an obvious correlation between hormonal production and growing rate (follicular
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area). Furthermore, in that study, if an estradiol receptor antagonist was added, there
was no antrum formation, which occurred only if the E2 supplementation was elevated
to 1 ug/mL. These data show that E2 is a key factor in follicle development, especially in
antrum formation. Therefore, measuring E2 levels from the culture medium is a viable tool
to non-invasively analyze the metabolism of PAFs.

Besides the genetic- and fertility-preservation aspect, the cryopreservation and IVC
of PAFs could be a useful tool for gene editing (GE) studies in the biotechnology industry.
Recent advances in biotechnology are offering techniques that optimize the efficiency of
GE animal production; therefore, a substantially higher chance of a satisfactory outcome
can be anticipated. In this process, PAF could act as an almost limitless source for recip-
ient oocytes in somatic cell nuclear transfer (SCNT) and advanced techniques, such as
CRISPR/Cas9 [32].

Our culture system for porcine PAFs is based on the experiences of our previous
studies on mouse and canine samples [11–13]. These findings suggest that our in-house
medium can preserve the hormone-producing ability of porcine PAFs; however, it cannot
provide the environment for normal growth. Although we found a high 10-day survival
rate for fresh and frozen–thawed PAFs, the culture system requires slight refinement to
provide suitable conditions for long-term culture. In conclusion, our results suggest that
an open vitrification system (such as OPS) is a suitable tool for preserving porcine PAFs,
maintaining their functionality more effectively than cryotube freezing.
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Abbreviations
The following abbreviations are used in this manuscript:

PAF Preantral follicle
LN2 Liquid nitrogen
ART Assisted reproductive techniques
DPBS Dulbecco phosphate-buffered saline
CT Cryotube
OPS Open pulled straw
ES Equilibration medium
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VS Vitrification medium
HM Holding medium
SM Sucrose medium
FBS Fetal bovine serum
IVC In vitro culture
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