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1. Zusammenfassung

Zusammenfassend ergab diese Metaanalyse, dass konventionelle langsame
Kryokonservierung und  Vitrifikation  vergleichbare  Ergebnisse hinsichtlich  der
Follikellebensfahigkeit, des Anteils intakter Primordialfollikel, des Anteils DNA-fragmentierter
Follikel und des Anteils Stromazellen zu liefern scheinen. Die eingeschlossenen Studien
unterschieden sich jedoch in der Anwendung der Kryokonservierungsprotokolle. Daher sind
weitere Studien erforderlich, um die optimale Methode flir die Kryokonservierung
menschlichen Eierstockgewebes zu bestimmen. Obwohl hinsichtlich der Anatomie des
Eierstockgewebes kein signifikanter Unterschied zwischen traditioneller Kryokonservierung
und Vitrifikation besteht, hat jede Methode ihre eigenen Vorteile und eignet sich fir
unterschiedliche klinische Szenarien. Zu den Vorteilen der traditionellen Kryokonservierung
zahlen ihre ausgereifte Technologie und relativ standardisierte Verfahren. Die Vitrifikation
hingegen bietet Vorteile wie schnelles Einfrieren, einfache Handhabung und hohe Flexibilitat.
Bislang gilt die Kryokonservierung von Eierstockgewebe als experimentelles Verfahren. Die

Wahl der Methode kann an spezifische klinische Bedirfnisse angepasst werden.

Die Kryokonservierung von Eierstockgewebe mit der beschriebenen Methode verringert nicht
die Follikelproduktion, sondern fuhrt zu einer Herunterregulierung der ovariellen
Steroidogenese und damit zu einer Verringerung der Ostrogen- und Progesteronsekretion.

Das schnelle Auftauen von Eierstockgewebe erhoht die Proliferation und Apoptose der Zellen.



2. Introduction

With the advancement of medical technology and the increasing awareness of social issues,
fertility protection is gradually gaining more attention and importance. There are currently three
mainstream ways to protect female fertility: oocyte cryopreservation, embryo cryopreservation,

and ovarian tissue cryopreservation'2,

Oocyte cryopreservation is one of the most widely used methods of fertility preservation. For
oocyte preservation, a woman undergoes controlled ovarian hyperstimulation with injectable
gonadotropins to recruit multiple follicles. Her response to the medications is monitored
through frequent ultrasounds, typically every 1-2 days, and by measuring serum hormone
levels, allowing therapy to be tailored for optimal outcomes. Once the follicles reach the
appropriate size, maturation is triggered using an injection of human chorionic gonadotropin
(hCG), a gonadotropin-releasing hormone (GnRH) agonist, or a combination of both.
Approximately 36 hours later, oocytes are retrieved transvaginally under ultrasound guidance.

At this stage, the oocytes can be frozen for future use3+.

After the oocytes are taken out, we will freeze them. The main methods of cryopreservation
are slow freezing and vitrification. The slow-freeze method utilizes low initial concentrations of
cryoprotectants, which reduces toxicity while the oocyte is still metabolically active. Since
cellular metabolism is estimated to decrease by approximately 50% for every 10°C drop in
temperature, the potential for toxicity is minimized by increasing the concentrations of
cryoprotectants and other solutes only after the cell has been cooled to temperatures at which
metabolic activity is significantly reduced. At approximately —6°C, ice crystal formation can be
initiated in the solution through a process known as seeding. This involves introducing a small
ice crystal, which acts as a nucleus to promote crystallization of surrounding water molecules.
Seeding is typically performed by briefly touching the exterior of the cryopreservation vessel
with a very cold instrument, such as forceps, thereby inducing the formation of an initial ice

crystal at the point of contact 56.

The other method is vitrification. During vitrification, permeating cryoprotectants are introduced
at high concentrations while the oocyte is maintained at room temperature. Due to the
substantial toxicity associated with these concentrations, the oocyte can only be exposed for
a very brief equilibration period before being plunged directly into liquid nitrogen. To further
preventice crystal formation, an extremely rapid cooling rate is employed. Consequently, novel
cryovessels have been developed that enable direct contact between the oocyte-containing

solution and liquid nitrogen, characterized by a very high surface-to-volume ratio. With
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advances in the understanding of cryoprotectants, vitrification has become a highly refined
technique and is now increasingly recognized as the preferred method for oocyte
cryopreservation”8, Although the technology is relatively advanced, its effectiveness is still
significantly influenced by age. Clinical pregnancy rates per thawed oocyte range from 4.5-
12%, depending on age °. Studies also have shown that cryopreserving oocytes at a younger

age increases the likelihood of successful outcomes 21°.

Several key parameters are considered in oocyte cryopreservation, including cell
characteristics, membrane permeability to cryoprotectants, cryoprotectant toxicity, as well as
the temperature and duration of exposure. Cryogenic injury remains the principal barrier to
successful oocyte cryopreservation "%, The damage has been shown to affect cell
membranes, microtubules, cytoskeletal structures, and the zona pellucida. Chromosomal
abnormalities have also been observed following cryopreservation. The most striking effect is
observed in the second meiotic spindle, where microtubules are disrupted or disassembled
due to tubulin depolymerization. In mouse oocytes, spindle abnormalities can appear after just
10 minutes of exposure to 25°C™. Similarly, meiotic spindles in human oocytes are highly
sensitive to cold, with incubation at both 25°C and 4°C significantly impairing spindle

assembly™®.

Several strategies have been developed to mitigate cold-induced damage. Notable
improvements have been achieved through rapid cooling during the transition phase and by
supplementing oocytes with agents that stabilize the plasma membrane. Adding non-
permeable cryoprotectants is a common and effective method. Non-osmotic cryoprotectants,
such as sucrose or trehalose, primarily play an extracellular protective role in oocyte freezing.
They regulate extracellular osmotic pressure, allowing water to be expelled from the cell,
thereby reducing intracellular ice crystal formation. They can also form a protective layer
outside the cell membrane, which can stabilize the membrane structure and reduce
mechanical and osmotic stress caused by freezing/thawing. Moreover, increasing sucrose
concentration in the freezing medium has been shown to enhance preservation of the
chromosome segregation apparatus, with retention rates approaching those of freshly
collected oocytes '®'7. Structural and membrane protectants are commonly added to enhance
the success of oocyte cryopreservation. Examples include cholesterol, cholesterol inclusion
complexes, and serum albumin. These agents help stabilize the plasma membrane, improve
membrane elasticity, and buffer osmotic stress, thereby indirectly protecting the cytoskeleton
and chromosomes '®'°. During the freezing and thawing process of oocytes, low temperature
stress and osmotic pressure changes can lead to excessive production of reactive oxygen

species (ROS). Excessive production of ROS can damage oocytes by inducing membrane
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lipid peroxidation, mitochondrial dysfunction, and chromosomal abnormalities, ultimately
triggering apoptosis and reducing both oocyte quality and survival rates 2°?2. Antioxidants play
a protective role during oocyte cryopreservation by scavenging reactive oxygen species,
preserving mitochondrial function and membrane integrity, and stabilizing chromosome
structure. Their use has been shown to improve post-thaw oocyte survival rates and
developmental potential. Glutathione (GSH), one of the most widely used antioxidants in
oocyte cryopreservation, enhances post-thaw oocyte quality and developmental potential by
scavenging reactive oxygen species, preserving mitochondrial function, and stabilizing
chromosomes. It is commonly supplemented directly into freezing, thawing, or culture media,
and intracellular levels can also be elevated through precursor compounds. GSH thus serves

as a critical protective factor during oocyte cryopreservation?>24,

Embryo cryopreservation occurs after the oocytes are removed, the oocytes are inseminated
with sperm, and the resultant embryos are cultured and frozen. The study indicated that the
survival rate of each thawed embryo is 35-90%, the implantation rate is 8-30%, and the
cumulative pregnancy rate is over 60% 2°. During an oocyte cryopreservation cycle, the use of
hCG as an ovulation trigger may still lead to ovarian hyperstimulation syndrome (OHSS) in
some patients, particularly those with a high ovarian reserve or polycystic ovary syndrome.
This occurs because hCG stimulates the corpus luteum to secrete large amounts of vasoactive
substances, such as VEGF, which increase vascular permeability and cause fluid to leak into
the peritoneal or thoracic cavities. As a result, patients may experience severe complications,
including abdominal distension, ascites, hemoconcentration, and thrombosis #25. Embryo
cryopreservation can effectively prevent OHSS, related to hCG secretion during early

pregnancy.

Ovarian tissue cryopreservation has become a critical strategy for preserving female fertility
and maintaining ovarian endocrine function?”. Unlike oocyte cryopreservation and embryo
cryopreservation, it is currently the only fertility preservation option available for prepubertal
girls?®%, Moreover, ovarian tissue cryopreservation circumvents the time constraints
associated with oocyte or embryo freezing, which require several weeks of hormonal

stimulation—an impractical option for patients with malignancies needing urgent treatment. By

enabling immediate preservation without delaying therapy, ovarian tissue cryopreservation
offers a vital solution for fertility preservation®'. Additionally, because it retains both oocytes
and stromal tissue, this approach can help restore endocrine function, presenting significant
promise for women at risk of premature ovarian failure3>33. Therefore, it is essential to explore

further and optimize ovarian tissue cryopreservation techniques to enhance clinical outcomes.
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The primary process of ovarian tissue cryopreservation involves placing the ovarian tissue in
a cryoprotectant solution immediately after procurement, followed by the removal of the
ovarian medulla to prevent ice crystal formation during the freezing process, which can result
in cellular damage. The tissue is then frozen using various cryopreservation techniques. The
two main cryopreservation methods currently utilized are traditional slow freezing and

vitrification3435.

Traditional slow freezing is characterized by controlled freezing, typically regulated by a
computer program, where the tissue is gradually frozen in the cryoprotectant solution. This
method minimizes ice crystal formation through precise control of the freezing rate, thereby
reducing tissue damage. As a result, slow freezing remains the most widely employed
technique for ovarian tissue cryopreservation. However, it requires specialized equipment and

is time-consuming®-37.

Traditional slow freezing is one of the earliest methods used for the preservation of germ cells
and ovarian tissue. After decades of clinical application, the laboratory technology and
operation process are mature 4%, During the freezing process of ovarian cortical fragments,
slow freezing allows precise control of the temperature drop rate through a programmable
cooling device, ensuring uniform water migration within and outside the tissue, reducing local
ice crystal formation, and thus preserving the integrity of the follicle structure. Clinically, several
patients with malignant tumors have successfully recovered endocrine function and achieved
natural pregnancy after thawing through the use of slow freezing to preserve ovarian tissue*'-
43, Traditional slow freezing technology is mature and relatively controllable during the cooling
process. In the event of an instrument malfunction and temperature fluctuations, laboratory
personnel can immediately pause the cooling program or manually adjust the program to return
the temperature to the preset curve, preventing sudden frostbite of the ovarian tissue. In the
event of insufficient protectant penetration, laboratory personnel can extend the protectant
equilibration time or adjust the protectant concentration to fully dehydrate the cells and reduce
the risk of ice crystal formation. In the event of operational delays or abnormal liquid nitrogen
storage, laboratory personnel can quickly replenish liquid nitrogen and move temperature-
sensitive samples to spare tanks to ensure that the tissues remain at a safe temperature.
Experienced laboratory personnel can adjust the protocol promptly to minimize freezing
damage. At the same time, they can monitor the temperature curve throughout the slow
freezing process to ensure that the ovarian tissue is cryopreserved according to the
programmed cooling rate throughout the process, which is a key advantage of slow

freezing*44°,
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At the same time, traditional slow freezing has more advantages in freezing large pieces of
tissue. First, large pieces of tissue are large and have uneven water distribution. Traditional
slow freezing allows the water in the cells to slowly migrate to the outside of the cells, reducing
the formation of ice crystals in the cells. Secondly, the thickness of large pieces of tissue is
usually uneven. The temperature control program of slow freezing can adjust the cooling rate
according to the size of the tissue to ensure that the temperature of the internal core and the
outer layer drops synchronously, reducing local supercooling or local ice crystals. This slow,
controlled freezing process can reduce the risk of mechanical damage and protect the integrity
of the follicle and matrix structure. For large pieces of tissue, high concentrations of protective
agents are difficult to penetrate and are prone to toxicity. Traditional slow freezing can provide
protection using lower concentrations of permeable protective agents, reducing the impact of

chemical toxicity on the tissue.

Although traditional slow freezing of ovarian tissue is a well-established technique that
effectively preserves tissue structure, it has several limitations. The procedure is labor-
intensive, requiring specialized operator training, dedicated cryopreservation equipment,
precise parameter settings, and regular maintenance. Additionally, the process is time-
consuming: preparation involves cryoprotectant penetration and pre-cooling, followed by a
slow freezing stage at approximately —0.3°C per minute down to —34°C, and subsequent
cooling to —140°C, with total processing taking at least four hours before storage in liquid
nitrogen. The method is also costly, due to equipment purchase, maintenance, and personnel
training. Moreover, in clinical situations where rapid preservation is needed, traditional slow

freezing may not provide timely or effective cryopreservation #8.

In contrast, vitrification is an ultra-rapid cryopreservation method that utilizes high
concentrations of cryoprotectants to freeze the tissue rapidly in liquid nitrogen, forming an
amorphous glass-like solid and preventing ice crystal formation. The procedure begins with
slicing the ovarian cortex into 1-2 mm sections, followed by thorough washing. The tissue is
then exposed to a combination of permeable cryoprotectants and non-permeable
cryoprotectants using either a stepwise or short-term protocol to partially dehydrate intra- and
extracellular water and minimize ice crystal formation. The prepared ovarian slices are
subsequently rapidly cooled to -196°C in liquid nitrogen within seconds for long-term

storage*”#8.

In ovarian tissue vitrification, the selection of cryoprotectants (CPAs) is critical for tissue
survival and successful transplantation. Cryoprotectants play an important role in minimizing

ice crystal formation within cells during the cryopreservation process*. The type, concentration,
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and combination of cryoprotectants are critical in ensuring that the tissue can effectively
navigate the two "high-risk" phases: freezing and thawing. The selection of an appropriate
cryoprotectant is central to enhancing the quality of ovarian tissue cryopreservation5",

Cryoprotectants can be classified into two categories: permeable and non-permeable.

Permeable cryoprotectants: Common examples include dimethyl sulfoxide (DMSO), ethylene
glycol (EG), and propanediol (PrOH). They penetrate cells, displace water, and substantially
reduce ice crystal formation, thereby protecting follicle membranes, stromal cells, and
organelles. However, excessively high concentrations can be cytotoxic, damaging cell
membranes and mitochondria, while insufficient concentrations may fail to prevent ice crystal
formation. These small molecules are capable of penetrating the cell membrane, thereby
preventing intracellular ice formation during freezing. However, the concentration of permeable
cryoprotectants must be carefully controlled, as excessively high concentrations can lead to
cytotoxicity, while too low a concentration may fail to prevent ice crystal formation®?%3.EG is
the most commonly used cryoprotectant in human ovarian tissue cryopreservation and is
frequently combined with other CPAs, polymers, and proteins to enhance tissue protection®*
5. Research has shown that combinations of DMSO and EG are particularly effective as

permeable cryoprotectants due to their synergistic effect in preserving cell integrity®’.

Non-permeable CPAs, such as sucrose, lactose, and sorbitol, regulate extracellular osmotic
pressure, promote cell dehydration, mitigate cell volume changes, and reduce the required
concentration of permeable CPAs, thereby minimizing toxicity. Unlike permeable agents,
sucrose does not enter the cell but primarily acts by regulating the osmotic pressure outside
the cell. This helps reduce cell rupture and dehydration during the freezing process®. Clinical
and experimental studies have shown that the optimal combination of permeable and non-
permeable CPAs not only limits ice crystal damage but also enhances follicle survival, post-
thaw ovarian function, and transplantation outcomes®'. The combination of DMSO, EG, and
sucrose is often employed in experiments, as it effectively balances osmotic pressure and
minimizes ice crystal formation, thereby improving the overall preservation of the ovarian tissue.
Through careful optimization of cryoprotectant types and concentrations, the cryopreservation
method for ovarian tissue can be significantly improved, enhancing the viability and

functionality of the preserved tissue.

In addition to conventional cryoprotectants, antifreeze proteins (AFPs) have recently emerged
as a novel class of biological cryoprotectants widely studied for the cryopreservation of ovarian
tissue, oocytes, and embryos. AFPs were first identified in polar fish and later discovered in

insects, plants, and microorganisms. These proteins exhibit unique biochemical properties that
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function through two primary mechanisms under low-temperature conditions: binding to ice
crystal surfaces to inhibit crystal growth and recrystallization, and regulating the thermal
hysteresis gap between the freezing and melting points, thereby delaying ice crystal formation
and maintaining extracellular ice crystals in a small and stable state 56!, Additionally, AFPs
can associate with cell membranes, reducing low—temperature—induced lipid phase transitions
and changes in membrane permeability, thereby indirectly protecting cellular structures and

mitochondrial function®263,

Experimental studies have demonstrated that the incorporation of various AFPs into ovarian
tissue cryopreservation protocols improves post-thaw tissue viability and follicular structural
integrity. Subsequent animal studies have shown high proportions of morphologically normal
follicles after AFP-assisted vitrification—approximately 60% in mice, 70% in rabbits, and 70%
in cows 4% _In cattle, the cryoprotective effect of these substances was observed for the first
time, which improved the morphological rate (70%) and reduced the level of follicular apoptosis
(24%)%. Collectively, these findings highlight the promising role of AFPs as effective

cryoprotective agents in ovarian tissue vitrification.

While vitrification is faster and simpler, the use of high cryoprotectant concentrations can lead
to cytotoxicity and tissue damage. Furthermore, the rapid freezing process may not allow
uniform temperature stabilization throughout the tissue, potentially causing thermal gradients

that can result in tissue damage, particularly in larger tissue volumes*¢”.

Despite the advantages of both methods, there remains ongoing debate regarding their
comparative efficacy and safety, necessitating further investigation. This study will conduct a
systematic review and meta-analysis to evaluate and compare the two cryopreservation

methods.

Thawing is another critical step in the cryopreservation process. Before transplantation, frozen
ovarian tissue must be gradually warmed to physiological temperatures using specialized
heating devices to prevent ice crystal formation. Improper thawing can lead to intracellular ice
formation and subsequent tissue damage. This study will also explore the impact of varying
thawing rates on the preservation and recovery of human ovarian tissue, shedding light on the

optimization of thawing protocols for enhanced tissue viability.

To optimize the cryopreservation method for ovarian tissue, it is essential to investigate the
key factors influencing the success of cryopreservation. These factors primarily include the

following:
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1) Cryoprotectants

During the cryopreservation and thawing process of ovarian tissue, CPAs not only prevent ice
crystal formation during the cooling phase but also play a critical protective role during the
thawing phase. During the thawing process, tissue rapidly warms from extremely low
temperatures to room temperature. Without proper CPA protection, cells are prone to ice
recrystallization, osmotic imbalance, and membrane rupture, leading to follicular death or

tissue damage.

During post-thaw CPA removal, a stepwise dilution or short, step-wise elution process is used
to gradually reduce the CPA concentration to prevent cell rupture due to rapid changes in
osmotic pressure. The primary role of CPA during this phase is to buffer osmotic stress,
maintain cell membrane integrity, and reduce oxidative stress caused by freeze-thaw. Studies
have shown that properly controlling the type, concentration, and removal rate of CPA can
significantly improve post-thaw follicular cell survival and the recovery of endocrine function in

ovarian tissue 8.

2) Thawing rate

Thawing is a critical step in restoring cryopreserved ovarian tissue to its viable state by bringing
the tissue back to room temperature. The optimization of the thawing process, particularly by
controlling the thawing rate, is essential to minimizing ice crystal formation within the cells,
preserving osmotic balance between the inside and outside of cells, and reducing cellular

damage.

The slow thawing method typically involves immersing the cryotube in a 37°Cwater bath for

approximately 1 minute until the tissue is completely thawed. In contrast, the quick thawing

method utilizes a 100°C (boiling water) water bath. The exposure time to the boiling water is

visually controlled by monitoring the presence of ice within the culture medium. Once the ice
reaches a size of approximately 2 to 1 mm, the sample bottle is removed from the boiling water.

At this stage, the final temperature of the culture medium generally falls between 4°C and 10°C

8 The quick thawing method is aligned with the principles of cryobiology, which suggest that
any organism or tissue cryopreserved using current techniques should be thawed as quickly
as possible. This quick thawing helps minimize the exposure of cells to cryoprotectants,
thereby reducing excessive dehydration and osmotic imbalances that could lead to cell

damage’®”'. However, more study about this method is needed.

This study will show the positive effect of elevated thawing rate for cryopreservation of human

ovarian tissue in the following text.
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3) In vitro culture

In vitro culture of ovarian tissue following cryopreservation has become a critical strategy to
enhance the success rate of ovarian tissue transplantation and optimize the recovery of tissue
function. Several methods are commonly employed for in vitro culture, including single follicle

separation culture, tissue block culture, and three-dimensional (3D) scaffold culture’.

Single follicle separation culture involves isolating individual follicles from the ovarian tissue
and culturing them independently. While this method allows for the culture of follicles, it lacks
the natural ovarian tissue microenvironment that is necessary for proper follicular development
and function’. Tissue block Culture involves culturing the ovarian tissue in block form, which
retains the natural ovarian tissue microenvironment. However, a limitation of this method is the
potential for hypoxia and necrosis in the center of the tissue block due to insufficient nutrient
and oxygen supply. 3D scaffold culture provides a 3D structural support that closely mimics
the ovarian stroma, offering superior support for follicle development. This method is
considered an effective approach for in vitro culture, as it promotes better follicular growth and
maturation by simulating the natural 3D structure of the ovarian tissue. The selection of

appropriate 3D scaffold materials is critical for the success of this method.

In conclusion, while various strategies for female fertility preservation possess distinct
strengths and limitations, the refinement of human ovarian tissue cryopreservation protocols
remains a critical focus of reproductive medicine. Ongoing research aimed at optimizing
cryoprotectant formulations, cooling methods, and post-thaw tissue viability assessments will
be essential for enhancing the efficiency and safety of cryopreservation. Continued progress
in this field will not only advance the preservation of female fertility but also provide valuable
experimental models for improving reproductive outcomes and expanding clinical applications

in fertility preservation.

This study aims to evaluate the differential effects of various freezing methods on ovarian
tissue cryopreservation and to systematically investigate how different thawing protocols
influence tissue integrity and cellular physiological function. Through RNA sequencing, a
comprehensive transcriptomic analysis of cryopreserved ovarian tissues will be conducted to
elucidate changes in gene expression profiles. By identifying alterations in key regulatory
genes and uncovering their potential biological significance, this research seeks to provide a
scientific foundation for optimizing ovarian tissue cryopreservation and culture protocols. The

findings are expected to offer novel insights into the molecular mechanisms underlying
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cryopreservation-induced changes and contribute to the advancement of fertility preservation

technologies, ultimately improving treatment options for patients at risk of fertility loss.
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3.1. Abstract

Background: Ovarian tissue cryopreservation is increasingly applied in patients undergoing
gonadotoxic radiotherapy or chemotherapy treatment or other patients who need to preserve
their fertility. However, there is currently limited evidence to know which type of ovarian tissue
cryopreservation is better. The advantages and disadvantages of conventional slow
cryopreservation and vitrification are still controversial. The purpose of this meta-analysis was
to analyze the ovarian tissue quality of ovarian tissue cryopreservation by conventional slow
cryopreservation and vitrification.

Methods: According to the keywords, Pubmed, Embase, and Cochrane Library were searched
for studies to January 2024. Studies comparing the follicular viability of conventional slow
cryopreservation versus vitrification were assessed for eligibility. The meta-analysis was
performed using Stata software (Version 12.0) and Review Manager (Version 5.2).

Results: A total of 18 studies were included in this meta-analysis. The pooled results of the
primary outcomes indicated that there was no difference between the two approaches for
follicular viability (RR = 0.96, 95% CI: 0.84-1.09, P=0.520, 12=95.8%, Random-effect), the
proportion of intact primordial follicles (RR=1.01, 95% CI: 0.94-1.09, P=0.778, 1°=70.6%,
Random-effect). The pooled results of the secondary outcomes indicated that there was no
difference between the two approaches for the proportion of DNA fragmented follicles
(RR=1.20, 95% CI: 0.94-1.54, P=0.151, 1>=0.0%, Fixed-effect), and the proportion of stromal
cells (RR=0.58, 95% CI: 0.20-1.65, P=0.303, 1>=99.7%, Random-effect).

Conclusions: Conventional slow cryopreservation and vitrification appear to provide
comparable outcomes. The heterogeneity of the literature prevents us from comparing these
two techniques. Further high-quality studies are needed to enhance this statement. This meta-

analysis provides limited data which may help clinicians when counselling patients.

Keywords:

Cryopreservation; Vitrification; Ovary or Ovarian Tissue; Ovarian Follicles
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3.2. Introduction

Ovarian tissue cryopreservation has become a widely adopted and significant method for
fertility preservation as an increasing number of women become aware of its benefits(1-4).
Compared with oocyte cryopreservation, ovarian tissue cryopreservation is the only option for
preserving fertility in women undergoing cancer treatment that cannot be delayed or in
prepubertal girls for whom mature germ cells are not available(5-10). Additionally, ovarian
cryopreservation can also be applied to patients with ovarian benign tumors that require
ovarian removal and premature ovarian failure. Advancements in autologous transplantation
technology following ovarian cryopreservation are also making significant strides, enabling the

restoration of endocrine function. (11-15).

Since the birth of the first baby using ovarian tissue cryopreservation in 2004, more than 200
babies have been born worldwide through this technology (16, 17). There are currently two
main cryopreservation methods, respectively conventional slow freezing and vitrification(18,
19). Before cryopreservation, the ovarian tissue should be obtained by laparoscopy or
laparotomy. The ovarian tissue with immature germ cells of one or both ovaries is separated
into small pieces about 5 x 5 mm2 with a thickness of 1-3 mm before cryopreservation(20).

Conventional slow freezing uses a controlled-rate freezer to gradually cool ovarian tissue with
a lower concentration of cryoprotectant, minimizing ice crystal formation and reducing cell
damage. Cryoprotectants help limit intracellular ice but may be cytotoxic. Extending freezing
time and lowering cryoprotectant levels further reduce cell damage risks. After freezing, the

tissue is stored in cryovials within liquid nitrogen at around -196°C.(21, 22).

Vitrification rapidly cools ovarian tissue to minimize intracellular ice formation, using higher
concentrations of cryoprotectants like Dimethyl sulfoxide (DMSO), glycerol, propylene glycol
(PrOH), or ethylene glycol (EG) as osmotic agents. While high concentrations increase
cytotoxicity, they reduce tissue stress by limiting ice formation. Minimizing exposure to these
agents also lowers cell damage risk. Rapid cooling turns the solution into a glass-like,

amorphous state, and the tissue is stored in liquid nitrogen at approximately -196°C.(23-25).

Thawing is a crucial step in cryopreservation, warming frozen tissue back to physiological
temperature before transplantation. The ovarian tissue is gradually warmed to prevent
intracellular ice crystal formation, using specialized warming devices. Afterward,

cryoprotectants are removed, and histological examination assesses tissue quality.(26).
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Histological examination of ovarian tissue is essential for evaluating the success of ovarian
tissue cryopreservation and forms the basis for ovarian transplantation. Follicle viability is the
most important aspect in the histological examination of ovarian tissue, serving as a key
indicator of fertility (27, 28). Common methods are hematoxylin-eosin (HE) staining, dead and
alive cell detection, etc. Since freezing can increase DNA damage, assessing DNA integrity is
also essential and is a critical criterion for evaluating the impact of ovarian tissue
cryopreservation (29, 30). The stromal cells of the ovary are a key component of the ovarian
tissue, playing a crucial role in supporting the development and function of ovarian follicles(31).
Therefore, the viability and number of stromal cells in the ovarian tissue cryopreservation also
determine the growth of follicles and ovarian function after thawing(32). After thawing the
ovarian tissue, ovarian transplantation is the best way to preserve the patient's fertility and
endocrine function. In addition, there are several other ways to culture immature follicles and
then transplant them. The culture methods are in vitro follicle culture, in vitro maturation of
immature oocytes, and artificial ovary(33, 34). The schematic overview of ovarian

cryopreservation is shown in Fig.1.

This article aimed to perform a systematic review and meta-analysis to assess the condition
of primary and secondary oocytes, stromal cells, and DNA damage in ovarian tissues following

conventional slow freezing and vitrification, providing a quality evaluation.

3.3. Methods

Search strategy

The study was conducted according to the meta-analysis of observational studies in
epidemiology (MOOSE) guidelines. We performed a literature search using the keywords
“ovarian tissue”, “ovary”, follicle”, “cryopreservation”, and “vitrification” in various combinations
to January 2024 in PubMed, Embase, and Cochrane Library. We conducted a Pubmed search
using the following search string: ("ovary"[MeSH Terms] OR "ovarial"[All Fields] OR "ovary"[All
Fields] OR "ovaries"[All Fields] OR "ovary s"[All Fields] OR (("ovarian"[All Fields] OR
"ovarians"[All Fields]) AND ("tissue s"[All Fields] OR "tissues"[MeSH Terms] OR "tissues"[All
Fields] OR "tissue"[All Fields])) OR ("follicle s"[All Fields] OR "hair follicle"[MeSH Terms] OR
("hair"[All Fields] AND "follicle"[All Fields]) OR "hair follicle"[All Fields] OR "follicles"[All Fields]
OR "ovarian follicle"[MeSH Terms] OR ("ovarian"[All Fields] AND "follicle"[All Fields]) OR
"ovarian follicle"[All Fields] OR "follicle"[All Fields])) AND ("cryopreservability"[All Fields] OR
"cryopreservable"[All Fields] OR "cryopreservant"[All Fields] OR "cryopreservants"[All Fields]
OR  "cryopreservated"[All  Fields] @ OR  ‘"cryopreservation"[MeSH Terms] OR
"cryopreservation"[All Fields] OR "cryopreserved"[All Fields] OR "cryopreservations"[All Fields]
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OR "cryopreservative"[All Fields] OR "cryopreservatives"[All Fields] OR "cryopreserve"[All
Fields] OR "cryopreserving"[All Fields]) AND ("vitrificated"[All Fields] OR "vitrification"[MeSH
Terms] OR "vitrification"[All Fields]). We conducted an Embase search using the following
search string: (('ovary'/exp OR ovary OR ovarian) AND (‘tissue'/exp OR tissue) OR *follicle'/exp
OR follicle) AND (‘cryopreservation'/exp OR cryopreservation) AND ('vitrification'/exp OR
vitrification). We conducted a Cochrane Library search using the following search string: (ovary
OR ovarian tissue OR follicle) AND cryopreservation AND vitrification. The search All studies
were assessed by two investigators independently and any difference was settled by

discussion. Studies in all languages were included.

Study selection criteria and exclusion criteria

Research articles comparing the follicular viability of conventional slow cryopreservation and
vitrification were considered appropriate for the analysis. Studies that were not classified as
research articles were excluded. And studies focused on other topics or with insufficient data

for follicular viability were also excluded.

Outcome measures

Primary outcomes

» Follicular viability (the proportion of viable follicles in the total follicles)

» The proportion of intact primordial follicles (the proportion of intact primordial follicles in
the total primordial follicles)

Secondary outcomes

» The proportion of DNA fragmented follicles (the proportion of DNA damage follicles in the
total follicles)

» The proportion of stromal cells (the proportion of intact stromal cells in the total stromal

cells)

Data abstraction and quality assessment

The following data were extracted: baseline characteristics including age range, mean age,
how patients were found, the reason for exclusion of participants, surgical techniques, the
method of follicles quality evaluation, the freezing solution of conventional slow freezing and
vitrification, follicular density, follicular viability, the proportion of intact primordial follicles, the
proportion of DNA fragmented follicles. The risk of bias in individual studies was assessed by
the Funnel plot bias. The Newcastle-Ottawa Scale for evidence-based medicine checklist
about each risk of bias item as percentages across all included studies were used to evaluate

the methodological quality.
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Statistical analysis

This meta-analysis was performed using Stata software (Version 12.0) and Review Manager
(Version 5.2). We used the Cochran Q test to evaluate the heterogeneity. Heterogeneity was
used to evaluate the percentage of the variation in all studies. Because of inevitable clinical
and methodologic diversity, inconsistency (1) was adopted to quantify the effect of statistical
heterogeneity. A value of 0% indicated no observed heterogeneity and a value of more than
50% was considered substantial heterogeneity. If 1> > 50%, the random-effects model was
adopted, otherwise, the fixed-effects model was used to pool the results. Review Manager
(Version 5.2) was used to do the risk of bias graph. A two-sided P < 0.05 was considered

statistically significant.

3.4. Results

Study characteristics

The search process is shown in Fig. 2. The number of records identified through PubMed,
Embase is 1353. The total number of records is 1394 added the records identified through the
Cochrane Library. After screening titles and abstracts, 32 publications remained. In the 32
publications, 5 of them have no comparison group, 2 of them are the analysis of
xenotransplantation, and 7 of them have no sufficient data. Finally, 18 publications were

selected for this meta-analysis(35-52).

Details of the 18 publications are shown in Table 1 and Table 2. All the included studies are
published between 2007 and 2022. Published at most in 2022 is 3 articles. The included
studies are from 10 countries, China for 5 studies is the most, and Germany for 3 is the second.
The mean age range is nearly 20-40 years old. Laparoscopy surgery is the most common
surgical approach 7 publications use laparoscopy surgery to obtain ovarian tissue, and 4
publications use laparoscopy surgery or open surgery to obtain ovarian tissue. All

cryopreservation ovarian tissue was analyzed by light microscopy.

Primary outcome
Follicular viability
The follicular viability of conventional slow cryopreservation versus vitrification in the 18
publications was analyzed. The pooled results indicated that there was no difference in
follicular viability between the two approaches from random effect analysis (RR = 0.96, 95%
Cl: 0.84-1.09, 12 = 95.8%, P< 0.001 for heterogeneity, P = 0.520 shown in Fig. 3A). S.Silber

et al.’s study reported vitrification was associated with significantly higher follicular viability
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(RR=0.47, 95% CI: 0.43—-0.52)(40). Other two studies from A. Dalman et al. (RR=1.07, 95%
Cl: 1.01-1.12) and S.Zhao et al. (RR=1.16, 95% CI: 1.08-1.25) reported conventional slow
cryopreservation was associated with higher follicular viability(42, 49). Other studies reported

there was no difference in follicular viability between the two approaches.

The proportion of intact primordial follicles

The proportion of intact primordial follicles of conventional slow cryopreservation versus
vitrification in the 8 publications was analyzed. The other 10 publications did not report the
data of the proportion of intact primordial follicles. The pooled results indicated that there was
no difference in the proportion of intact primordial follicles between the two approaches from
random effect analysis (RR=1.01, 95% CI: 0.94-1.09, 12=70.6%, P= 0.001 for heterogeneity,
P=0.778 shown in Fig. 3B). S.Zhao et al.’s study reported conventional slow cryopreservation
was associated with higher intact primordial follicles (RR=1.18, 95% CI: 1.09-1.26)(42). Other
studies reported there was no difference in intact primordial follicles between the two

approaches.

Second outcome

The proportion of DNA fragmented follicles

The proportion of DNA fragmented follicles of conventional slow cryopreservation versus
vitrification in the 5 publications was analyzed. The other 13 publications did not report the
data of the proportion of DNA fragmented follicles. The pooled results indicated that there was
no difference in the proportion of DNA fragmented follicles between the two approaches
(RR=1.20, 95% CI: 0.94-1.54, 12=0.0%, P= 0.675 for heterogeneity, P=0.151 shown in Fig.
4A).

The proportion of stromal cells

The proportion of stromal cells of conventional slow cryopreservation versus vitrification in the
3 publications was analyzed. The other 15 publications did not report the data of the proportion
of stromal cells. The pooled results indicated that there was no difference in the proportion of
stromal cells between the two approaches from random effect analysis (RR=0.58, 95% CI:
0.20-1.65, 12=99.7%, P<0.001 for heterogeneity, P=0.303 shown in Fig. 4B). The study from
V. Keros et al. (RR=0.23, 95% CI: 0.22-0.23) and H. J. Chang et al. (RR=0.79, 95% CI: 0.72—
0.86) reported vitrification was associated with significantly higher stromal cells(48, 52). The
other study reported there was no difference in the proportion of stromal cells between the two

approaches.

Risk of bias in included studies
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Funnel plot bias of the studies included in this meta-analysis was notably symmetrical
indicating that there was no obvious bias in publication shown in Fig. 5. According to the
Newcastle-Ottawa Scale for evidence-based medicine checklist about each risk of bias item

as percentages across all included studies, the risk of bias graph was shown in Fig. 6.

3.5. Discussion

The meta-analysis is to compare the quality of ovarian tissue cryopreservation by conventional
slow cryopreservation and vitrification. A total of 18 articles met the criteria were included. No
more articles were included due to that ovarian tissue cryopreservation is not a routine method
for every reproductive center, more centers use oocyte cryopreservation to preserve patients’
fertility(53, 54). First, due to complex ethical methods, ovarian tissue cryopreservation has not
yet become a routine method recognized by the public. Second, oocyte cryopreservation can
meet the basic requirements of patients for preserving fertility. The cryopreservation of ovarian
tissue aims to better preserve endocrine function, allowing follicles to mature and develop more
effectively, thereby more accurately maintaining the patient's fertility (55-58). In recent years,
with advancements in science and technology and increased awareness, the number of
ovarian tissue cryopreservation has increased gradually(27, 52, 59, 60). There is also
controversy about the method of ovarian tissue cryopreservation(61). Conventional slow
cryopreservation can minimize the formation of intracellular ice crystals during the freezing
process through gradient cooling. To ensure cell viability, this method has been widely used
since the development of ovarian cryopreservation and has achieved good results. The first
ovarian transplant birth was the application of conventional slow cryopreservation(62).
However, conventional slow cryopreservation takes a long time and leads to cells death,
especially increased(63). Recently, vitrification has been gradually popular. The vitrification
can freeze tissues more quickly though speeding up the freezing by increasing the
concentration of cryoprotectant. However, vitrification will lead to the loss of cytoskeletal
elements and is more likely to lead to cellular ischemia (64, 65). As whether the newer freezing
method can replace the conventional slow cryopreservation method has become a topic of

significant consideration.

3.5.1. The primary outcomes
3.5.1.1. Follicular viability

As we all know, in ovarian cryopreservation, the most important evaluation criterion is follicular
viability(28, 66, 67). Follicular viability is the basis for determining the patient’s subsequent

fertility and is also an important indicator for evaluating ovarian cryopreservation methods.
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Comparing follicular viability between the two cryopreservation methods, we find that S. Silber
et al.'s study reported significantly higher follicular viability with vitrification, with viability rates
of 41.7% for slow freeze-cryopreserved tissue and 89.1% for vitrified tissue(40). This is quite
different from other studies. Without subjective bias, we analyze the reasons for the difference
of follicular viability in conventional slow cryopreservation and vitrification. First, in this article,
the freezing solution of conventional slow cryopreservation did not contain human serum
albumin (HSA) a cryoprotectant that helps protect cells by reducing cellular ice crystal
formation(68). The article was published in 2010, and followed the ovarian transplants for up
to 5 years, so the method may be used in 2005 or before. The HSA may not be used in those
years as cryoprotectant. Recently, HSA has been widely used for ovarian tissue
cryopreservation. In addition to reducing the formation of intracellular ice crystals, it can also
maintain cell osmotic pressure and enhance cellular antioxidant capacity(69). Although it is not
an essential component of cryoprotectants, with it can reduce cell damage. Second, the
follicles quality evaluation method of this article is different from other articles. Most other
articles use microscope counting to judge. This article uses propidium iodide (PI) staining and
flow cytometry for detection and assessment. Microscopic counting may not effectively
observe subtle changes in cell apoptosis, as early-stage apoptotic cells are harder to identify.
However, PI staining can accurately identify cell status. Additionally, transmission electron
microscopy is used to observe the cells in this study. The result is that most of the stroma cells
in the slow freeze—cryopreserved specimen was lysed and their nuclei compressed between
dense bundles of extracellular fibers. Stroma cells are very important in the follicle maturation
process, so it may be that the damage to stromal cells caused by conventional slow
cryopreservation further led to the damage to follicle cells (70, 71).Third, the freezing
cryoprotectant of vitrification is 7.5% ethylene glycol (EG) and 7.5% DMSO for 25 mins
followed by a second equilibration in 20% EG and 20% DMSO for 15 mins. The first
concentration is lower than other vitrification methods. Additionally, synthetic serum substitute
(SSS) was added as a protective agent, which may contribute to better follicular viability.
However, A. Dalman et al. and S.Zhao et al. reported conventional slow cryopreservation was
associated with higher follicular viability. A. Dalman et al. reported the follicular viability of
conventional slow cryopreservation was 97.4 % and vitrification was 91.4%(49). The follicular
viability in this study is higher than in other studies. This study uses microscope counting for
detection and assessment. There may be some subjective bias. At the same time, vitrification
was correlated with more free radicals, and reactive oxygen species (ROS) (72). Oxidative
stress occurs when more ROS produced, which will result in damage to cellular components
such as DNA, proteins, and lipids and cause cell damage(73, 74). Adding catalase to the
cryoprotectant may reduce the production of ROS and protect freezing cells(75). S.Zhao et al.

reported the follicular viability of conventional slow cryopreservation was 82.9 % and
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vitrification was 71.3%(42). The main reason for this difference is that this study used large
pieces of human ovarian tissues that is 15 mm x 15 mm x 2mm which is larger than other
studies. The larger ovarian tissue cryopreservation may reduce follicles loss and support
follicles growth(76, 77). The higher density of the vitrification cryoprotectant prevents it from
quickly penetrating large tissues, resulting in uneven vitrification of the cellular water
throughout the tissue. This may be the reason for conventional slow cryopreservation was

associated with higher follicular viability.

3.5.1.2. The proportion of intact primordial follicles

Primordial follicles are the earliest stage of ovarian follicles, which account for more than 90%
of the population of follicles(78, 79). During ovarian tissue cryopreservation, a higher
proportion of intact primordial follicles indicates greater fertility potential(43, 80). Comparing
the proportion of intact primordial follicles between the two cryopreservation methods, S.Zhao
et al. reported the proportion of intact primordial follicles of conventional slow cryopreservation
was 86.8 % and vitrification was 73.8%(42). As previously mentioned, this study used large
pieces of human ovarian tissues, which may lead to differing results between the two methods.
Larger tissue samples may benefit from conventional slow cryopreservation not vitrification,
which may not penetrate large tissues quickly enough, potentially leading to the formation of
intracellular ice crystals that can damage cells. More studies about this supposed need to be
verified. Additionally, while the morphology of frozen primordial follicles may appear normal,
their subsequent development, fertilization, and the ability to achieve pregnancy and live birth
can be influenced by various factors(54, 81). Therefore, fertility outcomes cannot be solely
determined by normal morphology; it represents just the initial step in assessing the efficiency

of cryopreservation.

3.5.2. Secondary outcomes

3.5.2.1. The proportion of DNA fragmented follicles

According to this meta-analysis, there was no difference in the proportion of DNA fragmented
follicles between the two approaches. Both methods can lead to cell apoptosis, mainly
manifested as DNA damage. This is mainly attributed to the inevitable formation of intracellular
ice crystals during the freezing process, despite efforts by cryoprotectants to minimize their
formation. The formation of intracellular ice crystals can cause mechanical damage, which can
further lead to rupture of cell membranes and other cellular structures. Moreover, it can cause
structural damage by causing damage and breakage of DNA strands due to reduced space

for cell expansion(82, 83). In addition, cryoprotectants containing that may cause chemical
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damage and directly damage DNA(84). Therefore, reducing DNA damage during the freezing

process should also be considered in future freezing methods.

3.5.2.2. The proportion of stromal cells

Stromal cells are an essential part of ovarian tissue providing structural support for follicles and
contributing to the production of extracellular matrix components and hormones. They provide
the necessary microenvironment for the growth and development of oocytes and play an
important role in the development and maturation of follicles(85, 86). Research shows that the
weakened antioxidant capacity of stromal cells is closely related to ovarian aging(87). More
attention should be paid to the survival status of stromal cells in ovarian tissue cryopreservation.
The study of H. J. Chang et al. showed that the proportion of stromal cells of conventional slow
cryopreservation was 47.8% and vitrification was 60.7%. Vitrification may reduce damage to
stromal cells, possibly because stromal cells are relatively small. During vitrification, they can
quickly reach the vitrified state, reducing the formation of intracellular ice crystals, and thereby
reducing cell damage(69). However, it's important to note that the vitrification method is not
standardized, and further studies using consistent vitrification protocols are needed for

comprehensive evaluation.

3.5.3. Limitations

This meta-analysis reviewed the comparison of ovarian tissue cryopreservation by
conventional slow cryopreservation and vitrification till January 2024. Our results indicate
comparable outcomes for ovarian tissue cryopreservation between the two approaches. The
main limitation of our study is the significant variation in the methods of conventional slow
cryopreservation and vitrification. This variability arises from differences in the composition and
ratio of cryoprotectants used. They mainly contain such as EG, DMSO, PrOH, etc. The
difference between the different cryoprotectants is not particularly obvious. There is currently
no unified regulation. Studies by Meryman indicated that osmotic effects may be the major
factors in slow-freezing cell injury(88). The same group demonstrated that adding neutral
solutes as cryoprotective agents (CPAs) can reduce osmotically driven cell injury during ice
solidification due to colligative effects(89). There are two main categories of cryoprotective
agents(90, 91). The first is penetrating cryoprotective agents. DMSO is one of the most
effective and widely used cryoprotective agents which is a small, amphipathic molecule that
can easily penetrate cell membranes and distribute throughout both intracellular and
extracellular environments(92). During the freezing process, DMSO creates an osmotic

gradient that helps dehydrate cells, reducing the amount of free water inside them and thereby
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decreasing the chances of intracellular ice formation. By controlling the osmotic balance, it also
helps prevent osmotic shock during freezing and thawing, which can lead to cell lysis or severe
deformation. The concentration of DMSO used in cryopreservation typically ranges from 5%
to 10%(93-95). EG is another effective cryoprotective agent that has a similar function to
DMSO. The main difference is that EG is a small, water-soluble molecule. The concentration
of ethylene glycol used in cryopreservation protocols typically ranges from 10% to 20%(96,
97). In many studies, a mixture of DMSO and EG is reported to be more effective as the
cryoprotectant(93, 98-100). The other cryoprotective agents are non-penetrating
cryoprotective agents with sucrose being the primary one. The combination of different
cryoprotectants aims to enhance osmotic pressure regulation inside and outside cells, prevent
intracellular ice crystal formation, and stabilize cell membranes and proteins. Different
researchers utilize varying combinations of cryoprotectants based on their individual research
experiences(93, 94, 101, 102). Moreover, follicular viability, the proportion of intact primordial
follicles, the proportion of DNA fragmented in follicles, and the proportion of stromal cells are
essential criteria for evaluating ovarian tissue cryopreservation. The clinical pregnancy rate is
also very important in ovarian tissue cryopreservation and is the most crucial metric for
evaluating female reproductive function. However, under current clinical conditions,
experience is relatively limited. Beyond evaluating ovarian cryopreservation technology, the
success of ovarian tissue cryopreservation also depends on transplantation surgery
techniques, the method of conception, and the physical condition of the female patient,
including factors such as pelvic radiation and prior chemotherapy. And until now, the ovarian

tissue cryopreservation is considered an experimental procedure. More studies are needed.

3.6. Conclusions

In conclusion, this meta-analysis indicated that conventional slow cryopreservation and
vitrification appear to provide comparable outcomes of follicular viability, the proportion of intact
primordial follicles, the proportion of DNA fragmented follicles and the proportion of stromal
cells. However, included studies varied in the use of cryopreservation protocols. Therefore,
further studies are needed to determine the optimal method for cryopreservation human
ovarian tissue. While there is no significant difference between traditional cryopreservation and
vitrification regarding ovarian tissue anatomy, each method has its own advantages and is
suitable for different clinical scenarios. The advantages of traditional cryopreservation include
its mature technology and relatively standardized procedures. On the other hand, vitrification
offers benefits such as fast freezing speed, simplicity of operation, and high flexibility. And until
now, the ovarian tissue cryopreservation is considered an experimental procedure. The choice

of method can be tailored to meet specific clinical needs.
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Figure 5. Funnel plot bias of the studies included in this meta-analysis
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Figure 6. Risk of bias graph presenting authors’ judgments according to Newcastle-Ottawa

Scale for evidence-based medicine checklist about each risk of bias item as percentages

across all included studies
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Table 1 Main characteristics of the selected researches
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Table 2 Main method and outcome of the selected researches
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4.1. Abstract

Ovarian tissue cryopreservation has been gradually applied. It is essential to elucidate the
differences between cryopreserved and fresh ovarian tissue and to refine cryopreservation
protocols for improved outcomes. To explore the transcriptomic differences between fresh
ovarian tissue and tissue cryopreserved with an elevated thawing rate. Ovarian tissue samples
were collected and cryopreserved (frozen and thawed) following RNA sequencing and
histological evaluation. Three groups were formed: fresh tissue (Group 1), frozen tissue after
quick thawing at 100 °C (Group 2), and frozen tissue after slow thawing at 37 °C (Group 3).
KEGG analysis showed that in comparison with Group 1, DEGs in Group 2 were mainly
enriched in the cortisol synthesis and ovarian steroidogenesis pathways, and DEGs in the cells
of Group 3 were mainly enriched in the ovarian steroidogenesis pathway. GO analysis showed
that compared to cells of Group 2, DEGs in Group 3 were primarily enriched in the SRP-
dependent co-translational protein targeting pathway and co-translational protein targeting to
the membrane. The results were formulated with a minimal difference in the histological
evaluation of cells after quick and slow thawed tissue. Cryopreservation of ovarian tissue by
the described method does not decrease follicle production but downregulates the ovarian
steroidogenesis pathway, reducing estrogen and progesterone secretion. The quick thawing

of ovarian tissue increases the proliferation and apoptosis pathways of cells.
Keywords:
human ovarian tissue; cryopreservation; thawing; RNA sequencing; transcriptomics;

differentially expressed genes (DEGs); Kyoto encyclopedia of genes and genomes (KEGG);
gene ontology (GO)
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4.2. Introduction

With advancements in science and technology, an increasing number of females are becoming
aware of fertility preservation options. Fertility preservation is particularly relevant for females
undergoing cancer treatment or those diagnosed with premature ovarian insufficiency (POI)
[1,2,3]. In addition to oocyte cryopreservation and embryo cryopreservation, ovarian tissue
cryopreservation (OTC) offers a more comprehensive approach to preserving ovarian function.
This technique has gained significant attention and has become an important strategy for
safeguarding female fertility [4,5,6,7]. However, there remains concern regarding whether
cryopreserved ovarian tissue can maintain functionality comparable to that of fresh ovarian
tissue. OTC has been gradually applied, and so far, more than 200 live births have been
achieved, demonstrating its ability to restore fertility by producing functional oocytes [8,9].
Nevertheless, it is essential to elucidate the molecular and functional differences between
cryopreserved and fresh ovarian tissue and to refine cryopreservation protocols for improved

outcomes.

Currently, the primary techniques for ovarian tissue cryopreservation include conventional slow
freezing and vitrification [10,11,12]. Conventional slow freezing is the most widely utilized
method for ovarian tissue preservation. This technique systematically decreases the
temperature of ovarian tissue to cryogenic levels using a computer-controlled programmable
freezer. The critical factor in this method is the precise control of the cooling rate, typically set
at 0.3 °C per minute, which minimizes the formation of intracellular and extracellular ice crystals,
thereby preserving the integrity of cellular membranes and the overall tissue architecture
[13,14]. Vitrification is an ultrarapid freezing technique that utilizes extremely high cooling rates
to convert intracellular and extracellular fluids into a glass-like, amorphous solid state,
effectively preventing ice crystal formation [15,16]. However, vitrification is less effective for
larger tissue volumes, as the temperature gradient between the tissue surface and core can
result in asynchronous cooling and potential tissue damage. Consequently, this study selected

the more established method of slow freezing.

In addition to the freezing process, the thawing phase is equally critical in ovarian tissue
cryopreservation. It is essential to restore the tissue to its pre-freezing state to the greatest
extent possible. Primarily, preventing thermal damage to the tissue during thawing is the most
important. Conventionally, the tissue is first placed at room temperature for 30 s, followed by
immersion in 37 °C warm water until all ice has completely melted. This method minimizes
thermal injury to the tissue during thawing. Notably, the first successful live birth resulting from

ovarian cryopreservation in Germany employed this thawing method [14,17]. However, it is
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also imperative to minimize the contact time between the tissue and the cryoprotectant during
thawing. Reducing the exposure time to the cryoprotectant while ensuring that the tissue does
not experience thermal damage can mitigate the cytotoxic effects of the cryoprotectant on
ovarian tissue. During the thawing stage, the cell membrane is particularly vulnerable, and the
osmotic pressure across the membrane is unbalanced. Therefore, achieving a rapid transition
to the recovery phase is critical for maintaining cellular viability. The study group of the Medical
Faculty of Cologne University investigated a method involving the exposure of cryovials to
room temperature for 30 s, followed by immersion in a boiling water bath (100 °C) for 60 to 75
s. Moreover, there was precise monitoring of the ice melting, with the immersion time visually
controlled: once the ice at the tip of the cryovial was reduced to approximately 1 mm in
thickness, the cryovial was removed from the water. This technique minimizes the overall
thawing time and the contact time of the tissue with the cryoprotectant while ensuring that

thermal damage is avoided.

Consequently, this study used transcriptomic analysis to evaluate the differences between
conventional slow freezing and fresh human ovarian tissue, as well as the effects of different

thawing rates on ovarian tissue to better optimize ovarian cryopreservation techniques.

4.3. Results

4.3.1. Differential Expression Genes (DEGs)

Volcano plots were initially generated to compare upregulated and downregulated differentially
expressed genes across tissues from different groups. In comparison to Group 1 (fresh ovarian
tissue), the expression of 1839 genes was upregulated and 3740 genes were downregulated
in Group 2 plus Group 3 (Cryopreserved ovarian tissue) as shown in Figure 1A. The expression
of 314 genes was upregulated, and 2301 genes were downregulated in Group 2 (frozen
ovarian tissue after quick thawing at 100 °C) compared with Group 1 (shown in Figure 1B). At
the same time, in Group 3 (frozen ovarian tissue after slow thawing at 37 °C), compared to
Group 1, the expression of 722 genes was upregulated, while 3036 genes were downregulated
as shown in Figure 1C. Compared to Group 2, Group 3 exhibited upregulation in 1502 genes

and downregulation in 1109 genes (shown in Figure 1D).

4.3.2. Kyoto Encyclopedia of Genes and Genomes (KEGG)

KEGG pathway enrichment analysis based on DEGs was conducted. In comparison to Group

1 (fresh ovarian tissue), DEGs in Group 2 plus Group 3 (cryopreserved ovarian tissue) were
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mainly enriched in the lysosome pathway as shown in Figure 2A. Compared to Group 1, DEGs
in Group 2 (frozen ovarian tissue after quick thawing at 100 °C) were mainly enriched in the
cortisol synthesis pathway and ovarian steroidogenesis pathway, while DEGs in Group 3
(frozen ovarian tissue after slow thawing at 37 °C) were mainly enriched in the ovarian
steroidogenesis pathway (Figure 2B,C). Compared to Group 2, DEGs in Group 3 were
primarily enriched in the PI3K-Akt signaling pathway and ECM-receptor interaction pathway
(shown in Figure 2D).

4.3.3. Gene Set Enrichment Analysis (GSEA)

GSEA is a type of in-depth data analysis based on predefined gene sets in the KEGG database.
In comparison to Group 1 (fresh ovarian tissue), the enrichment of genes involved in the
lysosome pathway in downregulation in Group 2 plus Group 3 (cryopreserved ovarian tissue)
(Figure 3A). It was shown that the expression of the lysosomal pathway in cryopreserved
ovarian tissue was significantly reduced compared to that in fresh ovarian tissue. Compared
to Group 1, Group 2 (frozen ovarian tissue after quick thawing at 100 °C) showed
downregulation of genes involved in the cortisol synthesis pathway (Figure 3B,C) and ovarian
steroidogenesis pathway, while Group 3 (frozen ovarian tissue after slow thawing at 37 °C)
showed downregulation of genes involved in the ovarian steroidogenesis pathway (Figure 3D).
It was shown that both quick-thawing and slow-thawing cryopreserved ovarian tissues
exhibited a significant reduction in the expression of the ovarian steroidogenesis pathway
compared to fresh ovarian tissue. Compared to Group 3, Group 2 showed downregulation of
genes involved in the PI3K-Akt signaling pathway and ECM-receptor interaction pathway
(Figure 3E,F). It was shown that quick-thawing cryopreserved ovarian tissues exhibited
downregulation of genes in the expression of the PI3K-Akt signaling pathway and ECM-

receptor interaction pathway compared to slow-thawing cryopreserved ovarian tissues.

4.3.4. Gene Ontology (GO)

GO analysis based on DEGs was conducted. The analysis covered the functions of the
biological process (BP), cellular component (CC), and molecular function (MF). In comparison
to Group 1 (fresh ovarian tissue), DEGs in Group 2 plus Group 3 (cryopreserved ovarian tissue)
were mainly enriched in neutrophil-mediated immunity and granulocyte activation as shown in
Figure 4A. Compared to Group 1, DEGs in Group 2 (frozen ovarian tissue after quick thawing
at 100 °C) were mainly enriched in neutrophil-mediated immunity and neutrophil activation
involved in immune response, while DEGs in Group 3 (frozen ovarian tissue after slow thawing

at 37 °C) were mainly enriched in cellular response to the metal ion and humoral immune
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response ovarian steroidogenesis pathway (Figure 4B,C). Compared to Group 2, DEGs in
Group 3 were primarily enriched in the SRP-dependent co-translational protein targeting

pathway and co-translational protein targeting to the membrane (shown in Figure 4D).

4.3.5. Morphology of Ovarian Tissue

Hematoxylin-Eosin (HE)-staining of fresh ovarian tissue is shown in Figure 5A,B. To minimize
ice crystal formation during cryopreservation, the ovarian medulla was removed prior to the
procedure. The fresh ovarian tissue in this study served as a control for the cryopreserved
ovarian tissue, with the ovarian medulla also removed. Consequently, the HE-staining result
showed the absence of mature follicles and secondary oocytes, revealing only a limited
number of primordial follicles. The primordial follicle was encased by a layer of flat granulosa
cells, which were essential for supporting oocyte development and for synthesizing and
secreting hormones in the future. Additionally, stromal cells surrounding the follicles provided
crucial support and nutrition for their further development. Similar results were also shown in
the quick-thawing cryopreserved ovarian tissue in Figure 5C,D and in the slow-thawing
cryopreserved ovarian tissue in Figure 5E,F. Clear primordial follicles, along with the
surrounding granulosa cells and stromal cells, demonstrated that there was a minimal
difference in HE-staining between quick-thawing cryopreserved ovarian tissue, slow-thawing

cryopreserved ovarian tissue, and fresh ovarian tissue.

4.4, Discussion

4.4.1. Transcriptomic Differences Between Cryopreserved Ovarian Tissue and Fresh

Ovarian Tissue

The primary function of ovarian tissue is the production of oocytes, enabling female fertility.
Additionally, it secretes estrogen and progesterone, which are essential for the development
and maturation of follicles. In recent years, ovarian cryopreservation technology has advanced
significantly, offering improved methods for preserving female fertility. However, no studies
have yet investigated the transcriptomic differences between cryopreserved ovarian tissue and
fresh ovarian tissue. This study aims to investigate the transcriptomic differences between

cryopreserved and fresh ovarian tissue.

Additionally, different thawing rates for cryopreserved ovarian tissue may lead to subtle
differences in the ovarian tissue. The traditional thawing method is to leave the cryotube with

the fragments of ovarian tissue at room temperature for 30 s and subsequently place itin 37 °C

53



warm water for 1 min until the ice has completely melted. Many studies have demonstrated its
effectiveness, and, at the same time, the Cologne study group recommended leaving the
cryotube with the fragments of ovarian tissue at room temperature for 30 s and then immersing
for a period of 60 to 75 s in a water bath with boiling water (100 °C). When the ice at the tip is
thinner than ~1 mm the cryotube should be removed as a quick thawing method. This method
aligns with the principle of cryobiology. Any organism cryopreserved using existing
cryopreservation techniques should be thawed as quickly as possible to minimize the duration
of exposure to cryoprotectants, thereby reducing excessive dehydration and osmotic
imbalance, and minimizing cell damage. However, the effectiveness of this quick thawing
method requires further investigation. This study aims to explore whether different thawing

rates produce significant differences in transcriptomic profiles compared to fresh ovarian tissue.

4.4.1.1. Differentially Expressed Genes (DEGs)

Identifying DEGs is a fundamental step in transcriptomic analysis, aimed at understanding the
extent to which gene expression differences respond to specific conditions changes. The
results from our experiment indicate significant differences in gene expression between
cryopreserved ovarian tissue and fresh ovarian tissue, with over 5000 differentially expressed
genes. Furthermore, more than 2000 genes exhibited significant changes between quick
thawing cryopreserved ovarian tissue and fresh ovarian tissue, while over 3000 genes were
identified as differentially expressed between slow-thawing cryopreserved ovarian tissue and
fresh ovarian tissue. It demonstrates that, regardless of the thawing rate used, significant

transcriptomic changes exist between cryopreserved ovarian tissue and fresh ovarian tissue.

In the comparison between cryopreserved ovarian tissue and fresh ovarian tissue, the genes
that were significantly upregulated in cryopreserved ovarian tissue included FOSB and JUN.
FOXB is a member of the Forkhead Box (FOX) family of transcription factors, while JUN forms
heterodimers with FOSB to create the AP-1 transcription factor. This factor plays a critical role
in important signaling pathways that regulate gene expression and which are involved in
various physiological processes, including cell proliferation, apoptosis, stress response, and
inflammation [18,19]. It suggests that a complex interplay of proliferation and apoptosis
processes is implicated in the cryopreservation process. The significantly downregulated gene
in cryopreserved ovarian tissue included DHCR4, which is closely related to cholesterol
synthesis [20,21]. Besides oocyte production, the primary function of ovarian tissue is the
synthesis of estrogen and progesterone, both of which are vital steroid hormones.
Consequently, cryopreservation may impact the secretion of these hormones. Given the

extensive changes observed in gene expression, we conducted pathway enrichment analysis
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to identify specific pathways that exhibit significant alterations between cryopreserved ovarian

tissue and fresh ovarian tissue.

4.4.1.2. Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Set Enrichment
Analysis (GSEA) Analysis

We found that only one pathway exhibited significant changes in KEGG analysis between
cryopreserved ovarian tissue and fresh ovarian tissue, specifically the lysosomal pathway.
Combined with GSEA, it was further confirmed that the lysosomal pathway is downregulated
in the cryopreserved group. The lysosomal pathway is a crucial degradation pathway within
cells, primarily responsible for processing cellular waste. This pathway plays an essential role
in maintaining cell homeostasis, energy metabolism, signal transduction, and immune
responses. Downregulation of the lysosomal pathway impairs the cell’s ability to respond to
stress, resulting in diminished lysosomal function, a reduced number of lysosomes, decreased
enzyme activity, accumulation of toxic substances within the cells, and potential induction of
cell death [22,23,24]. Consequently, during the cryopreservation process, cells may activate
stress responses, and the downregulation of the lysosomal pathway diminishes the tissues’
ability to manage these stressors, leading to the accumulation of endotoxins and promoting
cellular apoptosis. When faced with the downregulation of the lysosomal pathway, it is
necessary to implement appropriate intervention measures during the cryopreservation
process to enhance the characteristics of cryopreserved ovarian tissue to resemble those of
fresh ovarian tissue; the cryopreserved ovarian tissue may be better than before. The studies
indicate that the degradative function of lysosomes can be enhanced by activating the
autophagy pathway [25]. Furthermore, the downregulation of the lysosomal function is
frequently associated with elevated oxidative stress in cells [26]. Supplementation with
antioxidants may alleviate oxidative stress-induced damage to lysosomes and indirectly
enhance lysosomal function. More research is necessary to investigate the potential
incorporation of these substances into the cryopreservation process to more effectively

preserve the characteristics of cryopreserved ovarian tissue.

We found that in KEGG pathways analysis that changed significantly between quick-thawing
cryopreserved ovarian tissue and fresh ovarian tissue were the cortisol synthesis and secretion
pathway and the ovarian steroidogenesis pathway. At the same time, slow-thawing
cryopreserved ovarian tissue and fresh ovarian tissue changed significantly, and this was also
on the ovarian steroidogenesis pathway. Combined with GSEA, it can be confirmed further
that the ovarian steroidogenesis pathway is downregulated in both the quick-thawing

cryopreserved ovarian tissue group and the slow-thawing cryopreserved ovarian tissue group
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compared with fresh ovarian tissue. The ovarian steroidogenesis pathway uses cholesterol as
a raw material in theca cells and granulosa cells of the follicles and is catalyzed by a series of
enzymes to gradually generate different steroid hormones, mainly estrogen and progesterone
[27,28]. The primary goal of ovarian cryopreservation is to preserve ovarian function, which
encompasses not only the production of oocytes but also the synthesis of estrogen and
progesterone. However, transcriptomic analysis has revealed that the ovarian steroidogenesis
pathway is significantly downregulated in the cryopreserved group, leading to a reduction in
the synthesis of estrogen and progesterone. Considering the downregulation of this pathway,
it should be better to give appropriate intervention measures during the cryopreservation
process, such as adding follicle-stimulating hormone (FSH) and luteinizing hormone (LH) in
the cryopreservation process to promote the synthesis of estrogen and progesterone.
Following cryopreservation and thawing, in vitro culture can be conducted, during which FSH
and LH can be supplemented to promote the synthesis of estrogen and progesterone.
Currently, FSH and LH are also incorporated into in vitro culture to further enhance the growth
and development of ovarian cells. This study demonstrates that the ovarian steroidogenesis
pathway is compromised during the cryopreservation process. Adding FSH and LH serves not
only to promote the growth and development of ovarian cells but also to compensate for the
damage incurred due to the downregulation of the ovarian steroidogenesis pathway during the

cryopreservation process.

4.4.1.3. Gene Ontology (GO) Analysis

It can be found that the pathways with significant changes in GO analysis between
cryopreserved ovarian tissue and fresh ovarian tissue included inflammation-related pathways,
such as the neutrophil-mediated immune response pathway and the granulocyte activation
pathway. During the cryopreservation process, cells are exposed to environmental changes
that trigger stress responses. Notably, inflammation-related responses differ between quick-
thawing cryopreserved ovarian tissue and fresh ovarian tissue, as well as between slow-
thawing cryopreserved ovarian tissue and fresh ovarian tissue. These changes are linked to
the stress state of the cells and exhibit minimal correlation with ovarian cell development,

fertility, proliferation, or apoptosis.

4.4.2. Transcriptomic Differences Between Quick-Thawing Cryopreserved Ovarian

Tissue and Slow-Thawing Cryopreserved Ovarian Tissue

The differences between cryopreserved ovarian tissues with two thawing rates and fresh

ovarian tissues are obvious. However, the distinctions between the two thawing rates
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themselves remain unclear. For instance, the results of hematoxylin and eosin (HE) staining
indicated that both thawing rates can generate viable follicles. However, whether quick thawing
results in less damage to ovarian tissues compared to slow thawing requires further
investigation. Studies have shown that quick thawing may offer several advantages. Firstly, it
can reduce ice crystal formation by effectively preventing and minimizing the regrowth of ice
crystals during the thawing process. In contrast, during slow thawing, residual cryoprotectants
or water molecules may recrystallize, leading to the formation of ice crystals. These ice crystals
can inflict physical damage to both intracellular and extracellular structures, including
disrupting cell membranes and damaging organelles. Secondly, quick thawing helps preserve
cell structure and function by maintaining the integrity of the cell membrane in ovarian tissue
and protecting the functions of key cell types, such as follicles and granulosa cells. Prolonged
exposure of cells to cryoprotectants during slow thawing can increase their toxicity, leading to
cell membrane damage, metabolic disorders, and even cell death. Additionally, slow thawing
may result in incomplete or unstable phase transitions of the cell membrane, particularly in the
presence of cryoprotectants, which can further compromise membrane integrity and make it
more fragile. Finally, quick thawing facilitates better osmotic pressure balance between the
intracellular and extracellular environments. Prolonged resuscitation times can exacerbate
damage to the membrane structure, negatively impacting cell integrity and function.
Fluctuations in temperature during the resuscitation process, coupled with the removal of
cryoprotectants, can disrupt osmotic pressure equilibrium. If the recovery period is excessively
lengthy, osmotic pressure may not normalize swiftly, leading to cell dehydration or excessive
hydration. This imbalance can cause cells to either swell or shrink, ultimately affecting their
survival and functionality [29,30,31,32]. This study aims to investigate the transcriptomic

differences between quick and slow thawing rates.

4.4.2.1. Differentially Expressed Genes (DEGs)

The results indicated that there are numerous differentially expressed genes in quick- and
slow-thawing cryopreserved ovarian tissue, with over 2000 genes showing significant changes.
This finding confirms that there are distinct transcriptomic differences between quick- and slow-
thawing cryopreserved ovarian tissue. In the comparison between the quick-thawing group and
the slow-thawing group, the gene that was significantly upregulated in the quick-thawing group
was GADD45B, which is a member of the GADDA45 family. Members of the GADDA45 family
are involved in various biological processes, including the cellular stress response, the
regulation of proliferation, and DNA repair. Notably, GADD45B is particularly sensitive to a
range of stressors and serves as a crucial regulator of cellular responses to environmental

changes [33,34,35]. This finding indicates that the cellular stress response in the quick-thawing
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group is more pronounced. When the cellular stress response is elevated, it can elicit a series
of complex biological effects, both beneficial and detrimental. On the positive side, the stress
response can activate cellular repair mechanisms, such as DNA repair, protein folding, and
degradation, thereby aiding in the restoration of normal cellular function. It also promotes cell
proliferation, differentiation, and immune activity. Conversely, an excessive stress response
can resultin the overproduction of reactive oxygen species (ROS), leading to oxidative damage
that affects cell membranes, DNA, and proteins, as well as promoting apoptosis. Therefore,
while an enhanced cellular stress response may confer protective effects, such as tissue repair
and immune enhancement, excessive stress can cause cellular damage and apoptosis.
Consequently, although the quick-thawing group elicited an increased stress response, further
investigation is needed to determine whether this ultimately leads to enhanced cell proliferation
or increased apoptosis. Because the number of genes changed was too high, we conducted
pathway enrichment analysis to identify the specific pathways that exhibited significant

changes between quick- and slow-thawing cryopreserved ovarian tissue.

4.4.2.2 Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Set Enrichment
Analysis (GSEA) Analysis

It was identified in KEGG analysis between quick- and slow-thawing cryopreserved ovarian
tissue that the pathways with significant changes included the PI3K-Akt signaling pathway and
ECM-receptor interaction pathway. Combined with GSEA, it can be confidently confirmed that
compared to slow-thawing cryopreserved ovarian tissue, the PI3K-Akt signaling pathway and
ECM-receptor interaction pathway in the quick-thawing cryopreserved ovarian tissue were
significantly downregulated. The PI3K-Akt signaling pathway plays a critical role in various
biological processes, including cell growth, proliferation, survival, migration, and metabolism.
It primarily promotes cell cycle progression, enhances cell proliferation, and increases cell
survival by inhibiting apoptotic pathways [36,37]. The significant downregulation of this
pathway may suggest that cell survival in the quick-thawing group is markedly lower than in
the slow-thawing one. The ECM-receptor interaction pathway is crucial for cell signaling,
proliferation, differentiation, and migration. Downregulation of this pathway may lead to
decreased adhesion between cells and the extracellular matrix, negatively impacting cell
morphology, migration, and proliferation [38,39,40]. This further substantiates that
morphological changes in the quick-thawing group promote apoptosis. Consequently, it
indicates that a series of apoptotic processes occurred in the quick-thawing group following

the stress response.
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4.4.2.3. Gene Ontology (GO) Analysis

It was identified in GO analysis between quick- and slow-thawing cryopreserved ovarian tissue
that the pathways with significant changes included the SRP-dependent co-translational
protein targeting pathway and co-translational protein targeting to the membrane. The SRP-
dependent co-translational protein targeting pathway is a critical protein transport mechanism
within the cell, primarily responsible for directing secretory proteins, membrane proteins, and
proteins destined for organelles to the endoplasmic reticulum (ER) during synthesis. This
process ensures that newly synthesized polypeptides are accurately directed as they are
produced on ribosomes. Under stress conditions, upregulation of the SRP pathway may help
cells synthesize and transport stress-related proteins more effectively. By enhancing the
protein-processing capacity of the ER, upregulation of the SRP pathway can improve cell
survival and reduce cell death. The co-translational targeting protein mechanism plays an
important role in intracellular protein synthesis and transport. Through effective signal
recognition and transport processes, cells can ensure the correct folding and function of
proteins, thereby maintaining the normal operation and physiological function of cells. The
upregulation of this pathway, together with the SRP pathway, promotes protein synthesis,
improves cell survival, and reduces cell death [41,42,43]. Consequently, cells in the quick-
thawing group exhibited heightened stress responses. Activation of the SRP-dependent
pathway and the co-translational targeting pathway can enhance cell survival and mitigate cell
death. In the KEGG pathway enrichment analysis, it was determined that the quick-thawing
group facilitated the apoptotic process via the PI3K-Akt signaling pathway and ECM-receptor
interaction pathway following the stress response. However, the GO results indicated that the
quick-thawing group also promoted cell survival through the SRP-dependent pathway and the
co-translational targeting pathway in response to stress. Thus, following the stress response,
quick-thawing cryopreserved ovarian tissue exhibited both pro-apoptotic and pro-survival

activities. Further investigation is required to determine which pathway has a stronger influence.

4.4.3. Limitations

This study aims to explore the transcriptomic differences between fresh ovarian tissue and
tissue cryopreserved with an elevated thawing rate. Our results indicate that cryopreservation
of ovarian tissue by the described method does not decrease follicle production but
downregulates the ovarian steroidogenesis pathway, reducing estrogen and progesterone
secretion. Quick thawing of ovarian tissue increases the proliferation and apoptosis pathways
of cells. The main limitation of our study is the small number of ovarian tissue samples. As

human ovarian tissue is difficult to obtain due to ethical and clinical constraints, this has
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restricted the number of experimental samples for our study. Further studies are required to

validate and expand upon the conclusions presented in this article.

4.5. Materials and Methods

4.5.1. Design of Experiments

A total of 9 human ovarian tissue samples was collected and divided into 3 groups. The
technology in our studies was developed for tumor patients. The ovarian tissue fragments used
for the experiments were obtained from patients involved in a fertility treatment program. They
were all diagnosed with tumors (including Hodgkin’s Lymphoma, Non-Hodgkin’s Lymphoma,
and Chronic Myeloid Leukemia). Informed consent was obtained from patients whose tissue
was collected for this study. Ovarian tissue fragments were obtained from 3 patients aged 18,
26 and 27 (median age 23.7 years). Three tissue fragments from each patient were used for
experiments. Three groups were formed: fresh tissue (Group 1), frozen tissue after quick
thawing at 100 °C (Group 2), and frozen tissue after slow thawing at 37 °C (Group 3). Three

samples were used in each group (Figure 6).

4.5.2. Collection and Cryopreservation of Ovarian Tissue

The study was conducted following the Declaration of Helsinki and approved by the Institutional
Ethics Committee of Cologne University (applications 999,184 and 13-147) and by the
Bulgarian Ethics Committee. Informed consent was obtained from patients whose ovarian
tissue was collected for this study. All chemicals were obtained from Sigma (Sigma Chemical
Co., St. Louis, MO, USA) unless otherwise stated.

Cryopreservation of ovarian tissue was conducted following our previously published protocols
[44,45,46,47]. On the day of freezing, ovarian tissue pieces were placed at room temperature
in 20 mL of the freezing medium, consisting of basal medium supplemented with 6% dimethyl
sulfoxide (DMSOQO), 6% ethylene glycol, and 0.15 M sucrose. The tissue pieces were then
transferred into standard 5 mL cryo-vials (Thermo Fisher Scientific, Rochester, NY, USA),
prefiled with the freezing medium, and frozen using the IceCube 14S freezer (SylLab,
Neupurkersdorf, Austria). The cryopreservation protocol was as follows: (1) the starting
temperature was -6 °C; (2) samples were cooled from -6 °C to =34 °C at a rate of 0.3 °C/min;
and (3) at —34 °C, the cryo-vials were plunged into liquid nitrogen. The freezing protocol also

included an auto-seeding step at -6 °C.
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Quick thawing: Tissue thawing was achieved by placing the cryovials at room temperature for
30 s and then immersing them in a 100 °C (boiling water) water bath for 60 s and draining the
vial contents into the solution to remove the cryoprotectant. The exposure time in boiling water
was visually controlled by the presence of ice in the culture medium; the vials were removed
from the boiling water once the ice reached a size of 2 to 1 mm, at which point the final
temperature of the culture medium was between 4 and 10 °C. Within 5 to 10 s of thawing, the
tissue fragments in the cryovials were drained into 10 mL of thawing solution (basal medium
containing 0.5 M sucrose) in a 100 mL specimen container (Sarstedt, Neumbrecht, Germany).
After exposure of the tissue to sucrose for 15 min, stepwise rehydration of the cells was

performed as previously reported.

Slow thawing: This thawing method is the same as the quick-thawing method described above,
except that the cryovials were immersed in a 37 °C water bath for 1 min to thaw the tissue until

the ice completely melted.

4.5.3. Sequencing and Data Extraction

Each sample of ovarian tissue was used for RNA extraction with the Trizol method. RNA
integrity was assessed using the Bioanalyzer 2100 system (Agilent Technologies, Santa Clara,
CA, USA). Messenger RNA was purified from total RNA using poly-T oligo-attached magnetic
beads. After fragmentation, the first strand of cDNA was synthesized using random hexamer
primers. Then the second strand of cDNA was synthesized using dUTP, instead of dTTP. The
directional library was ready after end repair, A-tailing, adapter ligation, size selection,
amplification, and purification. The library was checked with Qubit and real-time PCR for
quantification and bioanalyzer for size distribution detection. After library quality control,
different libraries were pooled based on the effective concentration and targeted data amount,
then subjected to lllumina sequencing. The basic principle of sequencing is “Sequencing by
Synthesis”, where fluorescently labeled dNTPs, DNA polymerase, and adapter primers are
added to the sequencing flow cell for amplification. As each sequencing cluster extends its
complementary strand, the addition of each fluorescently labeled dNTP releases a
corresponding fluorescence signal. The sequencer captures these fluorescence signals and
converts them into sequencing peaks through computer software, thereby obtaining the
sequence information of the target fragment. Reference genome and gene model annotation
files were downloaded from the genome website directly. The index of the reference genome
was built using Hisat2 v2.0.5, and paired-end clean reads were aligned to the reference
genome using Hisat2 v2.0.5. We selected Hisat2 as the mapping tool for Hisat2 can generate

a database of splice junctions based on the gene model annotation file and thus obtain a better
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mapping result than other non-splice mapping tools. The mapped reads of each sample were
assembled by StringTie (v1.3.3b) in a reference-based approach. StringTie uses a novel
network flow algorithm as well as an optional de novo assembly step to assemble and

quantitate full-length transcripts representing multiple splice variants for each gene locus.

4.5.4. Differential Expression Analysis

For DESeq2 with biological replicates, differential expression analysis for two
conditions/groups was performed using the DESeq2 R package (1.20.0). DESeq2 provides
statistical programs for determining differential expression in digital gene expression data
using models based on negative binomial distribution. The resulting p-value is adjusted using

Benjamini and Hochberg's methods to control the error discovery rate. The corrected p-value
< 0.05 and |log2(foldchange)] = 1 was set as the threshold of significant differential

expression.

4.5.5. GO and KEGG Enrichment Analysis of Differentially Expressed Genes

GO enrichment analysis of differentially expressed genes was implemented by the
clusterProfiler R package, in which gene length bias was corrected. GO terms with corrected
p-values less than 0.05 were considered significantly enriched by differentially expressed
genes. KEGG is a database resource for understanding high-level functions and utilities of the
biological system, such as the cell, the organism, and the ecosystem, from molecular-level
information, especially large-scale molecular datasets generated by genome sequencing and
other high-throughput experimental technologies (http://www.genome.jp/kegg/). We used the
cluster profile R package to test the statistical enrichment of differential expression genes in
KEGG pathways.

4.5.6. Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) is a computational approach to determine if a
predefined Gene Set can show a significant consistent difference between two biological states.
The genes were ranked according to the degree of differential expression in the two samples,
and then the predefined Gene Set was tested to see if they were enriched at the top or bottom
of the list. Gene Set Enrichment Analysis can include subtle expression changes. We use the
local version of the GSEA analysis tool http://www.broadinstitute.org/gsea/index.jsp, GO, and
KEGG data sets were used for GSEA independently.
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4.5.7. Histological Analysis

Ovarian tissues were fixed in 3.5% paraformaldehyde for 24 h at 4 °C and then embedded in
paraffin wax. Sections of 4 ym thickness were cut, with every 10th section mounted on glass
slides and stained using hematoxylin and eosin. Morphological analysis of tissue development
and viability was performed under a Nikon Diaphot 300 microscope at 200x and 400x

magnification.

4.6. Conclusions

Cryopreservation of ovarian tissue by the described method does not decrease follicle
production but downregulates the ovarian steroidogenesis pathway, reducing estrogen and
progesterone secretion. Quick thawing of ovarian tissue increases the proliferation and

apoptosis pathways of cells.
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4.8. APPENDIX

Figure
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Figure 1. Volcano map of differentially expressed genes (DEGs) (A) DEGs volcano map:

Group 2 plus Group 3 (cryopreserved ovarian tissue) vs. Group 1 (fresh ovarian tissue). (B)

DEGs volcano map: Group 2 (frozen ovarian tissue after quick thawing at 100 °C) vs. Group 1

(fresh ovarian tissue). (C) DEGs volcano map: Group 3 (frozen ovarian tissue after slow

thawing at 37 °C) vs. Group 1 (fresh ovarian tissue). (D) DEGs volcano map: Group 2 (frozen

ovarian tissue after quick thawing at 100 °C) vs. Group 3 (frozen ovarian tissue after slow
thawing at 37 °C).
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A KEGG Pathway (Cryopreservation/Fresh) B KEGG Pathways (Quick/Fresh)
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Figure 2. Visualization dot map of Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis (A) KEGG pathway analysis: Group 2 plus Group 3 (cryopreserved ovarian
tissue) vs. Group 1 (fresh ovarian tissue). (B) KEGG pathway analysis: Group 2 (frozen ovarian
tissue after quick thawing at 100 °C) vs. Group 1 (fresh ovarian tissue). (C) KEGG pathway
analysis: Group 3 (frozen ovarian tissue after slow thawing at 37 °C) vs. Group 1 (fresh ovarian
tissue). (D) KEGG pathway analysis: Group 2 (frozen ovarian tissue after quick thawing at

100 °C) vs. Group 3 (frozen ovarian tissue after slow thawing at 37 °C).
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Figure 3. Gene Set Enrichment Analysis (GSEA) based on KEGG pathway data. (A) GSEA
analysis indicated the lysosome pathway was enriched and downregulated in Group 2 plus
Group 3 (cryopreserved ovarian tissue) compared with Group 1 (fresh ovarian tissue). (B)
GSEA analysis indicated the cortisol synthesis pathway was enriched and downregulated in
Group 2 (frozen ovarian tissue after quick thawing at 100 °C) vs. Group 1 (fresh ovarian tissue).
(C) GSEA analysis indicated the ovarian steroidogenesis pathway was enriched and
downregulated in Group 2 (frozen ovarian tissue after quick thawing at 100 °C) vs. Group 1
(fresh ovarian tissue). (D) GSEA analysis indicated the ovarian steroidogenesis pathway was
enriched and downregulated in Group 3 (frozen ovarian tissue after slow thawing at 37 °C) vs.
Group 1 (fresh ovarian tissue). (E) GSEA analysis indicated the PI3K-Akt signaling pathway
was enriched and downregulated in Group 2 (frozen ovarian tissue after quick thawing at
100 °C) vs. Group 3 (frozen ovarian tissue after slow thawing at 37 °C). (F) GSEA analysis
indicated the ECM-receptor interaction pathway was enriched and downregulated in Group 2
(frozen ovarian tissue after quick thawing at 100 °C) vs. Group 3 (frozen ovarian tissue after

slow thawing at 37 °C).
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Figure 4. Visualization dot map of Gene Ontology (GO) enrichment analysis. (A) GO

enrichment analysis: Group 2 plus Group 3 (cryopreserved ovarian tissue) vs. Group 1 (fresh

ovarian tissue). (B) GO enrichment analysis: Group 2 (frozen ovarian tissue after quick thawing

at 100 °C) vs. Group 1 (fresh ovarian tissue). (C) GO enrichment analysis: Group 3 (frozen

ovarian tissue after slow thawing at 37 °C) vs. Group 1 (fresh ovarian tissue). (D) GO

enrichment analysis: Group 2 (frozen ovarian tissue after quick thawing at 100 °C) vs. Group

3 (frozen ovarian tissue after slow thawing at 37 °C).
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Figure 5. Hematoxylin-Eosin (HE) -staining of fresh ovarian tissue and cryopreserved ovarian
tissue. (A,B) HE-staining of Group 1 (fresh ovarian tissue). (C,D) HE-staining of Group 2
(frozen ovarian tissue after quick thawing at 100 °C). (E,F) HE-staining of Group 3 Group 3
(frozen ovarian tissue after slow thawing at 37 °C).Bar for (A,C,E) = 250 ym, bar for (B,D,F) =
50 pm.
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5. Discussion

Optimizing ovarian tissue cryopreservation technology is of great significance in the field of
reproductive medicine and can better protect female fertility. During the freezing process,
ovarian tissue is susceptible to various types of damage, including ice crystal formation, cell
membrane rupture, and osmotic pressure imbalances. These factors lead to a decrease in
follicle survival rates and structural damage to the ovarian matrix3*. By optimizing the
cryopreservation method, the survival and function of follicles and stromal cells can be
significantly improved, laying the foundation for the reconstruction of ovarian function after
subsequent transplantation. Therefore, efficient and controllable cryopreservation strategies
have become the core prerequisite for future applications. In addition, optimizing freezing
technology can better adapt to different patient groups and disease backgrounds and expand

the scope of application of fertility preservation.

Based on the current strategies for preserving female fertility and the development of modern
assisted reproductive technology, we first systematically reviewed and meta-analyzed the two
mainstream cryopreservation methods, traditional slow freezing and vitrification. We found that
the data included in the analysis showed that there was no significant difference between the
two methods in the two main outcomes of follicle vitality and the proportion of intact primordial
follicles. However, since the specific methods used in the included studies are not consistent,

the results may be biased.

First, there are significant differences in the types, concentrations, and compositions of CPAs,
which are one of the important variables affecting the cryopreservation effect of ovarian tissue.
Different types of cryoprotectants vary in cell protection mechanisms, permeability, toxicity,
and interactions with tissues, making it difficult to establish a unified standardized comparison
system. For example, S. Silber et al. used human serum albumin (HSA) as an auxiliary
protective agent in their study’®. HSA has a good membrane-stabilizing effect and can interact
with the cell membrane surface to reduce mechanical stress and ice crystal formation during
freezing, thereby effectively reducing cell structural damage. However, in other studies, this
component was not used, resulting in limited comparability between different experimental
results. Similarly, A. Dalman et al. introduced catalase as an antioxidant component in their
study 7°. Catalase can decompose the excessive ROS generated during freezing and thawing,
thereby alleviating oxidative stress damage and protecting cell mitochondrial function and
membrane integrity. This type of auxiliary cryoprotectant, based on antioxidant mechanisms,

exhibits distinct protective advantages compared to traditional permeable CPAs.
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Overall, the selection of cryoprotectants across studies lacks a unified standard. Not only do
different types of cryoprotectants exist, but there is also considerable variability in
concentration, exposure time, and combination ratios. While this diversity reflects the
exploratory and adaptable nature of cryopreservation technology, it also increases
heterogeneity in results, limiting cross-study comparisons and clinical application. Therefore,
establishing a standardized system for cryoprotectant screening and application remains a key
direction for future research. Systematic experiments should be conducted to evaluate the
comprehensive effects of different CPAs and their combinations on ovarian tissue structure
preservation, follicle survival, endocrine function recovery, and post-transplant fertility potential.
This will further clarify the optimal formulation and operating conditions, thereby providing a

unified and reproducible technical foundation for ovarian tissue cryopreservation.

Secondly, the size of the ovarian tissue specimen has a significant impact on the
cryopreservation effect. During the freezing process of ovarian tissue, the thickness and
volume of the tissue not only determine the penetration efficiency of the CPAs but also directly
affect the uniformity of the cooling and thawing rates. Especially in vitrification, since it relies
on an extremely high freezing rate to achieve amorphous solidification, if the tissue block is
too large, it will be difficult to achieve uniform cooling inside and outside, resulting in delayed
cooling in the central area of the tissue, residual ice crystals, or insufficient penetration of the
protective agent. This temperature and osmotic difference can cause cell membrane rupture,
mitochondrial damage, and local tissue necrosis, seriously affecting the survival rate of follicles
and functional recovery after thawing. As pointed out by S. Zhao et al., the poor effect of
vitrification of ovarian tissue is partly due to the large size of the tissue block’®. The large tissue
prevents the protective agent from fully penetrating the core of the tissue, causing cell frostbite
and structural damage. According to this, traditional slow freezing offers a more controllable
process, allowing for gradual equilibration of intracellular and extracellular water content during

the gradual freezing process, thereby reducing osmotic stress and mechanical damage.

According to the systematic review and meta-analysis, this study chose to utilize the traditional
slow freezing method for ovarian tissue cryopreservation. And the cryoprotectant solution
chosen consisted of 6% DMSO, 6% EG, and 0.15 mol/L sucrose in a basal culture medium.
DMSO and EG are typical osmotic CPAs, capable of entering cells to displace water and
prevent ice crystal formation. Sucrose, a non-osmotic CPA, regulates extracellular osmotic
pressure, aids dehydration, and mitigates osmotic cracking during rewarming. To ensure
effective penetration of the cryoprotectant and uniform cooling, ovarian tissue specimens were
standardized and cut into 0.5-1 cm? slices, approximately 1-2 mm thick. This specification

ensures uniform diffusion of the cryoprotectant throughout the tissue while avoiding

76



temperature gradients caused by excessive volume, helping to maximize the integrity of the

follicular structure and stromal cells.

In conclusion, according to the systematic review and meta-analysis, the optimization of
subsequent experimental procedures has been done. By selecting the better cryopreservation
method, optimizing the size of ovarian tissue, the type and concentration of cryoprotectants,
tissue viability, and functional recovery rates after freezing and thawing can be significantly
improved. These optimizations may provide a foundation for the standardization and broader

clinical application of the ovarian tissue cryopreservation techniques.

This study also employed transcriptomics to compare cryopreserved ovarian tissues with fresh
ovarian tissues. KEGG enrichment analysis revealed significant alterations in the pathways of
cortisol synthesis and secretion, as well as ovarian steroidogenesis, between cryopreserved
and fresh ovarian tissues. Further validation through GSEA confirmed the downregulation of
both pathways. These findings indicate that, compared to fresh ovarian tissues, the pathways
responsible for synthesizing estrogen and progesterone in cryopreserved ovarian tissues are
notably downregulated, suggesting a reduction in the synthesis of these hormones. The
development and function of ovarian tissue in vivo are intricately regulated by the
hypothalamic-pituitary-ovarian (HPO) axis’’. The hypothalamus secretes gonadotropin-
releasing hormone (GnRH), which acts on the pituitary gland through the portal system,
stimulating the pituitary gland to release follicle-stimulating hormone (FSH) and luteinizing
hormone (LH). FSH mainly promotes the growth and development of follicles, while stimulating
the granulosa cells of the follicles to secrete estrogen; LH plays a key role in the ovulation
process, while stimulating the luteinization of the follicles and promoting the synthesis of
progesterone. The estrogen and progesterone secreted by the ovaries regulate the secretion
of GnRH, FSH and LH through feedback regulation of the hypothalamus and pituitary gland,

thereby maintaining the dynamic balance of the entire reproductive endocrine system?8%,

Therefore, the transcriptomic results of this study suggest that cryopreservation may
temporarily inhibit the steroid hormone synthesis capacity of ovarian tissue, which may not
only affect the maturation and ovulation function of follicles after thawing, but also interfere
with the feedback regulation of the HPO axis, leading to delayed recovery of reproductive
endocrine system function. This finding suggests that in the clinical application of frozen
ovarian tissue, in addition to focusing on follicle survival and structural integrity, the hormone
synthesis capacity and endocrine function recovery of the tissue after thawing should also be

considered.
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Under the control of the HPO axis, estrogen and progesterone regulate the secretion of GnRH,
FSH, and LH through negative feedback, maintaining a dynamic balance between follicular
growth, ovulation, and corpus luteum production®®. Cryopreservation-induced
downregulation of the steroidogenic pathway may temporarily impair this feedback loop,
leading to abnormal FSH and LH levels and, in turn, affecting the synchronous development
of follicles and ovulation efficiency in thawed ovarian tissue. Furthermore, hypothermia and
freezing stress may induce oxidative stress and mitochondrial damage within follicular cells,
further reducing follicular developmental potential. Despite this, experimental and clinical data
indicate that most frozen ovarian tissue gradually recovers endocrine function and follicular
activity after thawing, suggesting that this suppression may be temporary 278485 However,
further optimization of cryopreservation strategies is needed to improve the physiological
function and fertility recovery rate of thawed ovarian tissue. Adjustments to the cryoprotectant
combination may be made to reduce oxidative stress, and supplemental gonadotropin
stimulation can be used during transplantation or in vitro culture to promote rapid recovery of
the steroidogenic pathway in thawed ovarian tissue. For instance, the inclusion of FSH and LH
in the cryopreservation medium could promote the synthesis of estrogen and progesterone,

thereby supporting the maintenance of ovarian reproductive endocrine function.

Despite advances in cryopreservation and thawing techniques, ovarian tissue still experiences
varying degrees of damage during the freezing and thawing process, including injury to follicles,
blood vessels, and stromal cells, which can compromise functional integrity. In vitro culture of
ovarian tissue following cryopreservation has demonstrated potential for enhancing follicular
viability and promoting tissue recovery, underscoring its importance in optimizing fertility

outcomes®.

To enhance the survival rate of ovarian tissue transplantation, in vitro culture of cryopreserved
ovarian tissue has become a promising strategy®®’. Various in vitro culture strategies have
been explored, including two-dimensional (2D) culture, three-dimensional (3D) suspension
culture, microfluidic culture, and 3D scaffold-based culture. In 2D culture, ovarian tissue
fragments are placed on a culture dish with medium; however, the absence of a 3D structural
environment limits follicular development. In contrast, 3D suspension culture preserves tissue
architecture and improves follicular survival and maturation by preventing adhesion, although
maintaining structural stability remains challenging. Microfluidic culture, which utilizes
microfluidic chips to precisely control nutrient supply, is well-suited for long-term culture but is
limited by technical complexity and high cost. Finally, 3D scaffold-based culture involves
embedding ovarian tissue within natural or synthetic biomaterials, facilitating cell—cell

interactions, enhancing follicular viability, and advancing artificial ovary development. The
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selection of appropriate biomaterials is critical, as they significantly influence tissue

functionality and developmental outcomes®-°,

Recent studies indicated that a 3D culture model using TISSEEL fibrin, designed to simulate
the native stromal architecture. This 3D system provides stable structural support, preserving
the natural spatial organization of tissue and thereby improving tissue survival. The TISSEEL
fibrin 3D scaffold effectively promoted follicle development; however, it also increased the
metabolic activity within the tissue, leading to some degree of cellular damage. Elevated
metabolic demands combined with limited oxygen diffusion are common challenges in tissue
culture. The addition of antioxidants may help mitigate oxidative stress and reduce cell injury.
Furthermore, microfluidic systems, which can enhance the uniform distribution of oxygen and
nutrients and prevent central hypoxia and necrosis, represent a potential improvement,
although their technical complexity currently limits widespread application®'-3. Future

investigations in this area are highly encouraged.

While the TISSEEL fibrin 3D scaffold provides crucial spatial support and promotes
intercellular communication, prolonged culture leads to weakened cell adhesion, potentially
due to gradual fibrin degradation. Additionally, extended culture times can result in insufficient
nutrient and energy supply, ultimately causing cell necrosis. Therefore, optimizing the in vitro
culture duration is critical, requiring a balance between supporting follicular development and

preventing tissue necrosis or functional decline associated with prolonged culture.

This study aimed to optimize ovarian tissue cryopreservation techniques to improve follicle
survival and endocrine function recovery after freezing and thawing. Based on an analysis of
current female fertility preservation strategies and modern assisted reproductive technologies,
we first compared the effectiveness of different cryopreservation methods, including traditional
slow freezing and vitrification. Taking into account tissue survival, operational controllability,
and clinical feasibility, this study selected traditional slow freezing as the primary preservation
strategy. Furthermore, to minimize ice crystal recrystallization and osmotic stress damage

during thawing, we optimize the thawing rate during thawing.

During cryopreservation, the type, concentration, and composition of CPAs are crucial for
tissue preservation. Permeable CPAs, such as DMSO and EG, can enter cells to displace
water and reduce ice crystal formation, while non-permeable CPAs, such as sucrose, can
assist in dehydration by regulating extracellular osmotic pressure, reducing the risk of
rewarming and cracking. Furthermore, the combination of cryoprotectants and the gradient

exposure time requires careful control to balance protective efficacy with toxicity. Research
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has shown that the addition of supplements such as HSA or antioxidant enzymes, such as
catalase, can further reduce ice crystal formation and oxidative stress damage, thereby

improving follicle survival.

The size and thickness of ovarian tissue specimens are also important factors influencing
freezing efficacy. To ensure adequate penetration of the cryoprotectant and uniform cooling,
this study cut the ovarian cortex into slices 0.5-1 cm? and 1-2 mm thick. This size ensures
rapid cooling within the tissue while maintaining structural integrity, maximizing the protection

of follicles and stromal cells.

To further enhance tissue function after cryopreservation, the in vitro three-dimensional culture
model to simulate the ovarian microenvironment and promote follicle growth and maturation is
viable. Future efforts within this three-dimensional culture system could include the addition of
FSH, LH, or antioxidants, as well as integrated microfluidic systems to optimize the exchange
of nutrients and signaling molecules, thereby enhancing ovarian tissue functional recovery and

fertility potential.

Overall, this study not only improved the survival rate and functional recovery of ovarian tissue
by selecting an appropriate freezing method, optimizing cryoprotectant formulations, and
thawing conditions, but also provided clear direction for further improving freezing-thawing
protocols. Future studies could further systematically evaluate the optimal conditions for
hormone and antioxidant combinations, and explore the application of advanced technologies
such as microfluidics in ovarian tissue cryopreservation to maximize structural protection and

functional recovery.
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