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Abstract

Cryopreservation of bovine oocytes and in vitro produced (IVP) embryos represents a central tool for the
global distribution of genetic material and the efficient application of assisted reproductive technologies.
Although vitrification has become the preferred alternative to slow freezing because it avoids ice crystal
formation, consistent and reproducible results are still difficult to achieve, especially in oocytes. Most
vitrification protocols have traditionally been developed through empirical “trial and error” approaches,
with limited consideration of the biological and biophysical factors that determine cryosurvival. Current
progress, however, points toward a more rational framework based on membrane permeability, osmotic
tolerance, cryoprotectant (CPA) toxicity, and mathematical modeling. This review provides a comprehensive
evaluation of vitrification in bovine oocytes and IVP embryos by integrating biological, biophysical, and
practical perspectives. It analyzes the cellular factors that limit cryotolerance and the advances in rational
protocol design based on the quantitative analysis of membrane permeability and osmotic tolerance.
The use of mathematical modeling, including temperature-dependent permeability data, has enabled the
optimization of equilibration steps and reduced variability among laboratories. Moreover, strategies to
mitigate cryodamage are discussed as promising but stillinconsistent approaches. Technical improvements,
including blastocoel collapse before vitrification and simplified warming systems for direct transfer,
have also been evaluated for their potential to facilitate field application. Although vitrification remains
biologically superior to slow freezing in terms of cryosurvival, its largescale implementation is limited
by handling complexity and the lack of standardized directtransfer systems. Future progress in bovine
cryopreservation will depend on combining enhanced cellular competence with biophysical optimization
and standardized, reproducible procedures that can ensure not only improved postwarming survival but
also consistent pregnancy and calving outcomes in real production environments.

Keywords: cryotolerance, mathematical modelling, extracellular vesicles, direct transfer, oxidative
stress.

Introduction

Cryopreservation of bovine oocytes and embryos is a key technology for modern animal
reproduction and the preservation of genetic resources. The capacity to store and transport viable
embryos has transformed breeding strategies, enabling global exchange of superior genetics,
synchronization between donors and recipients, and reduced risk of disease transmission.
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Vitrification in bovine oocytes and embryos

The widespread adoption of in vitro embryo production (IVP) systems, together with genomic
selection and oocyte pickup (OPU) technologies, has considerably increased the demand for
efficient and reliable cryopreservation methods.

According to the most recent report of the International Embryo Technology Society (IETS),
more than two million IVP bovine embryos were produced in 2024, exceeding the number of
in vivo-derived embryos by almost sevenfold (Viana, 2025). This trend confirms the growing
dominance of IVP systems in cattle breeding and their strategic importance for both dairy
and beef industries. However, cryotolerance remains a major bottleneck in the IVP workflow.
Only around 40% of IVP embryos are routinely cryopreserved and transferred, and pregnancy
outcomes after thawing/warming remain inconsistent, particularly when compared with in vivo-
derived embryos (Ealy et al., 2019; Hansen, 2020). These limitations are even more pronounced
in oocytes, which remain the most difficult developmental stage to cryopreserve efficiently.

Vitrification is currently the preferred cryopreservation method for bovine oocytes and IVP
embryos because it prevents intracellular ice crystal formation and limits chilling injury, the main
sources of damage associated with conventional slow cooling. Success, however, depends on a
precise balance among cooling and warming rates, cryoprotectant (CPA) concentration, and the
osmotic tolerance of the cells (Saragusty and Arav, 2011). Bovine oocytes are particularly sensitive
to cryodamage compared with embryos due to their large size and relatively low membrane
permeability which limits water and CPA exchange during vitrification. In addition, their high lipid
content, and highly organized intracellular architecture increase their susceptibility to osmotic,
thermal, and oxidative injury, compromising normal fertilization and embryo development
(reviewed in Dujickova et al., 2020; Mogas et al., 2024). IVP embryos, although generally
more cryotolerant than oocytes, still differ from in vivo-derived embryos in lipid metabolism,
mitochondrial function, membrane composition, and developmental competence (Rizos et al.,
2008). Thus, cryopreservation outcome depends not only on the vitrification protocol but also
on the biological status of the cell prior to cooling. These intrinsic differences help explain why
survival and pregnancy outcomes after transfer of cryopreserved IVP embryos remain variable
and often less predictable than those obtained with in vivo-derived embryos.

Despite important progress, a universal and robust vitrification protocol for bovine ococytes and
embryos is still lacking. Past improvements mainly resulted from empirical optimization of CPA
composition, exposure time, temperature, and vitrification devices (reviewed in Ferré et al., 2020;
Mogas et al., 2024). These adjustments have improved survival, but they have not eliminated the
high sensitivity of bovine cells to subtle handling variations and interlaboratory reproducibility
remains limited (reviewed in Mogas et al., 2024). Under field conditions, this limitation becomes
critical: whereas directtransfer procedures are routinely applied for slowfrozen embryos,
comparable standardized systems for vitrified IVP embryos are still emerging. Reducing this
gap is essential for wider and more consistent application of cryopreservation in breeding and
germplasm conservation.

In this context, cryobiology and membrane transport analysis provide an essential basis for
protocol design. The movement of water and CPAs across the plasma membrane, the osmotic
tolerance of the cell, and the balance between adequate dehydration and CPA toxicity are key
determinants of success. Integrating these biophysical concepts with biological determinants
of oocyte and embryo competence offers a path toward more effective and reproducible
vitrification strategies.

The aim of this review is to critically examine the current state of vitrification in bovine oocytes
and IVP embryos by integrating biological and biophysical principles. The review discusses the
main factors that define cryotolerance and explores new strategies to improve survival and
consistency, from cellular preparation to methodological design and practical application.

Biological constraints to cryopreservation of oocytes and embryos

The lower efficiency observed after oocyte vitrification compared with embryos is not
caused by a single limitation but by several interacting factors affecting structure and function.
Bovine oocytes are large cells with a low surfacetovolume ratio, which restricts the movement
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of water and CPAs across the plasma membrane. As a result, osmotic equilibration during
vitrification and warming is slower and more difficult to control than in embryos, increasing
the risk of excessive shrinkage, insufficient dehydration, and intracellular damage (reviewed
in Dujickova et al., 2020; Mogas et al., 2024).

Oocytes are also very fragile because their developmental competence depends on
an organized intracellular architecture. The meiotic spindle is particularly sensitive to low
temperature, and its depolymerization and chromosome scattering are frequent abnormalities
after vitrification, even in oocytes that look morphologically normal (Garcia-Martinez et al.,
2020; Morato et al., 2008a). Such changes are associated with abnormal fertilization and
low embryo development. Other cytoskeletal elements, such as actin filaments and cortical
granules, can also be disrupted, altering zona pellucida properties, sperm interaction, and
pronuclear formation (Albarracin et al., 2005; Morato et al., 2008a). Ultrastructural studies
of vitrified MIl oocytes have described vacuolization, mitochondrial clustering, and reduced
cortical granule content, confirming that cryodamage affects both structure and functional
competence (Morato et al., 2008b).

A major factor for cryosensitivity is the high lipid content of bovine oocytes. Membrane lipids
are highly responsive to temperature changes, and lipid phase transitions during cooling modify
membrane fluidity, permeability, and integrity (Arav et al., 2000). The composition of these lipids,
particularly cholesterol and the ratio of saturated to unsaturated fatty acids, explains inter and
intraspecies differences in cryotolerance and contributes to the particular fragility of bovine
oocytes during vitrification (Jin et al., 2011; Seidel, 2006). In addition, the amount and distribution
of cytoplasmic lipid droplets have a central role. In vitro maturation (IVM) usually increases lipid
accumulation compared with in vivo maturation, leading to mitochondrial alterations, reduced
metabolic efficiency, and a higher risk of chilling injury (Andrade Melo-Sterza and Poehland,
2021). Differences have also been described between bovine subspecies, as Bos taurus oocytes
contain more lipid droplets than Bos indicus oocytes, which is relevant when considering
breed-related variation in cryotolerance (Sudano et al., 2012). Mitochondrial function is closely
linked to this lipid-dependent vulnerability. Vitrified oocytes often show altered mitochondrial
potential, abnormal distribution, and increased formation of reactive oxygen species (ROS),
indicating metabolic stress that can compromise ATP production and reduce developmental
potential (Garcia-Martinez et al., 2020).

Several treatments have been tested to reduce lipid levels before vitrification, such as
serum reduction or the use of delipidating agents (Chankitisakul et al., 2013; Spricigo et al.,
2017). Their effects, however, are inconsistent and show that lipid content alone cannot explain
postwarming survival. Although lowering lipid levels may improve cryotolerance in some cases,
it does not always preserve the cytoplasmic and nuclear coordination necessary for normal
embryo development. In line with this, recent evidence using in vivo maturation through
intrafollicular immature oocyte transfer (IFIOT) showed that, although vitrified oocytes reduced
lipid accumulation and improved meiotic progression, chromatin integrity, and oxidative status,
these improvements were still insufficient to restore embryo development after vitrification
(Vieira Chaves et al., 2025).

The meiotic stage at which oocytes are vitrified represents an additional source of biological
variability. Oocytes at the germinal vesicle (GV), germinal vesicle breakdown (GVBD), and metaphase
Il (MIl) stages differ in both structural organization and developmental competence, and no
single stage has been consistently identified as optimal for vitrification (Mo et al., 2014). Mll
oocytes are more competent but very sensitive due to the presence of the spindle (Chaves et al.,
2017; Otoi et al., 1995), whereas GV oocytes avoid spindle damage but require maturation after
warming (Zhou et al., 2010). Intermediate GVBD stages may represent a compromise, though
results remain inconsistent (Spricigo et al., 2014). The cumulus cells also influence cryotolerance.
While they support metabolism and signal exchange, they can slow water and CPA diffusion.
Partial cumulus removal or addition of fresh cumulus cells after warming may balance protection
and permeability (Ortiz-Escribano et al., 2016). Altogether, these observations illustrate that
cryoinjury in bovine oocytes is a multifactorial process affecting both structural and functional
components of the cell, as summarized in Figure 1.
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Figure 1. Cellular alterations associated with vitrification in oocytes. Vitrification induces multiple
interconnected forms of cryoinjury, driven mainly by osmotic and oxidative stress, leading to
membrane damage, organelle dysfunction, and altered cellular architecture. Key alterations include
disruption of the meiotic spindle and cytoskeleton, mitochondrial dysfunction, lipid reorganization, and
cortical granule exocytosis, all of which compromise cellular function and developmental competence.
Embryos are generally more resistant than oocytes, but their cryotolerance depends closely on their
biological quality. IVP embryos show lower survival than in vivo-derived embryos due to differences in
metabolism, ultrastructure, and membrane composition (Rizos et al., 2008). Adjusting in vitro culture
conditions, such as the use of serum-free systems and low oxygen tension, can improve lipid profiles
and post-warming viability (Baez et al., 2021; Gomez et al., 2008). In addition, the use of metabolic
modulators such as forskolin before vitrification has been associated with improved post-transfer
pregnancy rates and enhanced cryotolerance of IVP embryos (Sanches et al., 2013).

Although morphological evaluation is still the main tool for embryo selection, it has clear
limitations because static grading does not always reflect developmental competence. Studies
using timelapse systems have demonstrated that embryo quality is a dynamic characteristic.
Parameters such as an earlier first cleavage, a distinct lagphase, and the absence of irregular
divisions are linked to higher blastocyst formation (Yaacobi-Artzi et al., 2022; Angel-Velez et al.,
2023;). Transcriptomic analyses further confirm that different morphokinetic patterns correspond to
specific geneexpression profiles in the resulting blastocysts (Salilew-Wondim et al., 2021). Together,
these data indicate that embryo quality is a multifactorial and timedependent process, and that
morphology alone cannot accurately predict the true biological competence of IVP embryos.

The developmental stage at vitrification is another key determinant of success. Most studies
and current field practice support vitrifying expanded blastocysts on Day 7 (D7), which usually
show higher postwarming survival and better pregnancy results than embryos vitrified on
Day 8 (D8) or at earlier stages. Expanded and hatching blastocysts tend to tolerate vitrification
better than nonexpanded embryos (Morato et al., 2010). However, this advantage is related not
only to morphology but also to intrinsic embryo quality. Recent work has shown that embryos
reaching the blastocyst stage later in culture (D8-D9) form a more heterogeneous and frequently
compromised population, with reduced innercellmass allocation, altered gene expression, and
higher apoptosis (Kim et al., 2025). Thus, the better performance of D7 expanded blastocysts likely
reflects both a more favorable stage for vitrification and a higher developmental competence
of the embryos reaching this stage earlier.

In summary, these observations indicate that cryotolerance is highly dependent on the biological
state of the oocyte or embryo prior to vitrification. Structural organization, metabolic activity,
developmental stage and culture conditions determine how cells respond to osmotic stress
and CPA exposure. Therefore, improving biological quality is not only beneficial but essential,
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as it directly affects the effectiveness of any cryopreservation protocol. This also implies that
protocol optimization cannot be addressed independently of cell physiology, and that a more
rational approach must integrate both biological and biophysical parameters (Jin et al., 2011;
Edashige, 2016; Gomez et al., 2020).

From empirical protocols to biophysical design

Despite the widespread use of vitrification in bovine oocytes and embryos, many protocols
have traditionally been established by trial and error, with limited consideration of the underlying
biophysical principles. As a result, key parameters such as CPA concentration, exposure time,
and temperature are often selected without fully considering how cells respond to osmotic and
chemical stress. This contributes to variability between laboratories and limits reproducibility.

The response of oocytes and embryos to vitrification is largely determined by the movement
of water and CPAs across the plasma membrane. These processes depend on membrane
permeability properties, including hydraulic conductivity (L ) and solute permeability (P,), which
define the rate of water and CPA transport, respectively. Importantly, these parameters are
not constant but vary with temperature, developmental stage, and species (Edashige, 2016).
In bovine oocytes, this issue is especially critical because membrane permeability to water and
CPAs is relatively low, and equilibration is therefore slower and more sensitive to temperature
(Jinetal., 2011).

Fundamental studies have shown that, in oocytes and early-stage embryos, water and CPAs
move predominantly by simple diffusion across the lipid bilayer, resulting in low permeability
and high temperature dependence. In contrast, at later embryonic stages such as morula
and blastocyst, permeability increases due to the presence of membrane channels, including
aquaporins, which facilitate transport and reduce temperature sensitivity. In bovine oocytes
specifically, both water and CPAs show relatively low permeability and high activation energy,
indicating that diffusion remains the main transport mechanism. These properties explain why
longer exposure times are required to achieve intracellular equilibration, but also why cells
become more susceptible to osmotic stress and CPA toxicity (Jin et al., 2011).

Mathematical models, such as the two-parameter (2P) formalism (Kleinhans, 1998), allow
the prediction of volumetric changes and intracellular CPA concentrations during exposure to
CPA solutions. These models describe the dynamic balance between water efflux and CPA influx
and can be used to simulate osmotic behavior under different conditions of temperature and
exposure time. By integrating experimental permeability data, in silico predictions can identify
conditions that minimize excessive cell shrinkage or swelling, which are major contributors to
osmotic damage.

Using this approach, it has been demonstrated that equilibration steps can be optimized by
adjusting exposure time according to the temperature-dependent permeability of the oocyte.
For example, bovine MIl oocytes exposed to equilibration solution (7.5% Ethylene Glycol +
7.5% DMSO) at 38.5 °C reach osmotic equilibrium significantly faster than at 25 °C, allowing
shorter exposure times that reduce CPA toxicity while maintaining adequate intracellular CPA
levels. These optimized conditions have been associated with improved spindle integrity,
reduced DNA fragmentation, and higher blastocyst rates compared to conventional protocols
(Garcia-Martinez et al., 2022).

A similar modeling-based strategy has been successfully applied to IVP bovine embryos.
Martinez-Rodero et al. (2024a) used membrane permeability data and in silico predictions
to define shorter equilibration times for D7 and D8 blastocysts at 25 °C and 38.5 °C. Their
results showed that the optimized protocols at 38.5 °C improved post-warming performance,
with re-expansion and hatching rates in D7 blastocysts comparable to fresh controls, and no
differences between D7 and D8 blastocysts when temperature-specific protocols were used.
Total cell number was also maintained in embryos vitrified at 38.5 °C but decreased after
vitrification at 25 °C. These data support the idea that embryo vitrification can also benefit from
protocol design based on permeability and osmotic response, rather than on empirical timing
alone (Martinez-Rodero et al., 2024a).
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Importantly, the value of this biophysical approach is not restricted to bovine species. In
equine oocytes, where cryopreservation is also particularly challenging, permeability-based
optimization has likewise shown that CPA equilibration is markedly influenced by temperature
and occurs more slowly than often assumed (Gago et al., 2026a). When vitrification protocols
are designed based on experimentally determined permeability parameters and optimized
exposure conditions, post-warming oocytes show levels of ROS, glutathione content (GSH), and
mitochondrial distribution and activity comparable to fresh controls (Gago et al., 2026b). This
broader applicability reinforces the idea that model-based optimization can improve protocol
design across species by reducing osmotic and toxic stress during CPA equilibration.

More advanced approaches consider cryopreservation as a balance between multiple
forms of damage that occur during CPA loading and unloading. These include osmotic injury
caused by excessive cell shrinkage or swelling, cumulative toxicity of CPA exposure and, in
sensitive cells such as bovine oocytes, the possibility of chilling injury (Benson et al., 2012). The
challenge, therefore, is not to minimize a single source of damage, but to find conditions that
achieve sufficient intracellular CPA equilibration while keeping total injury as low as possible
(Olver, 2025; Olver et al., 2023). In practice, this means balancing slower or stepwise procedures
that reduce osmotic stress against the longer exposure times that may increase toxicity or
chilling-related damage.

In this context, microfluidic systems offer a useful experimental platform because they
allow more gradual and tightly controlled changes in extracellular osmolality than conventional
manual handling. This is relevant because, unlike the sudden stepwise changes imposed by
pipetting-based procedures, microfluidic devices can generate progressive concentration
profiles around the cell, which may reduce osmotic shock and better preserve cell function
during CPA equilibration (Zhao et al., 2017). In addition, microfluidic platforms can be combined
with real-time image analysis to monitor cell volume during CPA exposure, creating the basis
for feedback-controlled and individually optimized equilibration strategies for oocytes and
embryos (Tu et al., 2022). However, despite their experimental potential, the implementation of
these systems in routine bovine IVP laboratories remains challenging because they still require
further simplification, standardization, and adaptation for large-scale application.

Limiting cellular stress and damage

Cryopreservation induces a complex cascade of cellular stress responses that affect multiple
structures and pathways simultaneously. Among these, oxidative stress is one of the main
mechanisms underlying cryoinjury in both oocytes and embryos. The combined effects of
low temperature, osmotic changes, and exposure to CPAs disrupt the balance between ROS
production and the intrinsic antioxidant capacity of the cell, leading to alterations in redox
homeostasis (Cao et al., 2022).

Mitochondria play a central role in cryodamage, as they are both a major source and a
primary target of ROS. During vitrification and warming, mitochondrial dysfunction can increase
ROS production, reduce ATP availability, and alter mitochondrial membrane potential, thereby
compromising cellular activity and developmental competence. When ROS accumulate beyond
physiological levels, they can also induce calcium release from the endoplasmic reticulum and
damage proteins, lipids, DNA, and cytoskeletal structures (reviewed in (Gualtieri et al., 2021)).
The meiotic spindle is highly sensitive to oxidative and thermal stress, and its depolymerization
or abnormal organization is frequently observed after vitrification (Garcia-Martinez et al., 2020).
Alterations in actin filaments and cortical structures have also been described, further affecting
cellular integrity and fertilization capacity. Accordingly, excessive ROS accumulation has been
consistently associated with reduced oocyte quality and impaired embryo development after
cryopreservation (Garcia-Martinez et al., 2020). Therefore, it is necessary to reduce oxidative
stress to preserve oocyte competence.

Given the central role of oxidative stress in cryodamage, several strategies have been
explored to reduce its impact. The most common approach has been the supplementation
with antioxidants during IVM, vitrification/warming, or post-warming culture. A wide range of
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compounds, including coenzyme Q10, vitamin E, L-carnitine, resveratrol, melatonin, and GSH,
have been reported to reduce ROS levels, improve mitochondrial function, and partially restore
developmental competence (reviewed in Mogas et al. (2024). In bovine oocytes, supplementation
with GSH-Ethyl Ester during IVM improved mitochondrial distribution, reduced both cytoplasmic
and mitochondrial ROS levels, and enhanced embryo development after vitrification and warming
(Garcia-Martinez et al., 2020). Likewise, a short post-warming recovery with GSH improved
embryo development, decreased the proportion of apoptotic cells, and reversed the detrimental
effects of vitrification on the actin cytoskeleton (Olexikova et al., 2022).

Because cryoinjury affects several interconnected processes at the same time, including
oxidative balance, cytoskeletal organization, DNA integrity, and metabolic activity, approaches
acting on a single pathway often provide only partial protection. In this context, extracellular
vesicles (EVs) have emerged as a particularly attractive strategy because they can transfer proteins,
lipids, mMRNAs, and miRNAs able to modulate several cellular pathways simultaneously. Their
relevance in reproductive biology is increasingly recognized, especially in follicular communication
and in the regulation of oocyte competence and embryo development (Gervasi et al., 2020).

Recent evidence in cattle indicates that EV supplementation during IVM can improve the
response of oocytes to vitrification. In bovine oocytes, follicular fluid-derived EVs are internalized
by cumulus-oocyte complexes and, when added during maturation, their effects on vitrification
outcomes depend on follicular origin (Diaz-Mufioz et al., 2025b). EVs derived from large
follicles were the most beneficial under vitrification conditions: they preserved normal spindle
configuration, reduced DNA fragmentation to levels comparable with fresh controls, and
supported blastocyst development after warming. In addition, embryos derived from vitrified
oocytes supplemented with large-follicle EVs showed improved expansion and hatching rates,
and inner cell mass cell numbers closer to those of non-vitrified controls (Diaz-Mufioz et al.,
2025b). By contrast, EVs from small follicles did not provide the same protection, even though
under non-stress conditions small-follicle EVs have often been associated with beneficial effects
on cumulus expansion and embryo development (Hung et al., 2015; Silveira et al., 2017).

The protective action of EVs is likely related to their molecular cargo. This is supported by
recent work using EVs derived from granulosa cells exposed to sublethal stress. In vitrified
bovine oocytes, supplementation with EVs from oxidatively stressed granulosa cells improved
subsequent embryo development and was associated with lower ROS levels and higher
GSH content in the resulting blastocysts, indicating better redox regulation after warming
(Diaz-Mufioz et al., 2025a). These EVs carried a distinct miRNA cargo, with 10 miRNAs more
abundantin OS-EVs and predicted targets related to MAPK, PI3K-Akt, RAS, and Hippo signaling,
as well as apoptosis, cell cycle regulation, migration, and cell growth, supporting the idea that
their effects may extend beyond direct ROS scavenging (Diaz-Mufioz et al., 2026a). A related
study further supports the idea that EV function highly depends on the physiological context
of the donor cells. When bovine oocytes were matured in the presence of EVs from oxidatively
stressed or heat-stressed granulosa cells, the two EV populations produced different outcomes
(Diaz-Mufioz et al., 2026b). EVs from oxidatively stressed granulosa cells increased blastocyst
yield, whereas EVs from heat-stressed granulosa cells were associated with reduced lipid
contentin the resulting blastocysts, with no changes in mitochondrial activity (Diaz-Mufioz et al.,
2026b). These findings suggest that EVs do not act as a uniform supplement, but rather as
context-dependent carriers whose cargo may target different aspects of embryo competence
and cryotolerance, including redox homeostasis or lipid metabolism.

Evidence from other species, although still limited, points in the same general direction.
In the domestic cat, follicular fluid EVs added before vitrification and/or during warming
did not improve immediate survival, but enhanced meiotic resumption of vitrified oocytes,
and only EV-treated vitrified oocytes reached MII. Proteomic analysis of these EVs identified
proteins related to oxidative phosphorylation, oocyte meiosis, cytoskeletal regulation, calcium
signaling, and stress responses, including chaperones associated with osmotic and thermal
stress (Ferraz et al., 2020). Although this work was performed in a different species and at the
immature oocyte stage, it supports the idea that follicular EVs may help preserve key functional
properties of the oocyte after cryopreservation.
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Overall, these findings suggest that EVs represent a more integrative strategy than conventional
antioxidant supplementation alone. Rather than acting exclusively as ROS scavengers, EVs may
simultaneously influence redox balance, spindle stability, DNA integrity, metabolic regulation,
and developmental competence. However, current evidence also makes clear that their effects
are not universal and depend on EV origin, follicular context, and donor-cell physiological state.
The main biological, technical, and biophysical strategies currently explored to improve vitrification
efficiency and cryotolerance in bovine oocytes and embryos are summarized in Figure 2.

Selection of developmental

stage and embryo quality Biophysical protocol optimization

Control of CPA concentration,
temperature and exposure time
reduces osmotic and toxic injury

Competent GV-MIl oocytes and
Day-7 expanded blastocysts

Optimized IVM/IVC systems Blastocoel volume

management
Optimized culture systems
improve oocyte and embryo
competence before
vitrification

Blastocoel collapse enhances
dehydration and post-
warming re-expansion

Metabolic modulation Direct-transfer systems
Modulation of lipid
metabolism to improve
cryotolerance

Simplified warming
procedures to facilitate
routine embryo transfer

Antoxidant strategias Extracellular vesicles (EVs)
Antioxidants reduce ROS and
preserve mitochondrial and
cytoskeletal integrity

EVs improve redox balance and
developmental competence

Figure 2. Main biological, technical, and biophysical strategies currently explored to improvevitrification
efficiency and cryotolerance in bovine oocytes and in vitro-produced embryos. These approaches
include a combination ofstrategies that improve cellular quality (culture conditions, modulation of lipid
metabolism and oxidative stress, extracellular vesicle supplementation),optimize vitrification protocols
(CPA composition, exposure conditions, blastocoel management), and facilitate field application
(selection of competent stages and direct-transfer systems).

Technical and practical challenges on IVP embryo cryopreservation

Despite major progress in bovine embryo cryopreservation, the practical implementation
of embryo cryopreservation in cattle is still limited by technical and translational constraints.
The main challenge is no longer limited to post-warming survival, but rather to developing
protocols that are simple, repeatable, and compatible with routine commercial use under
commercial conditions (Ferré et al., 2020; Mogas et al., 2024; Sanches et al., 2017).

Vitrification generally provides better post-warming survival than slow freezing because
it avoids ice crystal formation, which is particularly relevant for IVP embryos. However, its
application under field conditions remains limited because it requires precise timing, handling
in minimal volumes, and stepwise warming and CPA dilution, usually under stereomicroscope
observation. These technical requirements make vitrification difficult to implement on a large
scale, especially when many embryos must be processed or when transfer is performed outside
the laboratory. For this reason, although vitrification is often the preferred cryopreservation
method for IVP bovine embryos from a biological perspective, its large-scale use remains
limited by logistics and by the lack of a simple and reliable direct transfer system (Dochi, 2019;
Ferré et al., 2020; Mogas et al., 2024; Sanches et al., 2017).

Artificial collapse of the blastocoel before cryopreservation

Among the technical strategies proposed to improve embryo cryopreservation, management
of blastocoelic volume has become one of the most biologically and cryobiologically relevant.
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Expanded blastocysts contain a fluid-filled blastocoel that represents an additional water
compartment during cryopreservation. This feature is relevant because insufficient reduction
of blastocoelic volume before cooling has been associated with poorer post-warming outcomes.
Previous studies have shown that blastocoel collapse or fluid removal before cryopreservation
improves re-expansion and hatching, and may also influence cell proliferation, apoptosis, and
DNA integrity, indicating that blastocoel volume is not only a morphological characteristic
but also a functional determinant of cryotolerance (Chen et al., 2005; Marques et al., 2021;
Martinez-Rodero et al., 2024b; Min et al., 2014).

By reducing the amount of fluid present in the blastocoel before exposure to CPAs and
cooling, the embryo becomes less susceptible to ice-related damage during cryopreservation.
Different approaches have been used to induce blastocoel collapse, including microneedle
puncture (Chen et al., 2005), forced-assisted collapse (Min et al., 2014) together with direct
aspiration of blastocoelic fluid (Martinez-Rodero et al., 2024b), and osmotic collapse (Jung et al.,
2024). Although technically distinct, all of this approaches aim to facilitate dehydration before
cryopreservation. In bovine embryos, this strategy has been associated with improved post-warming
outcomes. Min et al. (2014) reported that forced blastocoel collapse before both slow freezing
and vitrification of IVP bovine embryos increased survival and hatching, reduced apoptosis, and
improved the expression of apoptosis-related genes, with better pregnancy-related outcomes
after transfer of in vivo-derived embryos. Similarly, Marques et al. (2021) showed that blastocoel
fluid removal, particularly when combined with melatonin supplementation during culture,
improved post-warming re-expansion and hatching of vitrified IVP bovine blastocysts.

Beyond its effect on cryosurvival, artificial collapse may also have translational value in
embryo selection programs. Martinez-Rodero et al. (2024b) showed that blastocoel fluid
obtained after collapse of day 7 expanded IVP blastocysts provides cell-free DNA with sexing
efficiency and accuracy comparable to trophectoderm biopsy, while yielding better post-warming
re-expansion and hatching than biopsied vitrified embryos , with outcomes comparable to fresh
controls. In addition, collapsed embryos showed a more favorable molecular profile, whereas
biopsied embryos displayed increased BAX and altered ATP1B1 and AQP3 expression. This is
particularly relevant for IVP bovine embryos, in which additional manipulations such as biopsy
may further compromise cryotolerance. Therefore, blastocoel collapse should not be viewed
only as a technical refinement to improve vitrification, but also as a minimally invasive strategy
that may help integrate cryopreservation with embryo sexing/genotyping.

Similar concepts aimed at reducing blastocoelic fluid before cryopreservation have also been
explored in slow freezing. For example, Jung et al. (2024) reported that osmotic pre-dehydration
with 0.25 M sucrose before slow freezing improved post-thaw viability, reduced TUNEL-positive
cells, and improved gene expression patterns in day-7 expanded bovine blastocysts. Although the
mechanism differs from direct aspiration, both approaches support the idea that management
of blastocoelic volume before cryopreservation can improve embryo survival by facilitating
dehydration and reducing cryoinjury.

Vitrification versus slow freezing: biological efficiency and field applicability

Vitrification and slow freezing represent two distinct strategies for bovine embryo
cryopreservation, each with advantages and limitations in terms of biological performance and
field applicability. Experimental evidence consistently shows that vitrification provides higher
in vitro survival, reexpansion, and hatching rates than slow freezing, both in intact and biopsied
embryos (Arshad et al., 2021; Do and Taylor-Robinson, 2020; Najafzadeh et al., 2021; Gonzalez-
Rodriguez et al., 2022). This is expected, as vitrification prevents the formation of ice crystals—one
of the major causes of structural injury in conventional freezing. The metaanalysis by Arshad et al.
(2021) confirmed higher postwarming survival and total cell number in vitrified embryos, but
pregnancy rates after transfer remained similar between the two methods. This indicates that
superior laboratory results do not necessarily ensure improved field outcomes.

From a practical point of view, the main strength of slow freezing is its compatibility with direct
transfer (DT), which avoids postthaw dilution steps and allows simple embryo handling under
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farm conditions (Dochi, 2019). Vitrification, in contrast, requires very precise timing, smallvolume
manipulation, and multiple warming steps, making it less convenient for largescale or field
use (Ferré et al., 2020; Mogas et al., 2024). Consequently, although vitrification is biologically
superior, slow freezing remains more accessible for routine programs.

Comparative studies illustrate this contrast between biological efficiency and practical
applicability. In commercial conditions, pregnancy results from vitrified and directtransfer (DT)
frozen IVP embryos were often similar, even though vitrification produced higher in vitro survival.
Sanches et al. (2016) reported conception rates of 51.4 % for fresh embryos, 35.9 % for vitrified
embryos, and 40.2 % for frozen embryos transferred directly. Although fresh embryos yielded
the highest pregnancy rates, DT of slowfrozen embryos provided similar results to vitrification,
while allowing a simpler and faster procedure compatible with field work. Likewise, Gomez et al.
(2020), working with a onestep DT freezing system for IVP embryos produced under chemically
defined conditions, observed that vitrification gave higher in vitro survival, but birth rates after
transfer of Day 7 blastocysts did not differ significantly among fresh, frozen, and vitrified embryos.
Altogether, these studies show that the lower cryobiological performance of slow freezing can
be partly balanced by its operational simplicity and ease of use under farm conditions.

At the same time, the field success of slow freezing is highly dependent on embryo quality.
Only highquality embryos, usually classified as IETS Grade 1, are considered suitable for direct
transfer if acceptable pregnancy rates are to be obtained (Dochi, 2019; Valente et al., 2022).
This requirement is especially relevant for IVP embryos, which are generally more cryosensitive
than in vivoderived ones. Cryosurvival is also influenced by the production system. Ishii et al.
(Ishii et al., 2024) reported that embryos produced in chemically defined, serumfree media
showed better postthaw viability and lower incidence of miscarriage after Day 40 than those
cultured with serum. These findings confirm that the outcome of cryopreservation depends
not only on the freezing method itself, but also on the intrinsic biological quality of the embryos
before freezing. Several strategies have been tested to improve cryoresistance and DT efficiency
in slow freezing, including supplementation with antioxidants and osmolytes such as carnosine,
Lproline, or ROCK inhibitor, which reduce oxidative stress and apoptosis (Carrascal-Triana et al.,
2022; Ishii et al., 2024; Jung et al., 2025). Likewise, sucrose pre-equilibration has been used to
reduce blastocoelic volume before freezing (Jung et al., 2024). Although these strategies remain
supported mainly by in vitro data, they indicate that the biological efficiency of slow freezing
can still be improved.

In parallel, considerable effort has been directed toward reducing the translational gap of
vitrification by adapting it to direct transfer or in-straw warming systems. The objective is to
retain the superior cryobiological performance of vitrification while simplifying warming and
transfer under field conditions. Early studies demonstrated the technical feasibility of this
approach (Inaba et al., 2011; Moraté and Mogas, 2014), and more recent work with systems
such as VitTrans has reported promising results. Martinez-Rodero et al. (2021) showed that
supplementation of the VitTrans vitrification medium with exopolysaccharide ID1 improved
post-warming embryo development and yielded survival rates comparable to Cryotop. Likewise,
Gonzalez-Rodriguez et al. (2022) showed that vitrification combined with one-step warming or
in-straw warming can be compatible with embryo transfer, at least in biopsied in vivo-derived
embryos. Although these studies support the feasibility of simplified warming approaches,
validation under large-scale commercial conditions remains limited. Therefore, vitrificationbased
DT has notyet reached the robustness, consistency or adoption level achieved by conventional
DT after slow freezing.

A major unresolved issue for both systems is standardization. Reported pregnancy rates vary
markedly among studies and commercial settings, reflecting not only differences in cryopreservation
procedures, but also variation in embryo production, embryo selection, recipient management,
and transfer conditions. Recipient-related factors are especially important. Hansen (Hansen, 2020)
emphasized that embryo transfer outcomes are still markedly conditioned by recipient factors
and uterine environment, even when early developmental failures are bypassed. Similarly, the
recent Korean field study showed that pregnancy rates after transfer did not differ significantly
according to embryo type or recipient parity, but did differ among farms, and these differences
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were associated with recipient metabolic profile and feed management rather than with embryo
category alone (Jung et al., 2026). These data highlight that part of the variability often attributed to
the cryopreservation method may reflect differences in recipient quality and farm management.

In summary, vitrification remains the biologically superior approach for bovine IVP embryos,
whereas slow freezing is more practical for routine field use, although its final performance depends
much more heavily on embryo quality and remains highly influenced by recipient and farm variability.
Therefore, the central challenge is not only to improve embryo survival after warming, but to translate
that improvement into consistent pregnancy and calving outcomes under commercial conditions.
In this context, future progress will depend on combining the biological advantages of vitrification
with the practical simplicity of direct transfer, while integrating embryo quality, recipient condition,
and farm management as essential components of the cryopreservation process.

Conclusions and future perspectives

Vitrification has become the most biologically effective cryopreservation method for bovine
oocytes and IVP embryos because it minimizes ice crystal formation and generally improves
postwarming survival compared with slow freezing. However, its efficiency remains highly
dependent on the intrinsic quality of the oocyte or embryo before cryopreservation. This limitation
is particularly evident in bovine systems, where high lipid content, cytoplasmic fragility,
mitochondrial dysfunction, and changes related to IVP conditions still restrict cryotolerance.
The outcome of cryopreservation, therefore, cannot be determined by protocol design alone.

A major advance in the field has been the shift from empirical optimization toward a rational
framework based on membrane permeability, osmotic behavior, cryoprotectant toxicity, and
mathematical modeling. This approach provides a more solid basis to reduce variability and
to adapt vitrification procedures to the specific biological properties of each cell type and
developmental stage. At the same time, strategies aimed at improving cellular competence
before vitrification—such as optimized maturation systems, antioxidant treatments, or the use
of extracellular vesicles—represent promising complementary tools, although their effects are
still partial and often inconsistent among laboratories.

Beyond laboratory optimization, the next step is to define cryopreservation success in a
broader and more practical context. For bovine embryos, postwarming survival alone is not
sufficient if it does not result in consistent pregnancy and calving rates. Consequently, future
progress must integrate cryobiological efficiency with embryo quality, recipient factors, and
the operational requirements of commercial embryotransfer programs.

Overall, advances in bovine cryopreservation will depend on a combined strategy: improving
the intrinsic competence of oocytes and embryos, designing vitrification protocols on a
biophysical rather than purely empirical basis, and validating simplified transfer systems under
field conditions. Integrating cell biology, cryobiology, and applied reproduction will be essential
to transform laboratory success into reliable reproductive outcomes in cattle production.
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