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Abstract

BACKGROUND: The rapid anthropogenic deprivation of biodiversity and challenges of intensive
selection in animal husbandry require the development of reliable methods for the long-term
preservation of genetic material. Sperm cryopreservation is a key technology, but traditional
cryoprotectants are cytotoxic, necessitating the search for new, safe, and effective solutions.
OBJECTIVE: The purpose of this review is to systematize scientific data on the role and mechanisms
of action of saccharides as cryoprotectants for sperm, as well as to analyze the prospects for the
development of new effective and biocompatible cryopreservation media. MATERIALS AND
METHODS: We conducted a comprehensive review of the existing literature devoted to the study of
the effect of mono-, di-, oligo- and polysaccharides on the survival of spermatozoa of various animal
species after cryopreservation. RESULTS: An analysis of the literature revealed that the
cryoprotective effectiveness of saccharides increases consistently with the increase in the complexity
of their molecular structure. Key parameters determining the effect of saccharides include the type of
glycosidic bond, hydration number, and conformational flexibility. Among disaccharides, trehalose
and sucrose are particularly noteworthy, demonstrating high efficacy for various species. The greatest
multifunctional potential, combining membrane-stabilizing, antioxidant, and ice crystallization-
inhibiting properties, has been identified in natural polysaccharides (fungi, algae, plants).
CONCLUSION: Carbohydrates are the basis for creating new generation cryoprotective media. The
development of composite media based on these will help solve problems both in genetic resource
banks for biodiversity conservation and in practical breeding under simplified, resource-saving storage
protocols.

Keywords: cryodamage; cryopreventive agents; saccharides; sperm cryopreservation.

INTRODUCTION animals and plants and the appearance of others.

However, the aggressive anthropogenic impact

The natural process of evolution on our of recent decades has caused a significant
planet is the disappearance of some species of  depletion of the gene pool. The loss of any
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biological species can pose a threat to both
individual biocenoses and the ecological system
as a whole. Species that are endangered due to
population decline or habitat loss will not be
able to survive on their own without human
assistance. There is a need to develop
technologies aimed at preserving the genetic
material of rare and endangered species.

Cryobanks play a key role in this process.
Most cryobanks specialize in the
cryopreservation of gametes (primarily sperm)
and embryos. Their main goal is to produce
offspring using assisted reproductive
technologies, which include artificial
insemination, in vitro fertilization and embryo
transfer. Furthermore, these technologies are of
great importance in the development of the
livestock industry. In particular, the method of
cryopreserving bull sperm is one of the key
technological methods for intensifying beef and
dairy cattle production based on genotypic
selection.

Research in the field of cryobiology of
farm animal sperm is being conducted in various
directions. Traditional cryopreservation methods
rely on ultra-rapid, deep cooling, which
suppresses the formation of large ice crystals.
However, this process typically requires high
concentrations of cryoprotectants and s
unsuitable for large volumes of samples, as it is
extremely difficult to achieve rapid, deep, and
uniform cooling. In  addition, ultra-low
temperatures  (-136°C, -196°C) require
complex equipment and trained personnel, as
well as high energy costs, which negatively
impacts scientific, logistical and technological
plans. The low temperature range (-70°C, ... -
90°C) is promising for the development of new
cryopreservation technologies due to the more
flexible wvariation of biomaterial freezing
conditions, the possibility of storing large
samples, reduced resource intensity, and the
accessibility of the procedure, increasing the
availability of the method in hard-to-reach
regions and in extreme conditions where the
deployment of complex cryogenic equipment is
impossible. All this is of decisive importance
for the practical activities of cryobanks.
Temperature ranges (-70°C to -90°C) are
currently of little use, since cellular metabolism
slows down significantly when using traditional
cryoprotectants (glycerol, DMSO, etc.) at these
temperatures.However, energy reserves are
depleted, metabolic waste products accumulate,
and a stress-induced pathooxidative process
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occurs. Special cryoprotective environments are
required to reduce the negative impact of cold.
Cryoprotectants are crucial for
cryopreservation. The compounds currently used
to regulate phase transitions in intra- and
extracellular fluids are organic solvents that can
exhibit cytotoxicity at normal physiological
temperatures.Therefore, in some cases they must
be removed after thawing, which is extremely
difficult or impossible for many clinically
important  biological  materials.Furthermore,
traditional cryoprotectants (based on organic

solvents) are unable to prevent ice
recrystallization, which is another serious
problem  with  modern  cryopreservation

technologies. To date, more than a hundred
organic substances have been identified that
have cryoprotective properties of varying
degrees of severity. Among the wide variety of
chemical compounds, several have been found
to exhibit a very pronounced cold-protecting
effect: glycerin, dimethyl sulfoxide (DMSO),
dimethylacetamide, propylene glycol, and
ethylene glycol (1). However, none of these are
involved in the metabolism of viable cells. To

address this deficiency, energy-containing
substances, = membrane  stabilizers, and
antihnypoxants  have  been  added to

cryopreservation solutions. Substances with
antioxidant properties have proven to be highly
effective in preservatives, as radicals formed
during cold stress cause additional cell damage,
and their elimination ensures the long-term
viability of the biological object. Animal
reproductive cells are particularly sensitive to
cryopreservation factors. Damage to the lipid
matrix leads to loss of membrane integrity,
decreased sperm motility, and loss of fertility.
(2, 3, 4, 5, 6). Therefore, the composition and
physicochemical properties of preservative
media are decisive when preparing sperm for
low-temperature storage or freezing. An analysis
of modern research in the field of
cryopreservation of biological objects indicates
the relevance of searching for new effective
cryoprotectants with low cytotoxicity. The main
focus of the research is the isolation and testing
of natural polymers whose structure is rich in
functional groups that form bonds with water
molecules. Carbohydrate components are
primarily capable of modulating the ice
crystallization process. Particular attention is
being paid to carbohydrate-based
macromolecules, ranging from glycosides to
polysaccharides (7, 8).



THE ROLE OF SUGARS IN SPERM
CRYOPRESERVATION PROCESSES

According to studies on sperm cryobiology,
the positive effect of sugars in the medium for
its dilution and cryopreservation is explained by
their diverse actions: stabilization of osmotic
pressure and the stability of protein-lipid
complexes, a decrease in electrical conductivity,
prevention of sperm agglutination, a shift in the
oxidation-reduction  potential  towards its
decrease, inactivation of antibodies, structuring
of water, a decrease in the temperature of the
onset of water crystallization, participation in
glycolysis, prevention of the harmful effects of
glycerol on the acrosome, etc. (9, 10, 11).
Undoubtedly, the described action depends on
the molecular weight of the saccharide, the
structure of its molecule, the size of the
glycosidic bonds and other features (7, 8). To
date, there is no single mechanism for
cryoprotection, but since sugars are impermeable
cryoprotectants, they coat the surface of the
outer layer of the sperm membrane, stabilizing
and protecting its structure from the outside.
Several hypotheses exist regarding the
bioprotective function of sugars during cold
exposure (11):

i) Water substitution hypothesis. Sugars form
hydrogen bonds with charged and polar groups
on the surface of biological molecules, replacing
water molecules during dehydration and
preventing protein denaturation (12).

ii) Headgroup linkage hypothesis. Sugars form
a hydrogen bonding framework linking several
headgroups of membrane lipids, which prevents
the transition from liquid crystalline state to the
gel phase upon dehydration (13).

iii)  Vitrification hypothesis. Sugars in
biological systems are excellent glass-forming
agents, protecting biological molecules from the
formation of a hexagonal ice structure Thus,
they prevent structural fluctuations, protein
denaturation, and mechanical disruption of
membranes. (14).

iv) Water trapping hypothesis. Sugars
surround the remaining water molecules close to
the surface of biomolecules, thereby protecting
the surface of biomolecules from dissolution by
water molecules and preserving their natural
properties in a quasi-dry state (15).

It is generally accepted that saccharides in
high or low concentrations have a negative
osmotic effect, leading to aggressive dehydration
or swelling of spermatozoa and destruction of
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their membranes (16). Compared to diploid
cells, sperm contain less water and do not
require a high concentration of saccharides to
dehydrate them before cooling. Therefore, a
specific combination of several types of
saccharides is used to maintain the
cryoprotective effect.

Sperm freezing protocols most frequently
utilize representatives of different saccharide
classes: monosaccharides (fructose, glucose,
galactose, etc.); reducing disaccharides (maltose,
lactose, rabinose, etc.) and non-reducing
disaccharides  (trehalose,  sucrose,  etc.);
oligosaccharides  (cyclodextran, etc.); and
polysaccharides (dextrans, glucans, plant and
fungal polysaccharides). All of these have
multidirectional effects, and their protective
effect in synthetic sperm preservation media
increases in the following order:
monosaccharides - disaccharides -
trisaccharides.

STRUCTURAL FEATURES AND
IMPORTANCE OF MONOSACCHARIDES
IN SPERM CRYOPRESERVATION
PROCESSES

Monosaccharides are  the  simplest
saccharides from which all carbohydrates are
built. They have a linear, unbranched structure
with one carbonyl (C=0) functional group and
one hydroxyl (OH) group on each of the
remaining carbon atoms.

The use of monosaccharides in sperm
preservatives is a historical fact. Currently, this
group of saccharides is actively used as an
energy substrate, replenishing sperm energy
reserves during cooling and thawing.

In particular, it was shown that under
conditions of storage temperature of stallion
sperm for 5 days at 5° 10° or 15°C, the
minimum concentration of glucose in the diluent
required to optimize the characteristics of sperm
movement was 40 mM (17).

Adding/removing glucose after chilling
affected sperm motility but not viability.
Furthermore, adding substrates that readily
support oxidative phosphorylation (pyruvate,
lactate) did not improve stallion sperm quality
compared to adding glucose alone and, over
time, led to detrimental effects on sperm quality.
These effects are likely related to oxidative
stress that develops during chilling (17).



Combination of different monosaccharides:
ribose, arabinose, xylose, glucose, mannose,
fructose, galactose, rhamnose, maltose, lactose,
sucrose in a synthetic sperm extender based on
phosphate buffer, NaCl, non-dialyzable skim
milk solids, antibiotics showed that ram
spermatozoa survive best at 37 °C in extender
with 185 mM glucose, mannose, fructose or
sucrose, and at 5 °C - ribose, arabinose, xylose
and galactose (18).

It was found that monosaccharides are
inferior in cryoprotective action to disaccharides,
but the best results were obtained when freezing
boar sperm with those disaccharides that
contained glucose (19).

The effect of a combination of
monosaccharides (fructose, galactose, glucose,

and xylose) and disaccharides (lactose,
trehalose, maltose, and sucrose) on the
composition  of  sperm  cryopreservation

extenders was evaluated in various animal
species. Specifically, it was shown that using a
combination of maltose and fructose resulted in
higher progressive motility of frozen/thawed
rooster sperm and fertility than using a
combination of trehalose and fructose in a
cryoprotective extender (20).

STRUCTURAL FEATURES AND
SIGNIFICANCE OF DI- AND TRISACCHA
RIDES IN SPERM CRYOPRESERVATION

Disaccharides consist of two
monosaccharide residues linked by an O-
glycosidic bond. If one hemiacetal hydroxyl
remains free, the disaccharides exhibit aldehyde
properties and are called reducing. If the bond
between the two monosaccharide residues is via
both  hemiacetal hydroxyls, then such
disaccharides do not exhibit aldehyde properties
and are called non-reducing.

Many researchers working with sperm most
often use non-reducing disaccharides such as
sucrose and/or trehalose. These disaccharides
have the same molecular weight as the reducing
disaccharide lactose, which has long been used
in traditional sperm freezing media. However,
these saccharides differ in composition: lactose
contains glucose and galactose, sucrose contains
glucose and fructose, and trehalose contains two
glucose molecules (19). In experiments with
freezing frog sperm, the use of 1% (w/v) sucrose
together with 15% DMSO was shown to be
effective, but increasing the  sucrose

386

concentration to 10% promoted cell damage due
to excessive plasmolysis and exposure to
solutes, as proposed in the two-factor
cryodamage hypothesis  (21). While in
experiments with freezing stallion sperm in a
medium based on skim milk, egg vyolk,
dimethylformamide with the addition of sucrose
at concentrations of 25, 50 and 100 mM, the best
result in preserving sperm motility was observed
when using 50 and 100 mM sucrose, and the
preservation of acrosomal membranes and high
membrane potential of sperm mitochondria
when using 100 mM sucrose (22).

The use of 100 mM sucrose is effective not
only for deep freezing of spermatozoa at liquid
nitrogen temperatures, but also for preservation
in a supercooled state (-10°C). In particular, the
use of an oil coating to prevent ice formation at
low subzero temperatures in a buffered saline
solution supplemented with 2%-20% Ficoll-400,
0.1%-1% xanthan gum, or 2%-8% albumin for
stallion sperm proved to be more effective with
the addition of 100 mM sucrose (23).

In recent years, a large body of work has
been devoted to the use of the non-reducing
disaccharide trehalose in sperm
cryopreservation.  The  effectiveness  of
incorporating this sugar into a medium for
freezing and storing sperm at liquid nitrogen
temperatures has been demonstrated for axolotl
sperm at a concentration of 200 Mm (24),
diamond catfish - 100 mm (25), tambaki
(Colossoma macropomum) — 100-150 mM
(26), ‘Assam Hill’ goats — 100 mM (27),
ram - 60 MM (28, 29, 30 ), or 100 mM (31),
stallions — 50 mM (32), as well as in several
studies on human sperm (33, 34). A
comparative analysis of the physicochemical
properties of sucrose and trehalose revealed a
number of features that likely explain their
differences in cryoprotective action. (35, 36).
For example, the hydration number - the average
number of water molecules that are tightly
bound to a dissolved compound - is higher for
trehalose (8.0-12.1) than for sucrose (6.3-11.2)
Although both saccharides have similar
molecular weights and structures, an aqueous
solution of trehalose has a higher specific
viscosity than a sucrose solution. Furthermore,
trehalose is more evenly distributed in an
aqueous solution due to its continuous network
of sugar-water hydrogen bonds, whereas sucrose
forms clusters and its molecules are tightly
bound to each other due to its lower hydration



number. Also, based on the radius of gyration
and glycosidic dihedral angles of dissolved
disaccharides, trehalose acquires a more flexible
structure than sucrose. Consequently, sperm
dehydration in trehalose and sucrose media prior
to freezing will proceed differently, which will
also impact ice formation processes. The
difference between the saccharides determines
their interaction with the diluent components and
directly with the cell's organic structures at
various stages of cryopreservation. In particular,
due to the hydrophilic nature of disaccharides,
proteins can associate with them in a single
amorphous phase (37).

The cryoprotective effect depends not only
on the concentration of saccharide in the
medium, but also on the rate of cooling and
thawing. Analyzing the efficiency of using 0.15
M and 0.3 M concentrations of sucrose and
trehalose during ultra-fast and slow freezing of
bovine sperm in liquid nitrogen, as well as
thawing at 37°C or 65°C, it was shown that
higher sperm quality (total motility, progressive
motility, viability and acrosome integrity) is
maintained in the series with slow freezing in the
medium of any disaccharide and any thawing
temperature (38).

The cryoprotective effect of sucrose or
trehalose at the indicated concentrations is likely
due to the fact that slow cooling slows the
osmotic dehydration of spermatozoa during
cooling. However, this is sufficient to prevent
intracellular ice formation and minimize the
negative effects of increased extracellular
osmolality.

Gentiobiose, a structural similarity to
trehalose, significantly improved male sperm
motility parameters, DNA and membrane
integrity, and mitochondrial membrane potential
in sperm after thawing compared to those stored
in conventional media without additives or in the
presence of trehalose as a cryoprotectants (39).

A comparison of these sugars shows that
both have the same number of hydroxyl and
hydroxymethyl groups (8 groups), and all these
groups are oriented cylindrically around two
pyranose rings (with a slight difference of
trehalose having two hydroxymethyl groups and
gentiobiose having only one hydroxymethyl
group), as well as the same number of rings (2
rings) and the same number of glycosidic
oxygen atoms (1 atom). However, a significant
difference between the two sugars is the
presence of an additional dihedral angle during
the glycosidic linkage of gentiobiose. Trehalose
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is a non-reducing disaccharide with an alpha-
glycosidic linkage ( a Glc(l — 1) a Glc).
Gentiobiose is beta-anomeric and is a reducing
disaccharide with a beta-glycosidic linkage (B
Glc(1—6) B Glc).

There is also a functional
between these two sugars (11):

i) In the presence of trehalose, a higher rate of
residual bilayer coating is observed than in
gentiobiose.

i) Higher levels of sugar-sugar hydrogen
bonds (sugar clustering) are observed in the
presence of trehalose than in gentiobiose.

iii) Fewer glucose-lipid hydrogen bonds are
observed in the presence of trehalose than in
gentiobiose. In other words, gentiobiose readily
attaches to the membrane. Consequently,
hydration of the bilayer membrane is reduced in
the presence of gentiobiose, and cell damage
during the freezing process is minimal (40).

iv) The penetration depth of trehalose into the
bilayer membrane is less than that of gentiobiose
due to the hydrogen bonds that gentiobiose
forms with esters (such as sphingolipids,
phosphatidylcholine, phosphatidylethanolamine,
ceramides, etc.).

These observations may be indirectly
related to the specific conformational
characteristics of trehalose, including a high
tendency to self-aggregate, high hydrophilic
strength, and lack of flexibility (40).

The high cryopreservation effects of
trehalose and gentiobiose compared to other
disaccharides and monosaccharides are related
to their structure (11).

Trehalose and gentiobiose can form strong
hydrogen bonds with polar groups of
biomaterials, thereby replacing water molecules
at the membrane-liquid interface and
maintaining the head groups in their hydrated
position (11, 41).

Furthermore, trehalose and gentiobiose
have greater cryopreservation strength than other
sugars such as sucrose and glucose due to the
presence of a ,a -(1—1) glycosidic bonds.

difference

Studies have shown that a , a -trehalose
stabilizes membranes by binding to cell
membrane lipids, thereby increasing cell

viability (42), maintaining membrane integrity,
and reducing cryopreservation-induced damage
(43). The structure of the reducing disaccharide
lactose contains two monosaccharides (glucose
and galactose) linked by a $-1,4 glycosidic bond
formed by the interaction of the hemiacetal



hydroxyl of galactose and the alcoholic hydroxyl
of glucose. This disaccharide is widely used in
extenders for bull and boar semen (44). In
particular, it was shown that boar semen frozen
in egg yolk with lactose had higher survival rates
of 38% than semen frozen in Beltsville Freezing
Extender 5 (BF5) 22% (45). Maltose has become
widely known in modern sperm
cryopreservation technologies, the positive
potential of which has been discovered in
various animal species (46). The chemical
structure of maltose (a disaccharide) consists of
two a-D-glucose units linked by an a(1-4)-
glycosidic bond. This means that the carbon of
one glucose unit at position 1 in the a-anomeric
configuration forms a bond with the carbon of a
second glucose unit at position 4. Both glucose
residues in the maltose molecule are in the
pyranose form. Maltose is classified as a
reducing sugar because it contains one
potentially free aldehyde group that can be
oxidized. The difference between reducing and
non-reducing disaccharides lies in the size of
their glycosidic bonds and the ability or inability
of their molecules to undergo mutarotation,
which determines the interaction of the
saccharides with the diluent components and
directly with the organic structures of the cell at
various stages of cryopreservation.

According to the literature, various
combinations of non-reducing and reducing
saccharides can provide the most effective
protection of sperm during freezing/thawing
(47). In particular, it has been shown that when
using a combination of maltose and fructose, a
higher percentage of progressively motile
frozen/thawed rooster spermatozoa and a high
percentage of egg fertility are achieved than
when using a combination of trehalose and
fructose (20). However, a higher chromatin
integrity level (92.4%) was obtained with
trehalose than with maltose (74.5%). However,
maltose had a positive effect on the preservation
of frozen/thawed sperm in the chicken
reproductive tract and on egg fertilization. Thus,
despite their similar molecular weights, maltose
and trehalose have different physicochemical
and biological properties, which determine their
function and effectiveness as components of
cryoprotective media.

Cryopreservation of stallion semen in a
lactose medium supplemented with 50 and 150
mM trehalose showed that the extender
containing 50 mM trehalose improved plasma
and acrosomal membrane integrity, DNA
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integrity, increased mitochondrial membrane
potential, reduced reactive oxygen species
levels, and increased post-thaw progressive

sperm motility compared to the control group
(without trehalose). Mares inseminated with
frozen-thawed semen supplemented with 50 mM
trehalose tended to have better pregnancy rates
than the control groups (32).

STRUCTURAL FEATURES AND
IMPORTANCE OF OLIGOSACCHARIDES
IN SPERM CRYOPRESERVATION
PROCESSES

Oligosaccharides are polymers containing
three to ten monosaccharides. Of these, raffinose
has been shown to play a role in
cryopreservation processes. It should be noted
that raffinose consists of D-galactose, D-
glucose, and D-fructose residues and is one of
the most common plant reserve carbohydrates.

A simple and rapid method for
cryopreservation of mouse sperm at a
temperature of -80 °C in microtubes containing a
20% raffinose solution is known (48).

Frozen-thawed sperm retains practical
fertilization rates even after three months of
storage. However, experiments with freezing
avian sperm using liquid nitrogen vapor have
shown that raffinose negatively impacts sperm
quality and fertility. Thus, a comparative
analysis of the effectiveness of using the
disaccharide sucrose and the trisaccharide
raffinose in cryopreservation of sperm of the
local Thai chicken breed Pradu Hang Dum
showed that in the presence of 1 mmol sucrose
in a medium with dimethylformamide, it
significantly increased the motility, membrane
integrity, acrosome integrity and mitochondrial
functions of frozen-thawed spermatozoa and
demonstrated the highest levels of fertility after
cryopreservation of sperm. While raffinose had a
negative effect on sperm quality and fertility in
the concentration range from 1 to 100 mmol
(49). The presence of raffinose (1, 5 and 10 mM)
in the preservative (4% DMSO) for Kadaknath
rooster semen did not affect the sperm
parameters after in vitro thawing, but fertility
was significantly (p < 0.05) higher in the group
receiving 10 mM raffinose (50).

Differences in cryoprotective activity were
also identified when comparing raffinose with
trehalose at equal concentrations. Trehalose was



shown to provide significantly better recovery of
cryopreserved mouse sperm (11).

STRUCTURAL FEATURES AND
IMPORTANCE OF POLYSACCHARIDES
IN SPERM CRYOPRESERVATION
PROCESSES

Polysaccharides are polymers containing
long chains of monosaccharides linked by
glycosidic  bonds. One of the first
polysaccharides to  demonstrate  reliable
cryoprotective activity was hydroxyethyl starch
(HES). This O-alkyl derivative of starch, which
has long been widely used as a plasma
substitute, is biocompatible, non-toxic, and does
not require removal before use. The result
depends heavily on the molecular weight, the
degree of HES substitution, and the removal of
cryopreserved blood components after thawing
(51). In most cases, the use of HES produces a
moderate to strong positive effect, with survival
rates of up to 95% of preserved cells. The
mechanism of cryoprotective action of HES, as
well as macromolecular cryoprotectants in
general, is a subject of debate. It is assumed that,
accumulating in the intercellular space, HES
potentiates the reorganization of hydrogen bonds
between water molecules, inhibits crystal
growth, ice recrystallization, and also equalizes
osmotic pressure, preventing cell dehydration as
a result of excess intracellular pressure with the
release of water and membrane damage.

According to literature, polysaccharides of
some plants may have a cryoprotective effect on
animal sperm, In particular, the introduction of
Lycium barbarum and Laminaria japonica
polysaccharides into the extender improves the
quality of cashmere goat sperm during freezing
(52). and is also the best antioxidant candidate
for inclusion in the freezing medium to improve
the quality of giant panda sperm during
cryopreservation (53). Polysaccharides from
Astragalus membranaceus have shown high
efficiency in cryopreservation of dairy goat
sperm (54) and bull sperm polysaccharides
Laminaria japonica (55), Apium graveolens and
Astragalus membranaceus (56). Sulfated
polysaccharides also increase sperm viability. In
particular, the use of sulfated polysaccharides
from the seaweeds Gracilaria domingensis and
Ulva fasciata in a freezing medium for fish
sperm promotes their recovery after thawing (57,
58).
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It should be noted that mushroom
polysaccharides also have a cryoprotective
effect; however, their effect on reproductive
cells remains poorly understood at present. The

wide spectrum of biological action of
basidiomycete polysaccharides (59) indicates
their  possible  practical use also in
cryopreservation of reproductive cells. In

particular, xylomannan was isolated from the
mycelium and fruiting bodies of the
basidiomycete fungus Flammulina velutipes
(60), which had an effect on freezing Chinese
hamster ovary cells to -80°C. In our series of
studies, we revealed a pronounced
cryoprotective effect of polysaccharide fractions
from Trametes ochracea (Pers.) (61), Hericium
erinaceus (Pers.) (62, 63), Ganoderma
applanatum (Pers.) (64) in relation to cells of
animal origin (human blood leukocytes, bull
sperm) at various negative temperatures (-5°C, -
80°C). A possible mechanism of cryoprotective
action of xylotrophic fungal polysaccharides is
the stabilization of water fractions during
cooling and the binding of free radicals (61).
Standardization of biotechnological methods for
obtaining polysaccharides will provide prospects
for their use as new effective cryopreservatives
with significant pharmaceutical action.

CONCLUSION

This  review  systematizes  current
knowledge on the role of carbohydrates as key
components in the development of effective and
safe sperm cryopreservation technologies.
Carbohydrates represent an essential class of
cryoprotectants with a multi-layered mechanism
of action. From monosaccharides, which
primarily serve as energy substrates, to complex
polysaccharides, their protective function
evolves from a simple osmotic effect to
comprehensive membrane stabilization,
inhibition of ice crystallization, and suppression
of oxidative stress. The cryoprotective efficacy
of saccharides naturally increases with
increasing molecular weight and structural
complexity. The efficiency of a particular
saccharide is determined by its fine chemical
architecture, parameters such as the type of
glycosidic bond (a,a-1—1 in trehalose, f83-1
— 6 in gentiobiose), hydration number,
conformational flexibility and ability to form
hydrogen bonds, predetermine interactions with
the lipid bilayer and water. This explains the



Table 1. Cryoprotective properties and efficacy of saccharides for sperm of different animal species.

Class of Key Main cryoprotective Examples of species-specific
saccharides representatives  properties and efficacy (from the review)
mechanisms
Mono- Glucose, Energy substrate, Stallion (5°C): 40 mM glucose to
saccharides Fructose, osmotic stabilization, maintain motility.
Galactose, participation in glycolysis. Ram: Best survival at 5°C with
Xylose Low independent ribose, arabinose, and xylose.

cryoprotection.

Disaccharides
Non-reducing

Trehalose (a,a-
11)

Sucrose
(glucose-
fructose)

Water substitution,
vitrification, high
hydration number (8.0-
12.1), molecular
flexibility, membrane
stabilization.

Membrane stabilization,
osmotic protection.
Tendency to clustering.

Sheep: 60-100 mM — improved
motility, membrane integrity,
decreased of osmotic stress.
Human: Superior to sucrose in
motility and DNA integrity.
Axolotl, catfish: 100-200 mM —
effective protocol for cryobanks.
Stallion: 100 mM — optimal for
motility and acrosomal integrity,
effective even at -10°C.

Bull: 0.15-0.3 M — effective with
slow freezing.

Poultry (chickens): 1 mM increases
fertility.

Reducing Maltose (a-1—4) Osmotic protection, Rooster: When combined with
membrane stabilization.  fructose, it gives the highest fertility,
superior to the combination with
trehalose.
Lactose (3-1—4) Osmotic stabilizer in Boar: Shows a 38% survival rate in
classical environments. egg yolk extender.
Gentiobiosis (B-  Better binding to Human: Superior to trehalose in
1—6) membrane lipids than some parameters (DNA integrity,
trehalose, effective MMP).
stabilization.

Trisaccharides Raffinose Osmotic protection. Mice: 20% solution for simple
(galactose- Strong species freezing at -80°C.
glucose-fructose) specificity. Birds: Often has a negative effect

on sperm quality and fertility.

Poly- Hydroethylstarch Inhibition of ice Cell cultures: Survival rate up to

saccharides recrystallization, 95%. Used as a plasma substitute.

equalization of osmotic
pressure, viscosity
stabilization.
Plant Antioxidant activity, Goat, bull: Improved motility,

polysaccharides
(Astragalus,
Lycium)
Seaweed
polysaccharides
(Laminaria,
sulfated)
Polysaccharides
of mushrooms
(Trametes,
Hericium)

membrane stabilization,
combined action.

Antioxidant and
membrane-protective
action.

Stabilization of water
fractions, binding of free
radicals, biocompatibility.

membrane integrity and decreased
of osmotic stress after freezing.

Fish, bull: Increases sperm vitality
and motility.

Bull, human leukocytes:
Pronounced cryoprotective effect at
-5°C and -80°C.

species specificity and the lack of a universal

protocol,

390

and opens the way for targeted



molecular design of cryoprotectants (Table 1).
Consideration should also be given to recently
published data on protein stabilization
mechanisms (65) indicating that the processes
under consideration may be more complex.
Therefore, further in-depth research is required
to fully understand the role of sugars in sperm
cryopreservation and  optimize  existing
protocols.

Mastering the moderately low temperature
range (-70°C to -90°C) is a strategic direction
for the development of accessible cryobiology.
While this regime reduces resource consumption
and simplifies logistics, it requires the creation
of fundamentally new cryoprotective
environments capable of compensating not only
for the physical damage caused by ice but also
for the long-term metabolic and oxidative stress
in cells. The shortcomings of traditional
penetrating cryoprotectants (cytotoxicity, the
need for washing) prompt the search for
biocompatible alternatives. In this context,
natural polysaccharides from plants, algae, and
fungi are emerging as among the most promising

candidates. They combine macromolecular
advantages (viscosity stabilization,
crystallization control) with high
biocompatibility, low toxicity, and natural

antioxidant activity.

REFERENCES

Lo

Elliott GD,Wang S & Fuller BJ (2017)
Cryobiology 76, 74-91. https://doi.org/
10.1016/j.cryobiol.2017.04.004.

Baumber J, Ball BA, Gravance CG, Medina
V & Davies-More MCG (2000) J Androl.
21, 895-902.

Cassani P, Beconi MT & O’Flaherty C
(2005) Anim Reprod Sci. 86, 163-173.
https:// doi:
10.1016/j.anireprosci.2004.06.006.

Mandal R, Badyakar D & Chakrabarty J
(2014) Advances in Andrology 3, 1-9.
https:// doi: 10.1155/2014/190542.

Khalil WA, El-Harairy MA, Zeidan AEB,
Mahmoud AEH & Omnia M-E (2018) IntJ
Vet Sci Med. 6, 49-56. https://doi:
10.1016/j.ijvysm.2017.11.001.
Stanishevskaya O, Silyukova Yu, Fedorova
E, Pleshanov N, Kurochkin A, Tereshina V
& lanutsevich E (2023) Thaw Protocol.
Animals (Basel) 13(6), 1023. https:// doi:
10.3390/ani13061023.

391

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Ogawa A, Mizui S, Chida Y, Shimizu M,
Terada S, Ohura T, Kobayashi K-I,
Yasukawa S & Moriyama N (2014) J.
Biosci. Bioeng. 118(1), 101-106,
https://doi.org/10.1016/j.jbiosc.2013.12.010.
Carrion O, Delgado L & Mercade E (2015)
Carbohydr  Polym. 117, 1028-1034,
https://doi.org/10.1016/j.carbpol.2014.08.06
0.

Nauk VA (1991) Structure and Function of
Sperm in  Farm  Animals  During
Cryopreservation, Kishinev, Shtiinca, 200
pp.

Narida A, Tsai S, Huang CY, Wen ZH &
Lin C (2023) Biopreserv Biobank. 21(1), 23-
30. https://doi: 10.1089/bi0.2021.0132.
Gholami D, Sharafi M, Esmaeili V, Nadri T,
Alaei L, Riazi G & Shahverdi A (2023)
PLoS One 18(4), e0271210. https:// doi:
10.1371/journal.pone.0271210.

Sum AK, Faller R & de Pablo JJ (2003)
Biophysical Journal 85(5), 2830-2844,
pmid:14581188.

Cristina S & Pereira PHH (2008) Mol Simul.
34, 403-420.

Koster KL, Lei YP, Anderson M, Martin S
& Bryant G (2000) Biophys J. 78(4), 1932—
1946. pmid:10733972.

Giuffrida S, Cottone G & Cordone L (2004)
The Journal of Physical Chemistry B
108(39), 15415-21.

Liu J, Tanrikut C, Wright DL, Lee GY,
Toner M, Biggers JD & Toth TL (2016)
Cryabiology 73(2), 162-167.
pmid:27498216.

Hernandez-Avilés C, Love CC, Serafini R,
Ramirez-Agamez L, Friedrich M, Ghosh S,
Teague SR, LaCaze KA, Brinsko SP &
Varner DD (2020) Theriogenology 147, 1-9.
https:// doi:
10.1016/j.theriogenology.2020.02.007.
Lapwood KR & Martin IC (1966) Aust J
Biol Sci. 19(4), 655-671. https:// doi:
10.1071/bi9660655. PMID: 5970062.
GOmez-Fernandez J, Goémez-lzquierdo E,
Tomés C, Mocé E & de Mercado E (2012)
Anim Reprod Sci. 133(1-2). 109-116,
https://doi:
10.1016/j.anireprosci.2012.06.010.
Stanishevskaya O, Silyukova Y, Pleshanov
N, Kurochkin A (2021) Molecules 26(19),
5920. https://doi:
10.3390/molecules26195920.


https://pubmed.ncbi.nlm.nih.gov/?term=Elliott+GD&cauthor_id=28428046
https://pubmed.ncbi.nlm.nih.gov/?term=Wang+S&cauthor_id=28428046
https://pubmed.ncbi.nlm.nih.gov/?term=Fuller+BJ&cauthor_id=28428046
https://doi.org/10.1016/j.anireprosci.2004.06.006
https://doi.org/10.1016/j.anireprosci.2004.06.006
https://doi.org/10.1016/j.ijvsm.2017.11.001
https://doi.org/10.1016/j.ijvsm.2017.11.001
https://doi.org/10.3390/ani13061023
https://doi.org/10.3390/ani13061023
https://doi.org/10.1016/j.jbiosc.2013.12.010
https://doi.org/10.1016/j.carbpol.2014.08.060
https://doi.org/10.1016/j.carbpol.2014.08.060

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Upton R, Clulow S, Colyvas K, Mahony M
& Clulow J (2023) Reproduction 165(6),
583-592. https://doi: 10.1530/REP-22-0486.
Moura TCM, Arruda LCP, Aradjo Silva
RAJ, Silva RPF, Oliveira AS, Tobal LFM,
Batista AM, Carneiro GF & Guerra MMP
(2022) J Equine Vet Sci. 109, 103825.
https:// doi: 10.1016/j.jevs.2021.103825.
PruB D, Oldenhof H, Wolkers WF & Sieme
H (2022) J Equine Vet Sci. 108, 103802.
https:// doi: 10.1016/j.jevs.2021.103802.
Coxe N, Liu Y, Arregui L, Upton R,
Bodenstein S, VVoss SR, Gutierrez-Wing MT
& Tiersch TR (2024) Animals (Basel) 14(2),
206, https://doi: 10.3390/ani14020206.
Gheller SMM, Corcini CD, de Brito CRC,
Acosta IB, Tavares GC, Soares SL, Silva
AC, Pires DM & Varela Junior AS (2019)
Cryobiology 87, 74-77. https://doi:
10.1016/j.cryobiol.2019.02.001.

Varela Junior AS, Jardim RD, Streit DP Jr,
Cardoso TF, Silva EF, Lucia T Jr,
Figuelredo MRC & Corcini CD (2022)
CryoLetters 43(5), 264-268.

Dutta M, Kadirvel G, Borah P, Sinha S,
Ahmed K, Hazarika G, Sharma R,
Choudhury H, Deori S , Das Gupta M ,
Biswas RK, Tamuly S, Barua PM &
Hussain J (2023) Cryoletters 44(5), 299-
306.

Bucak MN, Keskin N, Ili P, Bodu M, Akalin
PP, Oztiirk AE, Ozkan H, Topraggaleh TR,
Sari F, Bagpmar N & Dursun § (2020)
Cryobiology 96, 19-29. https://doi:
10.1016/j.cryobiol.2020.09.001.

Oztiirk AE, Bodu M, Bucak MN, Agir V,
Ozcan A, Keskin N, ili P, Topraggaleh TR,
Sidal H, Bagpmar N & Dursun § (2020)
Cryobiology 95, 157-163. https:// doi:
10.1016/j.cryobiol.2020.03.008.

Bucak MN, Akalin PP, Keskin N, Bodu M,
Oztiirk AE, ili P, Ozkan H, Topraggaleh
TR, Arslan HO, Baspmnar N & Dursun S
(2021) Andrology 9(3), 1000-1009. https://
doi: 10.1111/andr.12974.

Liang J, Lv C, Yang H, Zhang Y, Raza
SHA, Wu G & Quan G (2022) Biopreserv
Biobank. 20(4), 348-356. https:// doi:
10.1089/bi0.2021.0120.

Jhamb D, Talluri TR, Sharma S, Juneja R,
Nirwan SS, Yadav D, Pargi KK, Tanwar A,
Kumar P, Kumar R, Mehta SC, Parashar M
& Gaur M (2023) J Equine Vet Sci. 126,
104293. https:// doi:
10.1016/j.jevs.2023.104293.

392

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Schulz M, Risopatréon J, Matus G, Pineda E,
Rojas C, lIsachenko V, lIsachenko E &
Sanchez R (2019) Andrologia 49(9),
e12757. https:// doi: 10.1111/and.12757.
Suksai M & Dhanaworavibul K (2017)
Journal of Health Science and Medical
Research 37(2), 7.

Thakral, S, Sonje J, Munjal B &
Suryanarayanan R (2021) Adv. Drug Deliv.
Rev. 173, 1-19.

https://doi.org/10.1016/j.addr.2021.03.003.
Li J, Wang H, Wang L, Yu D & Zhang X
(2024) Eur J Pharm Sci. 192, 106625.
https:// doi: 10.1016/j.ejps.2023.106625.
Mutukuri, TT, Wilson NE, Taylor LS, Topp
EM & Zhou QT (2021) Int. J. Pharm. 594,
120169.
https://doi.org/10.1016/j.ijpharm.2020.1201
69.).

Pérez-Marin CC, Quevedo L, Salas M &
Arando A (2023) Biopreserv Biobank.
21(6), 554-560. https:// doi:
10.1089/bi0.2022.0075.

Gholami D, Sharafi M, Esmaeili V, Nadri T,
Alaei L, Riazi G & Shahverdi A (2023)
PLoS One. 18(4), e0271210, https:// doi:
10.1371/journal.pone.0271210

Horta BA, Peric-Hassler L & Hunenberger
PH (2010) Journal of Molecular Graphics
& Modelling 29(3), 331-346.

Patist A & Zoerb H (2005) Colloids and
Surfaces B, Biointerfaces 40(2), 107-113.
Albertorio F, Chapa VA, Chen X, Diaz AJ
& Cremer PS (2007) Journal of the
American  Chemical Society 129(34),
10567-10574.

Crowe JH (2015) Sub-cellular Biochemistry
71, 263-80.

Oldenhof H, Wolkers WF & Sieme H
(2021) Methods Mol Biol. 2180, 365-377.
https:// doi: 10.1007/978-1-0716-0783-1_15.
Purdy PH, Graham JK & Azevedo HC
(2022) Anim Reprod Sci. 246, 106846.
https:// doi:
10.1016/j.anireprosci.2021.106846.
Silyukova Y, Fedorova E & Stanishevskaya
O (2022) Curr. Issues Mol. Biol. 44, 5531-
5542.

Xi MD, Li P, Du H, Qiao XM, Liu ZG &
Wei QW (2018) Reprod. Domest. Anim. 53,
472-483.

Mochida K, Hasegawa A, Shikata D, Itami
N, Hada M, Watanabe N, Tomishima T &
Ogura A (2021) Sci Rep., 11(1), 14149.
https:// doi: 10.1038/s41598-021-93604-y.


https://www.researchgate.net/journal/Journal-of-Health-Science-and-Medical-Research-2630-0559?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/journal/Journal-of-Health-Science-and-Medical-Research-2630-0559?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://doi.org/10.1016/j.addr.2021.03.003

49.

50.

51.

52.

53.

54.

55.

56.

o7.

58.

Thananurak P, Chuaychu-Noo N, Thélie A,
Phasuk Y, Vongpralub T & Bleshois E
(2019) Poult Sci. 98(9), 4161-4171. https://
doi: 10.3382/ps/pez196.

Balusa P, Bommu S & Murugesan S (2022)
CryoLetters 43(5), 283-288.

Stolzing A, Naaldijk Y, Fedorova V &,
Sethe S (2012) Transfus. Apher. Sci. 46(2),
137-147. https:// doi:
10.1016/j.transci.2012.01.007.

Ren F, Fang Q, Feng T, Li Y, Wang Y, Zhu
H & Hu J (2019) Theriogenology 129, 29-
36. https:// doi:
10.1016/j.theriogenology.2019.02.011.
Zhang R, Dong H, Zhao P, Shang C, Qi H,
Ma Y, Gao C, Zhang D, Shen J, Lei VY, Jin
Y & Lin P (2022) BMC Vet Res. 18(1), 23.
https:// doi: 10.1186/512917-021-03122-2.
Zhang X, Hu ZT, Li Y, Li YX, Xian M,
Guo SM & Hu JH (2022) Theriogenology
193, 47-57. https://doi:
10.1016/j.theriogenology.2022.08.007.
Zheng Y, Zhang N, Liu S, Li Q & Jiang Z
(2017) Cryobiology 79, 50-55. https://doi:
10.1016/j.cryobiol.2017.09.002.

Wang H, Lu P, Yuan C, Zhao J, Liu H, Lu
W & Wang J (2021) Animals (Basel) 11(6),
1506. https:// doi: 10.3390/ani11061506.
Nascimento RV, Almeida-Monteiro PS,
Pereira VA, Torres TM, Nunes LT, Sales
YS, Brito BF, Moreira FH, Araujo WF,
Rodrigues JAG, Montenegro AR & Salmito-
Vanderley CSB (2022) CryolLetters 43(2),
110-119.

Sales YS, Lobato JS , Nascimento Sousa
Vieira CT, Faria Cavalcante Filho JE,
Ferreira YM, da Silva Apoliano ML, do
Nascimento RV, Candido Sobrinho SA,

393

59.

60.

61.

62.

63.

64.

65.

Gurgel Rodrigues JA, Braga Guia CP,
Almeida Magalhaes FV &  Salmito-
Vanderley CS (2023) CryoLetters 44(4),
208-218.

Wang Y & Zhang H (2021) Int J Biol
Macromol. 167, 528-538. https:// doi:
10.1016/j.ijbiomac.2020.11.208.

Kawahara H, Matsuda Y, Sakaguchi T, Arai
N & Koide Y (2016) Biocontrol Sci. 21(3),
153-159. https:// doi: 10.4265/bi0.21.153.
Zaitseva O, Sergushkina M, Popyvanov D.
Nazarova Y, Polezhaeva T, Solomina O &
Khudyakov A (2024) International Journal
of Medicinal Mushrooms 26 (11), 11-25.
https://doi.org/10.1615/IntIMedMushrooms.
2024054937.

Polezhaeva TV, Khudyakov AN, Solomina
ON, Zaitseva OO, Sergushkina MI,
Shirokikh 1G & Shirokikh AA (2024)
Exploratory Animal and Medical Research
14 (1), 144-148.
https://doi.org/10.52635/eamr/14.1.144-148
Sergushkina M, Polezhaeva T, Solomina O,
Khudyakov A, Zaitseva O & Nazarova Y
(2025) CryolLetters 46(2), 98 - 107.
https://doi.org/10.54680/fr25210110912.
Polezhaeva TV, Khudyakov AN, Solomina
ON, Shirokih IG, Zaitseva OO, Sergushkina
MlI, Shirokih AA & Popyvanov DV (2025)
Theoretical and Applied Ecology 2, 198-
207.  https://doi.org/10.25750/1995-4301-
2025-2-198-207.

Sun WQ & Luo Y (2025) Frigid Zone
Medicine 5(2), 65-72.
https://doi.org/10.1515/fzm-2025-0007.


https://doi.org/10.1615/IntJMedMushrooms.2024054937
https://doi.org/10.1615/IntJMedMushrooms.2024054937
https://doi.org/10.52635/eamr/14.1.144-148
https://doi.org/10.54680/fr25210110912

