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Summary. The mechanical stability of erythrocytes is a critical factor in ensuring their effective functioning during
storage, transportation, and cryopreservation. The objective of this study was to ascertain the impact of diverse
cryoprotectants, including glycerol, sucrose, dimethyl sulfoxide (DMSO), polyethylene glycol-1500 (PEG-1500), and
hydroxyethyl starch (HES), on hemolytic damage to dog erythrocytes subjected to mechanical stress. For this purpose,
dog erythrocytes were incubated in varying concentrations of cryoprotectants and NaCl. The cells were subjected to
mechanical stress by stirring the suspension in a container filled with plastic beads at room temperature. The resulting
hemolysis was evaluated spectrophotometrically. The results demonstrated that the most pronounced stabilization of
erythrocyte membranes was observed during incubation with PEG-1500 and HES, while high glycerol concentrations
caused membrane destabilization. Sucrose demonstrated a dual effect: at low concentrations, it exhibited protective
properties for cellular membranes, while at higher concentrations, enhanced membrane vulnerability to stress. The
results demonstrated that DMSO at all studied concentrations did not significantly change the mechanical stability of
erythrocytes compared to the control group. Our findings indicate that an increase in salt concentration in the
extracellular medium is associated with a reduction in the mechanical stability of dog erythrocytes. The effect of
cryoprotectants on the mechanical stability of erythrocytes was found to be closely related to their physicochemical
properties. This highlights the importance of precise selection of cryoprotectant concentrations to improve the results
of red blood cell storage and transportation. The conclusions of this study are important for further optimization of
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technologies for the long-term storage of canine erythrocytes, in particular in cryobanks
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Introduction. The mechanical stability of
erythrocytes is an important parameter that determines
their ability to withstand physical and osmotic stress
during storage, transportation, and cryopreservation
(Baskurt and Meiselman, 2013; Ugurel etal, 2017).
Erythrocytes, whose main function is to transport
oxygen throughout the body, must have high mechanical
stability to ensure this function even after prolonged
storage or freezing (Tarasev, Chakraborty and Alfano,
2015). Erythrocyte cryopreservation is one of the most
effective methods of long-term blood storage, but it is
accompanied by numerous negative factors: crystal
formation during the transition of liquid to solid state,
increase in salt concentration and osmotic pressure in
the cooled liquid, dehydration of macromolecules,
changes in the location and composition of membrane
lipids (Gao and Critser, 2000), increased lipid
peroxidation due to a decrease in superoxide dismutase
activity (Alvarez and Storey, 1992), and ionic and
electrical effects associated with the integration of ions
into ice crystals. Osmotic stress caused by changes in the
concentration of ions in the medium during the

crystallization and thawing of water during
cryopreservation is one of the factors that affect the
mechanical ~ stability —of  erythrocytes.  During
cryopreservation, cells are exposed to extreme

temperatures, which leads to the formation of ice crystals
and dehydration (Gao and Critser, 2000). To prevent
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these processes, penetrating and non-penetrating
cryoprotectants are used to protect cells from
intracellular ice formation and minimize osmotic stress
(Elliott, Wang and Fuller, 2017). However, the choice of
the optimal concentration of cryoprotectants is critical,
as excessive concentrations can cause additional osmotic
stress and damage the cell membrane. In addition,
during cryopreservation, the volume of cells changes,
which leads to mechanical stress that can affect their
structure and function. This can be caused by the
formation of extracellular ice crystals or by the
interaction of cells with each other and the container
walls (Ishiguro and Rubinsky, 1994; Saragusty etal,
2009). Thus, the choice of the right cryopreservation
conditions, including the concentration of
cryoprotectants and NaCl, is key to ensuring high
mechanical stability of erythrocytes after long-term low-
temperature cell storage. The optimal concentrations of
these substances allow to preserve the integrity of the cell
membrane, reduce the level of hemolysis, and maintain
the functionality of erythrocytes during a long storage
period.

This study aimed to evaluate the effect of
cryoprotectants such as glycerol, sucrose, dimethyl
sulfoxide (DMSO), polyethylene glycol-1500 (PEG-1500),
and hydroxyethyl starch m.m. 200 (HES), on the
development of hemolytic damage to erythrocytes under
mechanical stress.
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Materials and methods. The object of the study was
dog erythrocytes. All animals were clinically healthy,
sexually mature males of an unspecified breed, aged 2 to
10 years. Manipulations with animals were performed by
veterinarians following the recommendations of the
‘European Convention for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific
Purposes’ (CE, 1986) and Council Directive 2010/63/EU
(CEC, 2010), and in accordance with Art. 26 of the Law
of Ukraine No. 3447-IV of 21.02.2006 ‘About protection
of animals from cruel treatment’ (VRU, 2006) and basic
bioethical principles (Simmonds, 2017).

Blood was taken by venipuncture from the brachial
vein following current ethical standards. No animals
were harmed during the experiment.

The blood was collected in a glucose-citrate
preservative and stored at 5°C for no more than 48 h
before the experiments commenced. Red blood cells
were isolated by centrifuging the whole blood at 750 g for
five minutes, after which the plasma and leuko-platelet
layer were removed. The red blood cells were then
washed three times in a solution of four times the
volume of isotonic saline (150 mM NaCl, 10 mM
phosphate buffer, pH 7.4).

The resistance of erythrocytes to mechanical stress
was assessed by the degree of hemolysis caused by the
action of small beads moving in suspension (Shpakova,
Orlova and Alexandrova, 2010). The washed
erythrocytes (1 ml) were mixed with cryoprotectant
solutions (5ml) in 20ml plastic cups, with a final
hematocrit of approximately 15%. Solutions of glycerol,
sucrose, DMSO, PEG-1500, and HES m.m. 200 were

concentrations. Then 50 plastic beads (5mm in
diameter, 1.5g) and a magnetic stirrer were carefully
added. The erythrocytes and plastic beads suspension
was stirred on a magnetic stirrer MM-5 at 1,200 rpm. To
evaluate hemolytic cell damage, aliquots of the
erythrocyte suspension were taken, centrifuged at
1,200 g, and the supernatant was collected. Hemolysis
was determined by the spectrophotometric method
(device SF-46 LOMO, Russia) in a flow-through cuvette
at A =543 nm to determine the amount of hemoglobin
released from damaged cells. The level of hemolysis was
expressed as a percentage relative to 100% hemolysis of
erythrocytes in the presence of 0.1% Triton X-100

detergent.
Statistical ~results were processed using the
Statgraphics  software package (Manugistic Inc,;

STATistical GRAPHICs system, USA). The data were
presented in the format M + SE (mean + standard error).
Differences between the experimental and control
groups were evaluated using a nonparametric method, in
particular, Fisher's multiple range test using the
procedure of grouping samples by the least significant
difference. Each series of experiments was performed at
least six times.

Results and discussion. Hemolytic damage to dog
erythrocytes under the influence of mechanical stress
was studied for 60 min in the presence of various
cryoprotectants (Fig. 1). The cryoprotectant solutions,
balanced by ionic strength and pH to physiological
values, had different effects on the stability of dog
erythrocyte membranes. The greatest destabilization was
observed when using glycerol, except for its 5%

prepared based on isotonic saline at 5-20% concentration, and sucrose at 20% concentration.
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Figure 1. Hemolytic damage of dog erythrocytes under mechanical stress for 60 min in the presence of 5-20%
cryoprotectants. * — decrease in hemolysis compared to control (150 mM NaCl, 10 mM phosphate buffer, pH 7.4). P < 0.05.

Other cryoprotectants, such as DMSO, PEG-1500,
and HES, had variable effects on the mechanical stability
of erythrocytes, depending on the concentration.
PEG-1500 at concentrations of 10% and 20%, as well as
HES at concentrations of 10%, 15%, and 20%
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demonstrated the ability to stabilize cells during
mechanical stress. In contrast, DMSO at all studied
concentrations did not demonstrate significant
differences from the control group (150 mM NaCl,
10 mM phosphate buffer, pH 7.4).
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The mechanical stability of erythrocytes is
significantly affected by the concentration of NaCl in the
medium. In a hypertonic medium, for instance, at
concentrations of 400 mM or 600 mM NaCl, cells
undergo dehydration, which reduces their volume and
increases the risk of mechanical damage to the
membrane. In contrast, a hypotonic medium, where the
NaCl concentration is much lower than physiological,
can result in cell swelling and, ultimately, hemolysis.
Studying the mechanical stability of erythrocytes in
different concentrations of cryoprotectants and NaCl
allows us to gain a deeper understanding of how these
factors interact with each other and affect cell integrity.
For instance, the use of an optimal cryoprotectant
concentration can minimize the adverse effects of
osmotic stress caused by high NaCl concentration when
the temperature is lowered, while an inadequate
cryoprotectant concentration can exacerbate membrane
damage due to osmotic stress.

Increasing the NaCl concentration to 400 mM
resulted in a 6-fold increase in hemolytic damage after
30 min and a 7-fold increase after 60 min compared to
the control (Fig. 2). At a NaCl concentration of 600 mM,
these values increased to 8 and 9 times, respectively.
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Figure 2. Hemolytic damage of dog erythrocytes
under mechanical stress in NaCl solutions of different
concentrations. P < 0.05.

The effect of cryoprotectants on the mechanical
stability of dog erythrocytes during osmotic stress is
closely related to their physicochemical properties and
mechanism of action.

The results of the study revealed that glycerol, known
for its ability to stabilize human erythrocyte membranes
under mechanical stress (Zemlianskykh, 2018),
destabilizes dog erythrocyte ~membranes under
mechanical stress. These differences may be related to
the different structures of membrane lipids and proteins
in these two species. In particular, dog erythrocyte
membranes have a higher content of cholesterol and
saturated phospholipids, which increases membrane
stiffness and reduces its ability to adapt during stress
(Zhegunov and Denisova, 2010). It has also been noted
(Shpakova etal., 2015) that the higher the content of
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phosphatidylethanolamine (PEA), the less sensitive the
cells are to mechanical stress. The percentage of PEA in
human erythrocytes is 27.2% of the total phospholipid
content, while in dog erythrocytes it is 22.4%. At the
same time, glycerol can cause an increase in osmotic
pressure within the cell, which, when combined with a
stiffer membrane, leads to an elevated susceptibility to
hemolysis. Furthermore, the protein composition of
canine erythrocyte membranes differs from that of
human erythrocytes (Zemlyanskikh and Denisova,
2009). Dog erythrocyte membranes contain higher levels
of spectrin and ankyrin, proteins that support the
membrane skeleton. In conditions of elevated osmotic
pressure, these proteins can activate mechanisms that
lead to a decrease in membrane flexibility, contributing
to mechanical damage during stress.

Sucrose demonstrated a twofold effect. At high
concentrations (15% and 20%), it increased the
sensitivity to mechanical stress, which led to membrane
damage. At low concentrations (5% and 10%), however,
this cryoprotectant helped to maintain membrane
stability. Based on the results of this study, sucrose can be
used as a cryopreservative component in low
concentrations, as it contributes to the preservation of
membrane stability. This makes it a promising addition
to cryoprotective solutions where minimizing cell
damage during cryopreservation is a priority.

PEG-1500 and HES have been shown to effectively
reduce cell sensitivity to mechanical stress. This is due to
their ability to form a protective barrier around the cell
membrane, which reduces osmotic pressure and
increases resistance to mechanical damage (Elliott, Wang
and Fuller, 2017). High concentrations of these
substances have been shown to have a positive effect on
the mechanical stability of cells, which highlights their
potential as effective cryoprotectants in the context of
mechanical stress. Research (Kameneva etal., 2003)
indicates that PEG can alter the physicochemical
properties of surfaces through adsorption on beads,
enhancing biocompatibility, and through adsorption on
cells, reducing membrane sensitivity to mechanical
stress. However, this does not fully explain the
effectiveness of HES in stabilizing dog erythrocytes
under mechanical stress.

In contrast to non-penetrating cryoprotectants such
as PEG-1500 and HES, which previous studies
(Denysova and Zhegunov, 2021; Zhegunov, Denysova
and Zhegunova, 2022) have shown to cause membrane
damage after freezing and thawing, this study did not
reveal any significant changes in the mechanical stability
of erythrocytes when using DMSO. The results
demonstrated the effectiveness of this cryoprotectant in
maintaining the physicochemical properties of
membranes during cryopreservation.

The mechanical stability of erythrocytes was found to
be significantly affected by the concentration of NaCl
High concentrations of NaCl, such as 400 mM and
600 mM, were observed to significantly increase
hemolytic damage, indicating an increase in the
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membranes sensitivity to osmotic stress. This effect can
be explained by an increase in osmotic pressure, which
leads to cell dehydration and increased mechanical stress
on the membrane (Gao and Critser, 2000).

Conclusions. The studied cryoprotectants have a
significant effect on the mechanical stability of dog
erythrocytes. Stabilization of cell membranes was
observed during incubation with PEG-1500 and HES,
while glycerol in high concentrations destabilized the
membranes. Sucrose showed a dual effect: low
concentrations  provided protection, while high
concentrations increased sensitivity to mechanical stress.

Unlike other cryoprotectants, the use of DMSO in all
concentrations studied did not lead to significant
differences in the mechanical stability of erythrocytes
compared to the control group. This indicates the
potential safety and efficacy of DMSO as a
cryoprotectant for preserving the mechanical stability of
erythrocytes after cryopreservation. Changes in the
mechanical stability of erythrocytes under the influence
of cryoprotectants may be related to their effect on the
physicochemical properties of cell membranes, which is
important for optimizing the conditions of storage and
transportation of erythrocytes.
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