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Long-term storage of erythrocytes, a vital component of modern transfusion medicine, is accompanied by structural,
metabolic, and biophysical alterations that reduce their functional activity. Differentiating erythrocytes by surface
charge represents a promising approach for assessing viability, predicting post-transfusion behavior, and optimiz-
ing storage and biobanking strategies. However, the practical application of zeta potential analysis in clinical trans-
fusion medicine remains insufficiently explored.

To summarize current knowledge on erythrocyte heterogeneity by surface charge, their biophysical properties, di-
agnostic value, and application prospects in transfusion medicine and biobanking.

A systematic literature search was conducted using PubMed, Scopus, Web of Science, Cochrane Library, Google
Scholar, and Clinical Key, focusing on studies addressing erythrocyte biophysics, surface charge parameters, popula-
tion heterogeneity, zeta potential measurement methods, and clinical applications.

Erythrocyte heterogeneity by surface charge is a fundamental population property shaped by physiological aging,
oxidative stress, and membrane-cytoskeleton modifications. Reduced zeta potential is associated with enhanced ag-
gregation, impaired deformability, and decreased microvascular passage. Analysis of zeta potential enables identifi-
cation of subpopulations with varying levels of damage and prediction of their functional performance after transfu-
sion. In transfusion medicine, this approach may improve transfusion efficiency and safety, while in biobanking it of-
fers opportunities for better selection of cells for long-term storage. Surface charge differentiation also holds prom-
ise for predicting erythrocyte shelf life and advancing personalized transfusion strategies.

Integration of zeta potential analysis into laboratory practice could enhance the quality of blood components and

support the development of personalized transfusion medicine.
Keywords: erythrocytes; zeta potential; surface charge; biophysics; transfusion; biobanking.

Introduction

Transfusion of packed red blood cells (pRBC) is
one of the most important components of modern
transfusion therapy and often saves the lives of pa-
tients in critical conditions. Every year, millions of re-
cipients worldwide require blood transfusion for acute
blood loss, chronic anemia, surgical interventions and
other clinical situations that require the availability of
effectively stored blood components. Ensuring the
availability of pRBC is a complex task that involves
multi-stage logistics, including donor blood collection,
processing, biopreservation and transportation. Ac-
cording to current international recommendations,
pRBC can be stored at 1-6°C under refrigerated condi-
tions for up to 35-42 days [1, 2]. However, recent
studies [2] indicate that erythrocytes stored for a long
time undergo significant changes at the molecular, bi-
ochemical, morphological and functional levels com-

pared to freshly collected cells. In particular, during
storage, erythrocytes gradually accumulate such struc-
tural and metabolic disruptions as: oxidative mem-
brane damage, degradation of cytoskeletal proteins,
changes in rheological properties, decreased cell de-
formability, and impaired gas exchange [3, 4]. In addi-
tion, morphological changes in cells are observed - the
formation of echinocytes, spherocytes, and micro-
spherocytes, caused by impaired protein-lipid interac-
tions in the plasma membranes of erythrocytes [5, 6].
Such modifications, combined under the term “storage
damage,” are actively studied in modern literature, but
their clinical significance and impact on the outcome
of transfusion therapy still remain a subject of debate
in the scientific community [7, 1].

Of particular interest are the results of studies
indicating that older erythrocytes, especially those
stored for more than 35 days [8], have an increased
susceptibility to intravascular and extravascular he-
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molysis. This is due to their sequestration in the
spleen and active erythrophagocytosis after transfu-
sion [5]. Hemolysis leads to the release of free heme
and iron into the plasma, which has a potentially toxic
effect on the recipient's body. Free heme and iron can
induce oxidative stress, stimulate the production of
pro-inflammatory cytokines and affect the function of
tissue macrophages [9, 10]. In addition, they create fa-
vorable conditions for the growth of siderophilic bac-
teria, which increases the risk of bacterial complica-
tions in the post-transfusion period [1, 11-13]. Thus,
the accumulation of toxic erythrocyte degradation
products and activation of inflammatory cascades may
have negative clinical consequences, especially in vul-
nerable patient groups, such as patients with severe
infectious pathology, sepsis, or immunosuppression.

It has been established that changes in pRBC dur-
ing storage can occur under the influence of factors
such as the addition of special preservative solutions,
irradiation and other processing methods [14]. Non-
genetic factors, environmental influences on donors,
as well as a set of factors, the so-called “exposome”, in-
fluence the formation of the molecular phenotype of
stored erythrocytes [15, 19], their resistance to he-
molysis and clinical efficacy after transfusion. Taking
into account the influencing factors should improve
the practice of storing blood components.

Heterogeneity of the erythrocyte population is a
fundamental biological phenomenon, reflecting a
complex set of morphological, biochemical, biophysi-
cal and functional differences between individual cells
within the same organism. Erythrocytes circulating in
human peripheral blood demonstrate significant vari-
ability in such parameters as cell age, degree of dehy-
dration or hydration, hemoglobin (Hb) concentration,
level of metabolic activity, deformability, membrane
charge, cytoskeletal stability. This diversity is formed
throughout the life cycle of the erythrocyte - from the
moment of its release from the bone marrow to its fi-
nal elimination through the mechanisms of erythro-
phagocytosis in the spleen or liver. Physiological aging
of cells is accompanied by the accumulation of bio-
chemical damage, changes in the composition of mem-
brane lipids, oxidation of cytoskeletal proteins, activa-
tion of the proteolysis system and impaired ion ex-
change, which leads to a gradual loss of functional
properties of erythrocytes. These processes are addi-
tionally influenced by microenvironmental factors, in-
cluding changes in plasma composition, the presence
of pro-inflammatory mediators, hypoxia, as well as in-
dividual characteristics of the organism, in particular
genetic, gender, age and concomitant diseases [16].

Understanding the nature of the heterogeneity of
the red blood cell population is key to developing and
improving methods for storing blood components. In
biobanking practice, where special attention is paid to
long-term storage of cellular products, studying the
characteristics of different red blood cell subpopula-
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tions allows optimizing cryopreservation conditions,
reducing the proportion of damaged cells in the con-
centrate, and developing more precise criteria for se-
lecting high-quality donor products [17]. In particular,
assessing the morphological and metabolic profile of
red blood cells can become the basis for creating
standardized markers of blood quality, which will im-
prove the safety and effectiveness of transfusion ther-
apy.

The aim of the work is to summarize current da-
ta on the distribution of erythrocytes by surface
charge, their biophysical properties, diagnostic value,
and possibilities of application in transfusion medicine
and biobanking.

Materials and Methods

A search for scientific publications was carried
out in international databases PubMed
(https://pubmed.ncbi.nlm.nih.gov/), Clinical Key Else-
vier (https://www.clinicalkey.com/), Cochrane Li-
brary (https://www.cochranelibrary.com/), eBook
Business Collection (https://www.ebsco.com/) and
Google Scholar (https://scholar.google.com/). The pa-
per analyzed modern studies that highlight the bio-
physical properties of erythrocytes, the heterogeneity
of their populations, methods for determining the sur-
face charge of cells, the diagnostic value of these pa-
rameters, as well as their practical application in
transfusion medicine, biobanking, and quality assur-
ance of blood components.

At the first stage, a literature search was per-
formed using the following keywords: "red blood
cells", "erythrocyte heterogeneity”, "cell surface
charge", "zeta potential”, "erythrocyte biophysics”,
"cryopreservation”, "storage lesion", "transfusion safe-
ty", "erythrocyte quality control”, "biobanking of blood
products”, "oxidative stress", "erythrocyte deformabil-
ity", "post-transfusion recovery".

In the second stage, articles were selected for
relevance based on the analysis of titles and abstracts.
Publications that did not correspond to the research
topic or had insufficient methodological quality were
excluded. In the third stage, the full texts of the select-
ed articles were studied to assess their compliance
with the inclusion criteria and scientific reliability of
the data.

The criteria for inclusion of publications for con-
tent analysis were as follows:

1. Coverage of the biophysical characteristics of
erythrocytes, in particular surface charge parameters,
population heterogeneity, morphological and func-
tional changes during storage, as well as their clinical
significance in transfusion medicine and biobanking.

2. Compliance of studies with the principles of
evidence-based medicine.

3. Availability of full-text access to the publica-
tion.
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The quality of pRBC is critically important for the
safety and effectiveness of transfusion therapy. Cur-
rent studies confirm that the heterogeneity of the
erythrocyte population, in particular the distribution
by surface charge, significantly affects their biophysi-
cal properties, storage capacity and functional recov-
ery after transfusion. Analysis of the zeta potential of
cells opens up new opportunities for assessing the
quality of blood components, predicting their effec-
tiveness and improving biobanking practices. The
study of these aspects is an important step for the de-
velopment of personalized approaches in transfusion
medicine and cryopreservation of cellular blood prod-
ucts.

1. Biophysical charactristics of erythrocytes;
the role of the surface charge

Erythrocytes are the most numerous cell popula-
tion in the human body, constituting approximately
25% of the 30x1012 of all cells [1, 20, 21]. A mature
erythrocyte contains about 250-270 million Hb mole-
cules per cell, which provides the ability to transport
approximately 1 billion oxygen molecules per erythro-
cyte [22]. Typical values of key biophysical character-
isitics of human red blood cell are given in the Table 1.

The functional activity of erythrocytes, in par-
ticular the ability of Hb to bind and release oxygen, is
regulated by a complex of metabolic and biochemical
mechanisms. One of the main mechanisms is allosteric
control through the binding of small molecular weight
effectors, such as 2,3-diphosphoglycerate (DPG) and
adenosine triphosphate (ATP), which reduce the affin-
ity of Hb for oxygen and promote its release in tissues
[23]. These modulatory molecules function as sensi-
tive indicators of the metabolic state of the cell, re-
sponding to changes in energy levels, pH, partial pres-
sure of oxygen, and other factors that reflect the
body's oxygenation needs.

Nowadays multidisciplinary research based on
the integration of omics technologies - including pro-
teomics, metabolomics and lipidomics - with microflu-
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idic approaches and kinetic measurements at the level
of individual cells has significantly expanded the un-
derstanding of the regulation of Hb functional activity.
The use of microfluidic devices for high-precision
analysis of oxygen transport kinetics at the level of
single erythrocytes allows to detect subpopulation dif-
ferences in cell properties that were inaccessible to
classical analysis methods. Recently, it has been estab-
lished that in addition to well-known regulators such
as DPG and ATP, indirect metabolic modulators play
an important role in modulating the ability of Hb to
bind and release oxygen, among which adenosine,
sphingosine-1-phosphate (S1P), as well as a number of
other bioactive lipids are particularly distinguished
[14, 24, 25]. Their role in the regulation of oxygenation
has been confirmed in studies on high-altitude hypox-
ia models, where a relationship between the levels of
these molecules and the body's adaptive responses to
reduced partial pressure of oxygen was demonstrated
[26-28]. Moreover, changes in the erythrocyte metab-
olome, including the accumulation of adenosine, S1P
and other metabolites, have been found to correlate
with cellular aging processes, their ability to survive
storage and the effectiveness of post-transfusion re-
covery [19, 29].

The complex organization of the cytoskeleton
and membrane apparatus of erythrocytes is the result
of an evolutionarily developed regulatory system that
ensures the long-term preservation of the cell's me-
chanical integrity, flexibility and viability during circu-
lation. Disruption of these mechanisms, including
structural abnormalities of cytoskeletal proteins, dys-
function of ion channels or changes in the lipid com-
position of the membrane, can lead to the develop-
ment of a number of pathological conditions, such as
hereditary membrane pathologies (e.g., spherocytosis,
elliptocytosis), increased fragility of cells during blood
storage or increased susceptibility to hemolysis due to
the influence of external stress factors.

The zeta potential (-potential or ZP) is one of
the key electrochemical characteristics that determine
the surface properties of cellular structures, including

Table 1: Average values of key biophysical parameters of human erythrocytes

Parameter

Average value

Commentary

Cell diameter

Cell thickness

Cell surface area
Cell volume (MCV)
Zeta-potential

Membrane tension

lifespan within the
human body

%~ 7.5-8.5 mm
%~ 1.7-2.5 mm

x~120-160 mm?

~80-1001l
from -10 to -20 mV

~ 6-9 mN/m

= 100-120 day

Typical value for mature human erythrocyte

Native shape of erythrocyte is a biconcave disc, the cell thick-
ness is smaller in the central part, and larger on the periphery

If cell is modelled as a disc
Mean corpuscular volume
Depending on the method and surrounding medium condition

Depends on the cytoskeletal proteins and membrane composi-
tion
Physiological term of life of a red blood cell in the circulation
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erythrocytes. It is formed due to the presence of an
electric charge of molecules on the cell surface and
their interaction with environmental ions [30, 31].

The value of ZP depends on the physicochemical
parameters of the medium, such as pH, ionic strength,
temperature, and the presence of certain ions or mole-
cules that can interact with the cell membrane. A de-
crease in the absolute value of ZP can lead to increased
intercellular interactions, aggregation, and the for-
mation of microvascular obstructions, while a high
negative charge promotes suspension stability and
prevents cell aggregation [30, 31].

2. Methods for determining the surface
charge of erythrocytes

The electrical properties of cells are a multifacet-
ed phenomenon that manifests itself in various forms
and is of fundamental importance for the physiological
and pathological activity of the cell. The most studied
parameter is the cell membrane potential (Vm), which
is formed as a result of the asymmetric distribution of
ions between the intracellular and extracellular envi-
ronments. However, in addition to Vm, there are other
important electrical characteristics of cells, including
the electrical conductivity of the membrane, the mem-
brane capacitance, the conductivity of the cytoplasm,
as well as the charge localized on the cell surface,
which forms an electric double layer and determines
the extracellular electric potential, known as the zeta
potential (-potential).

The relationship between Vm and the {-potential
has important biological consequences. In particular,
changes in the electrical potential at the shear bound-
ary can affect the ability of cells to adhere to proteins,
including immunoglobulins and other inflammatory
mediators, as well as intercellular interactions in the
tissue microenvironment. In addition, modification of
the electrostatic profile of the cell can regulate the
transport of ions across the membrane, which is im-
portant for maintaining homeostasis and adapting
cells to changes in the external environment [32].

The assessment of the zeta potential (¢-potential)
of erythrocytes is an important tool for studying their
biophysical properties, population heterogeneity and
interactions with the environment. For this purpose,
various methods are used, based on the principles of
electrophoresis, optical capture, laser Doppler micros-
copy, light scattering, impedancemetry and microflu-
idic technologies.

Electrophoresis and microelectrophoresis are
classical methods for determining the {-potential.
Their principle is based on the observation of the
speed of movement of charged cells in a liquid medi-
um under the action of an electric field. The electro-
phoretic mobility of the cell, measured by microscopic
or automated tracking, is used to calculate the
(-potential according to the Helmholtz-Smoluchowski
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or Henry equations. These methods are highly sensi-
tive, affordable, and allow the study of both entire cell
populations and individual cells in prepared suspen-
sions. However, electrophoresis has limitations, in-
cluding sensitivity to experimental conditions such as
pH, ionic strength, temperature, and the influence of
aggregates or contaminants in the sample. In addition,
the method is difficult to apply to cells in physiological
environments, where cell movement can be affected
by additional factors, including plasma proteins [43].

Optical tweezers and laser Doppler micros-
copy are modern methods that allow the analysis of
single cells with high precision. Optical tweezers use
focused laser radiation to hold and manipulate indi-
vidual cells in three-dimensional space, which allows
studying their electrophysical properties without con-
tact with other objects. Laser Doppler microscopy, in
turn, allows determining the speed of cell movement
based on the frequency shift of light reflected from
particles moving in the field. These methods have high
spatial and temporal resolution, allow studying even
small changes in surface charge and obtaining data on
individual cells or micropopulations. At the same time,
they require specialized equipment, high operator
skills and have limitations that make their use for
screening studies difficult [34].

Light scattering, impedancemetry and micro-
fluidic platforms open up new possibilities for the
analysis of the (-potential. Light scattering (dynamic
or static) allows us to assess the electrokinetic proper-
ties of cell suspensions based on changes in the inten-
sity or angle of light scattering passing through the
sample. Impedancemetry is based on measuring
changes in the electrical impedance of a cell suspen-
sion at different frequencies of an electric current,
which allows us to obtain information about the con-
ductivity and capacitance of the cell membrane, as
well as indirectly about the surface charge. Microfluid-
ic platforms, thanks to the integration of microscopic
channels and electrodes, allow us to perform high-
precision measurements in small volumes, study cells
under conditions close to physiological, and perform
parallel analysis of a large number of samples. These
methods are characterized by high sensitivity, but re-
quire standardization of protocols and adaptation to
the specifics of cell models [35].

The challenges of standardization and compara-
bility of results remain a pressing problem for all
methods of studying the (-potential. The value of the
(-potential is extremely sensitive to experimental con-
ditions - buffer type, temperature, pH, ionic strength,
cell concentration, experimental time and even the ge-
ometry of the cuvette or microfluidic channel. The lack
of uniform protocols for measurements makes it diffi-
cult to compare results between different laboratories
and reduces data reproducibility. To overcome these
limitations, it is necessary to develop standardized
methods, validate new platforms and create generally
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accepted control samples [31].

3. Heterogeneity of the erythrocyte popula-
tion by surface charge

Red blood cell aging is a complex multifactorial
process that manifests itself as an accumulation of
structural, metabolic and functional changes that
gradually reduce cell viability. This process occurs
both in conditions of physiological aging of cells in the
body, and during the development of pathological
conditions or storage of red blood cell concentrates for
transfusion therapy.

Normally, the life cycle of red blood cells in hu-
man circulation is about 100-120 days, during which
cells are exposed to mechanical stress, oxidative stress
and changes in the microenvironment. Red blood cell
aging is accompanied by a gradual loss of water, which
leads to their dehydration and an increase in density.
The concentration of 2,3-bisphosphoglyceric acid, an
important regulator of Hb affinity for oxygen, decreas-
es, as does the level of ATP, which affects the energy
status of the cell and the stability of the membrane cy-
toskeleton. In addition, there is a loss of intracellular
Hb, proteins, and the formation of vesicles - micro-
scopic membrane fragments that are unlaced during
microvesiculation, which leads to a decrease in the cell
surface area and changes in its morphology [36].

One of the important consequences of aging is
the decrease in the total negative charge of the cell
membrane, which is manifested in a decrease in the
zeta potential. This, in turn, weakens the electrostatic
repulsion between cells, contributing to their aggrega-
tion, increasing blood viscosity and the risk of micro-
vascular obstruction. The decrease in surface charge
also affects the interaction of erythrocytes with endo-
thelial cells, the immune system and plasma compo-
nents, which is important for the development of im-
munological reactions and transfusion complications.

Particular attention is drawn to the changes that
occur during the storage of erythrocytes in the form of
preserved blood. According to modern research, in
stored erythrocytes, the degradation of metabolic re-
serves progresses, the pH of the environment decreas-
es, pro-inflammatory cytokines, oxidative stress prod-
ucts and other biologically active compounds accumu-
late [1-7]. These changes may be of clinical signifi-
cance, as they reduce cell viability after transfusion
and increase the risk of complications in recipients,
especially in patients with severe infectious or im-
mune pathologies [36].

Oxidative stress in erythrocytes arises from an
imbalance between the formation of reactive oxygen
species (ROS) and the efficiency of antioxidant sys-
tems, and the Fenton and Haber-Weiss reactions,
which provide the generation of highly reactive radi-
cals, play a key role in this process. In the Fenton reac-
tion, the iron ion (Fe?*), which is part of the heme or is

present in free form, catalyzes the cleavage of hydro-
gen peroxide (H202) with the formation of the hydrox-
yl radical (-OH), one of the most aggressive oxidants
that damages membrane lipids, cytoskeletal proteins
and residual DNA fragments, contributing to hemoly-
sis. The Haber-Weiss reaction involves the superoxide-
dependent formation of -OH, which occurs with the
participation of the superoxide anion radical (02:7),
which is formed during the autooxidation of hemoglo-
bin (Hb — MetHb), and H20z2; In the first phase, super-
oxide reduces Fe3+ to Fe2+, and then the Fenton reac-
tion is triggered. The formed radicals -OH and O2-~ ini-
tiate a cascade of damage: peroxidation of membrane
lipids with a decrease in elasticity and the formation of
malondialdehyde (MDA), oxidation of proteins with
aggregation of spectrin and actin, which leads to a loss
of cell deformability. Additionally, depletion of antiox-
idant systems (glutathione, catalase and superoxide
dismutase activity) increases oxidative damage and
shortens the lifespan of erythrocytes.

A decrease in the electrophoretic mobility (EPM)
of erythrocytes, for example, under the enzymatic ac-
tion of neuraminidase, indicates the loss of surface N-
acetylneuraminic acids (NANA) by cells, important
components of the glycocalyx that carry a negative
charge [37]. A decrease in the content of NANA direct-
ly leads to a decrease in the surface charge density (o)
and, consequently, to a decrease in the (-potential.
These changes are an indicator of a violation of the
electrostatic stability of the cell and potentially affect
its functional activity, in particular the ability to inter-
cellular interactions, adhesion and deformation.

The electrical charge of the cell, formed by the
carboxyl groups of NANA and other ionized membrane
groups, is one of the key physicochemical regulators of
intercellular interactions. It has been established that
the -potential, measured under conditions as close to
physiological as possible without aggressive treatment
of cells, is an informative tool for studying membrane
changes and monitoring the cellular state in real time
[36].

Given the growing interest in the problems of
erythrocyte aging in vivo, in storage systems in plastic
containers, as well as in the context of cell damage
during preservation [38-40], it is necessary to find out
whether cell aging really leads to changes in the gly-
cocalyx, a decrease in surface charge density and
(-potential. The study of these issues is of key im-
portance for understanding the mechanisms of eryth-
rocyte aging, optimizing methods for storing blood
components, and developing approaches to reduce the
risk of transfusion complications.

Storage of erythrocyte mass is accompanied by a
number of molecular and structural changes that af-
fect the properties of cells, in particular their surface
charge. During storage, membrane structures gradual-
ly degrade - the integrity of the phospholipid bilayer is
lost, the content of sialic acids in the glycocalyx
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decreases, and oxidative damage to cytoskeletal pro-
teins, such as spectrin, ankyrin, and band 3 protein, in-
creases. These changes lead to a decrease in the sur-
face charge density, which is expressed in a decrease
in the zeta potential (). A decrease in the {-potential is
associated with increased aggregation ability of cells, a
decrease in their deformability, and the ability to pass
through narrow capillaries, which is critically im-
portant for effective oxygen transport after transfu-
sion. Furthermore, the accumulation of vesicles and
the formation of microparticles in the supernatant of
stored blood is also accompanied by the loss of nega-
tive charge, which may contribute to the activation of
the recipient's immune system and increase the risk of
transfusion reactions [41-44].

Pathological conditions accompanied by systemic
or local changes in the microenvironment significantly
affect the electrostatic properties of erythrocytes. In
cases of inflammation, the level of pro-inflammatory
cytokines (IL-6, TNF-a, IL-1pB), oxidative agents and
enzymes that can modify membrane proteins and li-
pids increases, leading to the loss of sialic acids and a
decrease in the ¢-potential. This contributes to hyper-
aggregation of erythrocytes, increased interaction
with the endothelium and an increased risk of micro-
vascular obstruction. In anemias, in particular hemo-
lytic, there is an increased load on the erythrocyte
pool, which leads to the appearance of a larger num-
ber of young cells (reticulocytes) with a higher
(-potential and lower aggregation ability. While aging
cells demonstrate a decrease in charge and an in-
creased tendency to hemolysis. In metabolic disorders
such as diabetes or metabolic syndrome, elevated lev-
els of glucose and its oxidation products (AGEs) alter
the glycocalyx, reduce membrane charge, and disrupt
blood rheology. In oncopathology, complex changes

Table 2: Sourses of the red blood cell surfase charge geterogenity

are observed: both a general decrease in {-potential
due to chronic inflammation and oxidative stress, and
an increased aggregation capacity of cells, which may
contribute to the formation of microthrombi in the
bloodstream of cancer patients [17, 18].

Therapeutic interventions can significantly alter
the electrostatic profile of erythrocytes. pRBC may in-
troduce a population of cells with altered (-potential
into the bloodstream, especially when blood with a
long shelf life is used. This leads to the potential mix-
ing of cells with different electrostatic characteristics,
which may affect aggregation, microcirculation, and
the risk of post-transfusion complications.

Splenectomy, by removing the main organ for
sequestering old and damaged erythrocytes, alters the
dynamics of circulating cells with low {-potential,
which may remain in the bloodstream longer than
normal. This increases the risk of accumulation of de-
generative cells and worsens the rheological proper-
ties of the blood.

Drug therapy, especially drugs that affect the re-
dox balance (antioxidants, glucocorticoids, cytostatics)
or agents that modify metabolism (e.g. enzyme inhibi-
tors, anti-inflammatory drugs), can also affect
(-potential by altering membrane composition, the de-
gree of oxidative damage, and the expression of mem-
brane proteins [53].

Thus, changes in the surface charge of erythro-
cytes are a dynamic marker of their functional state,
sensitive to external and internal factors. Understand-
ing these processes is critical for optimizing transfu-
sion therapy, monitoring the condition of patients
with chronic diseases, and improving treatment out-
comes in clinical practice. In the Table 2 we summa-
rise different factors affecting surface charge hetero-
geneity in erythrocytes.

Factors

Putative mechanism / Example

Variations in the content of sialic acids of glycoproteins (glycophorin A, B)
Changes in the composition of phospholipids (phosphatidylserine, phosphatidylethanola-

Membrane composition mine)

Oxidative modification of membrane proteins

ATP depletion and changes in the ATP/ADP ratio

Cell Metabolic Status

Decreased activity of ion pumps (Na*/K*-ATPase, Ca2+-ATPase)

Disruption of antioxidant systems (glutathione, catalase, superoxide dismutase)

Accumulation of lipid peroxidation products

RBC Age

Decreased sialylation of membrane proteins

Formation of microvesicles and membrane fragmentation

Action of pro-inflammatory cytokines (TNF-a, IL-1f3)

Hypoxia, acidosis
External Factors

Effect of calcium and metal ions (Fe2+, Cu2+)

Pharmacological agents (nonsteroidal anti-inflammatory drugs, cytostatics)

Anemias of various genesis (iron deficiency, sickle cell)

Pathologocal Conditions

Chronic renal failure

Diabetes mellitus (glycosylation of membrane proteins)
Infectious and inflammatory diseases
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4. The significance of erythrocyte differentia-
tion by surface charge for transfusion medi-
cine

Young erythrocytes lose their unique structural
characteristics as early as 21-25 days of storage, and a
pronounced shift towards spherical morphology is ob-
served after 28 days of hypothermic storage [45-48].
These morphological changes reflect the complex pro-
cess of erythrocyte aging, which is accompanied by
loss of shape, decreased membrane deformability, and
modification of cytoskeletal proteins, in particular
spectrin and actin. Under normal conditions of physio-
logical aging in the human body, erythrocytes are re-
moved from the circulation mainly by phagocytosis by
splenic macrophages, which allows maintaining ho-
meostasis of the cell population. However, in an in
vitro system that simulates the conditions of storage
of donor blood, this mechanism for the removal of se-
nescent cells is absent, which leads to the accumula-
tion of damaged erythrocytes and a progressive de-
crease in their functional capacity [46-48].

Interestingly, even up to day 28 of storage, old
erythrocytes exhibit a lower membrane integrity (MI)
compared to controls, indicating a significant weaken-
ing of the barrier properties of the cell membrane due
to the cumulative effect of external and internal stress
factors. A decrease in MI is associated with an in-
creased risk of hemolysis, the release of free Hb and
microparticles, which may have clinically significant
consequences, in particular, an increased risk of trans-
fusion-associated complications, including immuno-
modulation and pro-inflammatory reactions. At the
same time, the presence of a high proportion of dis-
coid erythrocytes in the population of young cells has
a potentially protective value for their survival after
transfusion. This is because it is the discoid morpholo-
gy that provides the optimal surface area to volume
ratio, which is critical for maintaining effective cell de-
formability and their ability to pass through the nar-
row capillaries of the microcirculatory bed, preventing
retention in the spleen and premature clearance [45,
49].

Profiling of young and old erythrocytes is of great
importance in modern transfusion medicine, as it al-
lows the identification of markers reflecting the de-
gree of functional viability of cells [52]. Accumulating
data indicate that aging of erythrocytes is accompa-
nied by a pronounced accumulation of oxidative stress
products, such as glutathione disulfide, and depletion
of antioxidant potential, which is manifested by a de-
crease in the concentration of metabolites, in particu-
lar S-adenosylmethionine [50, 51, 53, 54]. These met-
abolic changes indicate a progressive depletion of an-
tioxidant defense mechanisms and increased vulnera-
bility of cells to oxidative damage. One of the im-
portant observations of modern research is the identi-
fication of differences in the metabolic profile of sub-

9

populations of young and old erythrocytes. In particu-
lar, young erythrocytes are characterized by an in-
creased content of acylcarnitines, which reflects active
processes of membrane lipid remodeling, as well as a
high level of metabolites of the pentose phosphate
pathway, which provides the generation of nicotina-
mide adenine dinucleotide phosphate (NADPH), nec-
essary for maintaining cellular redox balance and pro-
tection against oxidative stress [45, 55]. At the same
time, old erythrocytes demonstrate the presence of
markers of oxidative damage, in particular glutathione
disulfide, and a significantly reduced ability to main-
tain antioxidant protection, which is confirmed by a
decrease in S-adenosylmethionine levels. These data
indicate that old cells are in a state of metabolic fa-
tigue, are characterized by a reduced ability to restore
antioxidant status and, accordingly, are less viable
during long-term storage. Interestingly, widely used
methods for detecting intracellular reactive oxygen
species (ROS) revealed the development of oxidative
stress in old erythrocytes only on the 28th day of stor-
age. This indicates a delayed nature of ROS accumula-
tion in old cells, while in young erythrocytes increased
levels of ROS are detected already at early stages after
division. This phenomenon can be explained by the
high metabolic activity of young cells and their greater
involvement in the processes of metabolic compensa-
tion and protection from damage, which may further
affect their functional capacity after transfusion.

Prediction of the duration of storage of erythro-
cytes and their functional activity is one of the key
problems of modern transfusion medicine. The effec-
tiveness of transfusion therapy directly depends on
the ability of erythrocytes to perform the main physio-
logical function of oxygen transport, as well as on their
stability, preservation of morphological integrity and
metabolic activity under conditions of hypothermic
storage. Assessment of erythrocyte viability is based
on a complex of morphological, biochemical and func-
tional characteristics, among which the ability of cells
to maintain deformability, counteract oxidative stress
and avoid clearance in the reticuloendothelial system
after transfusion is of particular importance. However,
as modern studies show, the duration of storage of
erythrocytes under standard conditions (4+2°C) does
not always correlate with their functional capacity,
since even cells stored for the standard period may
demonstrate significant heterogeneity in viability,
which creates risks for patients [56, 34]. Therefore, it
is urgent to search for new markers that will allow
more accurately predicting the functional potential of
erythrocytes during and after storage, as well as opti-
mizing the practice of their use in clinical transfusion
medicine.

One of the promising areas of research is the use
of erythrocyte differentiation by the {-potential indica-
tor. Determination of the zeta-potential can serve as
an indicator for assessing the "age" of the erythrocyte
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population, as well as predicting their functional activ-
ity after transfusion. This approach allows for targeted
selection of erythrocyte mass for transfusion in pa-
tients with an increased risk of complications, such as
patients with chronic anemia, oncohematological dis-
eases or critical conditions, where it is important to
ensure the most efficient oxygen transport without ex-
cessive load on the reticuloendothelial system. It is
important to emphasize that the zeta potential meas-
urement technique is relatively simple to perform,
noninvasive, and can potentially be adapted for rou-
tine laboratory quality control of red blood cell mass.
Integrating this parameter into standard protocols for
assessing the quality of blood components may im-
prove the safety and effectiveness of transfusion ther-
apy.

Thus, the prospects for using erythrocyte distri-
bution by zeta potential open up new opportunities
for optimizing blood transfusion practice. This ap-
proach allows not only to deepen the understanding of
the biophysical properties of erythrocytes during their
aging, but also creates a basis for the development of
individualized strategies for transfusion therapy fo-
cused on the specific clinical needs of patients. In the
context of modern research, in particular with the in-
volvement of highly sensitive flow cytofluorimetric
and nanoparticle analysis methods, the study of zeta
potential can become an important tool for a deeper
characterization of erythrocyte subpopulations, the
detection of early markers of cellular aging and the
development of new criteria for assessing the quality
of blood for transfusions. Further improvement of this
approach requires extensive clinical studies and
standardization of methods to ensure their integration
into the routine practice of transfusion medicine.

5. Red blood cell biobanking: new possibili-
ties thanks to surface charge analysis

Modern transfusion medicine requires new ap-
proaches to extend the shelf life of erythrocytes while
maintaining their functional activity. One of the prom-
ising areas is the use of differentiation of cell popula-
tions by biophysical and biochemical characteristics to
optimize cryopreservation and lyophilization meth-
ods. Differentiation of erythrocytes by zeta potential,
morphological features, sialic acid content, oxidative
stress markers and metabolic profile allows us to iden-
tify cells capable of maintaining functional activity un-
der extreme stress conditions, in particular during
freezing.

Cryopreservation, as a method of long-term stor-
age of erythrocytes at ultra-low temperatures, is of
strategic importance for the creation of blood reserves
in military medicine, emergency situations and trans-
plantation practice. However, the freezing process car-
ries the risk of cell membrane damage due to ice crys-

10

tal formation, disruption of osmotic balance, and acti-
vation of the oxidative stress cascade.

Solutions for storing red blood cells have evolved
significantly over the past decades to optimize the
preservation of cell viability and functionality during
hypothermic storage [57]. Over the years, the limita-
tions of hypothermic storage of red blood cells have
been gradually overcome by the development of new
additive solutions that have replaced the use of saline
or glucose-containing solutions [58, 59].

However, it should be recognized that even im-
proving the composition of additive solutions with the
addition of antioxidants cannot completely solve all
the problems associated with hypothermic storage of
erythrocytes. Among them, there are issues related to
chronological aging of cells, accumulation of micropar-
ticles, changes in morphology and functional proper-
ties, as well as individual characteristics of recipients,
which can affect the effectiveness and safety of trans-
fusion therapy. Thus, further research should be
aimed at a comprehensive approach that combines
improving the composition of additive solutions, op-
timizing storage conditions and implementing meth-
ods for erythrocyte differentiation to predict their via-
bility and develop personalized transfusion strategies.

Identification of freeze-resistant subpopulations
of erythrocytes based on biophysical parameters, in
particular zeta potential, allows the development of
individualized cryopreservation protocols aimed at
preserving maximum cell viability after thawing. Simi-
larly, lyophilization - the process of drying erythro-
cytes in a vacuum at low temperatures - opens up new
possibilities for long-term storage of cells without the
use of liquid nitrogen, but also requires optimization
of the composition of protective media and selection of
cells capable of maintaining morphological integrity
and metabolic activity after rehydration.

A key aspect is the ability to predict the shelf life
of erythrocytes depending on their biophysical and
metabolic status. The use of gradient centrifugation,
flow cytometry, nanoparticle analysis and zeta poten-
tial measurement allows the identification of subpopu-
lations of cells with an increased risk of loss of func-
tional activity or hemolysis at the early stages of stor-
age. This creates the basis for the formation of indi-
vidual quality passports of erythrocyte mass, which
will contain information on the predicted period of
safe use, the level of antioxidant protection, membrane
deformability and resistance to stress factors. This ap-
proach allows to increase the efficiency of using donor
blood, minimize the risk of developing post-
transfusion complications, and prevent the introduc-
tion of cells that have already lost their functional ca-
pacity into patients.

The use of erythrocyte distribution data is of par-
ticular importance for the development of personal-
ized transfusion strategies that take into account the
individual clinical needs of patients. For example, for
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oncohematological patients, people with cardiovascu-
lar diseases, newborns or patients after organ trans-
plantation, it is important to ensure maximum effi-
ciency of oxygen transport without increasing the risk
of oxidative stress or inflammatory response. In such
cases, the use of carefully selected, high-quality eryth-
rocyte fractions with proven stability and metabolic
activity can significantly improve clinical outcomes. In
addition, a promising direction is the implementation
of artificial intelligence and machine learning algo-
rithms to automate the process of assessing the quali-
ty of erythrocytes based on a comprehensive analysis
of distribution parameters. This will allow the creation
of predictive models that can predict cell viability dur-
ing storage in real time and form individualized strat-
egies for transfusion therapy. This approach will facili-
tate the transition from universal use of red blood cell
mass to personalized transfusion medicine, focused on
the safety and effectiveness of therapy for each indi-
vidual patient.

Therefore, erythrocyte distribution as a tool for
optimizing storage, cryopreservation, lyophilization,
and development of personalized transfusion strate-
gies is a promising direction that combines the
achievements of cell biology, biophysics, chemistry,
and medical informatics. This approach has significant
potential to improve the safety and effectiveness of
transfusion therapy, but requires further multicenter
studies, standardization of methods, and implementa-
tion in clinical practice.

Conclusions

Distribution of erythrocytes by surface charge is
an important biophysical tool for assessing their via-
bility, preservation of morphological integrity and
functional activity during storage. A decrease in zeta
potential is associated with cell aging, increased ag-
gregation, loss of deformability and the risk of hemol-
ysis, which justifies the use of this parameter as a
promising marker of pRBC quality for transfusion
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therapy. Inclusion of zeta potential assessment in rou-
tine blood component control can increase the safety
and effectiveness of transfusions.

A deep understanding of the heterogeneity of
erythrocytes by biophysical parameters, in particular
zeta potential, creates a scientific basis for the devel-
opment of personalized transfusion strategies. Selec-
tion of erythrocyte subpopulations with predicted sta-
bility and optimal functional potential allows minimiz-
ing the risks of post-transfusion complications, espe-
cially in patients at high risk of complications. This ap-
proach contributes to the transition from standardized
use of red blood cell mass to personalized transfusion
medicine focused on the needs of each patient.

Integration of erythrocyte zeta potential analysis
into biobanking practice and optimization of cryo-
preservation and lyophilization processes opens up
new opportunities for long-term storage of blood
components without loss of their functional activity.
The use of biophysical markers for the selection of
stable cell subpopulations allows the formation of
high-quality blood reserves for emergency and routine
medical care. This approach increases the efficiency of
donor blood use and the safety of transfusion therapy
in clinical practice.
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"Xapkicbkuin HauioHanbHMI yHiBepcuTeT imeHi B.H.KapasiHa MiHicTepcTsa ocBiTvt i Haykn Ykpainm, Xapkis, YkpaiHa

2[lepxaBHa ycTaHoBa «|HCTUTYT MeaMyHoT pagionorii Ta oHkonorii iMmeHi C.M.Mpurop’esa HalioHanbHOi akageMmii MeanyHnX Hayk
YKpaiHny», Xapkis, YkpaiHa

PO3MoAIn EPUTPOLINTIB 3A MOBEPXHEBUM 3APSIIOM: BIO®I3NYHI XAPAKTPUCTUKU TETEPOIEHHOCTI,
OIATHOCTUYHE 3HAYEHHA TA 3ACTOCYBAHHA Y TPAHC®Y3I0NOril TA BIOBAHKIHIY

TpuBane 36epiraHHsi epUTPOLIMTIB, SIKE € OCHOBOI Cy4acHOi TpaHCY3iNHOI MeaULIMHW, CYNPOBOAXKYETLCS HAKOMUYEHHSIM CTPYKTYPHUX,
MeTabonivyHux Ta 6iodi3anYHUX 3MiH, LLO 3HWKYIOTb (PyHKLiOHarNbHY akTUBHICTb KNiTWH. OudepeHuialis eputpounTiB 3a NOBEPXHEBUM
3apagoM € NepcnekTMBHUM HamnpsiMoM, LLO OO3BOMSAE OLUiHIOBaTU XUTTE3AATHICTb KMiTWUH, NPOrHO3yBaTH iX NOBEAiHKY nicnsa TpaHcdyaii
Ta onTuMidyBaTu cTparerii 36epiraHHs 11 6iobaHkiHry. MNMonpu 3pocTaHHs iHTepecy, NpakTUYHE 3acTOCyBaHHsI aHanidy Aseta-noTeHuiany
B KNiHIYHIN TpaHCcdy3inHin MeanunHi Ta 6iobaHKiHry BCe e 3anuwaeTbCa He4oCTaTHbO PO3BUHEHUM.

Y3aranbHUTK CyyacHi AaHi WoAo po3noAiny eputpoumTiB 3a NOBEPXHEBUM 3apsiioM, iXHIX 6iodisnyHuX BRacTMBoCTen, AiarHOCTUYHOI
LIHHOCTi Ta MOXIMBOCTEWN 3aCTOCYBaHHS B TPAHCAY3iViHiN MeanLmHi 1 BiobaHKiHry.

lMpoBegeHo cuctemaTuyHMi nowyk y 6asax gaHnx PubMed, Scopus, Web of Science, Cochrane Library, Google Scholar, Clinical Key
Ta iHWWX peLeH30BaHuX mxepenax. BknioyeHo nybnikauii, LWo BUCBITNOTEL 6ioidanyHi XxapakTepucTkM epuTpoLuTiB, NnapameTpm no-
BEPXHEBOro 3apsifly, reTeporeHHiCTb Nonynsiuii, METOAN BU3HAYEHHs A3eTa-noTeHuiany Ta iX NpakTU4He 3acTOCYBaHHS.

[eTeporeHHiCTb epuTpoLUTIB 32 MOBEPXHEBUM 3apsgoM € (hyHAaMeHTanbHOK XapakTepUCTUKOK nonynsuii, ska dpopmyeTbca BHa-
cnifok i3ioNnoriYHOro CTapiHHS, OKUCHOrO CTPecy, 3MiH y Cknagi MembpaH i uMtockeneTy. SHWKeHH: A3eTa-noTeHuiany acouiloeTbes 3
nigBULLEHNM PU3MKOM arperauii, 3MeHLLIeHHAM AedOpPMIBHOCTI Ta 34aTHOCTI KNITUH NPOXOAUTU Yepes By3bki MikpocyauHu. AHani3 g3e-
Ta-noTeHuiany gae 3mory iaeHTudikyBaTu cybnonynsuii eputpoumTie 3 pisHUM CTyNEeHeM MOLLUKOAXEHHS Ta NPOrHo3yBaTh ix dyHKLio-
HamnbHi MOXNMBOCTI Nicns TpaHcdya3ii. BukopncTaHHa Lboro napameTpa y TpaHCHy3inHIN MeanuuHi nigBuwye eeKkTUBHICTb | 6esneky
TpaHcdysin, a y GiobaHkiHry — onTumidye Bigbip knMiTMH Ans TpuBanoro 36epiraHHs. [JudepeHuiauis 3a NoBepxHEBUM 3apsaoM
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TaKOX Mae NepcrneKkTUBM Y NPOrHo3yBaHHi TepMiHy 36epiraHHA epuTpoLIMTapHOi Macu Ta PO3BUTKY MEepPCOHani3aoBaHWx TpaHCdy3inHMX
cTparTeriin.

HndpepeHuiauis epuTpoumnTiB 3a NOBEPXHEBUM 3apsSAOM € NEePCrnekTMBHUM MiAXOAOM AN OnTUMisauii 36epiraHHs KOMMOHEHTIB KpOBi,
NPOrHo3yBaHHA X (YHKUIOHANbHOI akTMBHOCTI Ta 3abe3neveHHs Ge3neyHoi TpaHcdysiiHOI Tepanii. IHTerpauia aHanisy Aseta-
noTeHLiany B pyTUHHY nabopaTopHy NpakTUKy Mae noTeHuian Ans NiABULLEHHS AKOCTi KOMMOHEHTIB KPOBi, @ noganbLui AOCHigKEeHHSs
CMPUSITUMYTb PO3BUTKY NMEPCOHani3oBaHoi TpaHcdy3inHOI MeanUuHN.

Knro4oBi cnoBa: eputpountu, AseTa-noteHuian, NoBepxHeBUIA 3apsd, 6iodisnyHi BNacTUBOCTI, CTapiHHA KNiTWH, TpaHcdysiomnoris,
BiobaHKiHT



