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Abstract

This article analyses the possibilities of applying microscopic and other methods for assessing the cytoarchitectonics of
human erythrocytes. In modern practical medicine, data obtained using automated haematology analysers are widely used.
These instruments ensure high accuracy in determining a number of haematological parameters, including a quantitative
characterisation of changes in the size and shape of erythrocytes — the anisocytosis index (RDW). However, this method does
not allow visualisation of subtle structural changes in the membrane conformation of cells. Microscopic examination of a
blood smear complements the analysis of haematological shifts, providing a more detailed assessment of the morphological
characteristics of cells. Targeted study of erythrocyte morphology may be limited by several factors: variability in sample
preparation techniques; specific features of cell fixation; and the influence of the surface potential of the substrate on
erythrocyte morphology. The most reliable data on minimal changes in erythrocyte cytoarchitectonics are provided by
high-resolution microscopy methods. Among these, scanning electron microscopy (SEM) occupies a special place, as it allows
obtaining images with high spatial resolution. The widespread adoption of SEM in clinical practice is limited by the
insufficient availability of electron microscopes in traditional medical laboratories. Meanwhile, the introduction of light
microscopy for the targeted study of erythrocyte cytoarchitectonics requires the development of specialised sample preparation
protocols and a critical assessment of the quality of the results obtained. In this context, the use of high -precision light
microscopes with magnification of X600 or higher appears to be a promising direction. Such instruments are capable of
complementing and updating data from haematological analysers. Given that morphofunctional changes of erythrocytes in
various microenvironments constitute an integral component of the body’s physiological response to pathogenetic influences,
timely and accurate assessment of the quantitative and qualitative characteristics of these cells significantly increases the
likelihood of successfully correcting homeostasis disorders.

Keywords: erythrocytes, cytoarchitecture, haematology analysers, light microscopy, scanning electron microscopy, high
resolution microscopy.
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AHHOTaNMsA

B Hacrosmell craThe aHAIM3UPYHOTCS BO3MOMKHOCTH TIPUMEHEHHsST MUKDOCKOTIMUECKMX W WHBIX METOJOB OLeHKH
LIMTOAPXUTEKTOHUKU SPUTPOLIMTOB UesioBeKa. B COBpeMeHHOW MpakTUUeCKOW MeAWLIMHe IIMPOKO MCIOJ/b3YIOTCS AaHHbIe,
TojTyYyaeMble C ITOMOIIBbI0 aBTOMaTUUeCKUX TeMaTo/IOrMUeCKUX aHaIu3aToOpPoB. YKa3aHHbIe TIPUOOPHI 00eCIIeUMBaOT BBICOKYIO
TOUHOCTh OTMpeJiesieHus1 psifla TeMaTo/IoTUUeCKUx ToKasaTresield, B TOM 4MC/ie KOJUUeCTBeHHYI0 XapaKTePUCTUKY M3MeHeHWM
pa3MepoB U (OPMbI 3PUTPOLIUTOB — T0Ka3arenb aHu3oLuTo3a (RDW). OfHako MeTo/, He TI03BOJISIET BU3Ya/IM3POBaTh TOHKHE
CTPYKTYPHbIE M3MeHeHUs1 MeMOpaHHOUM KoHpopMaiuu KieTok. MUKPOCKONMYeCKoe WCC/e[joBaHie Ma3Ka KPOBU [IOTIOJTHSIET
aHa/M3 TeMaToIoTHUeCKUX CABWUIOB, obecrieunBasi Oosiee [eTajbHYI0 OLEHKY MOP(QOJIOTMUECKUX XapaKTePUCTHK KIIETOK.
[punienbHOE W3y4yeHWe SPUTPOLUTAPHONM MOP(OJOTUM MOXKET ObIThb OrpaHUYEHO psiIoM (AKTOPOB: BapuabebHOCTHIO
METO/IUK TPOOOMO/JTrOTOBKY; OCODEHHOCTAMHU (PUKCALMK K/I€TOK; B/IUSHWEM MOBEPXHOCTHOTO TIOTEHIMana MOJJI0KKH Ha
Mopdosioruio  3puTporUToB. Haunbosiee JOCTOBEpPHbIE JlaHHbIE O MHHUMA/IBHBIX M3MEHEHHUSIX [UTOAPXUTEKTOHUKH
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SPUTPOLIMTOB TPEJOCTABMSIOT MeTOAbl MHKDOCKOIIMM BBICOKOro paspelleHus. Cpeau HHUX 0coboe MeCcTO 3aHHMaer
CKaHUPYIOLIasi 3/ieKTpoHHass MUKpockorus (COM), 1o3BosistoIasi MoyuYnTs H300paKeHHsT ¢ BBICOKMM TPOCTPAHCTBEHHBIM
paspetieHueM. OrpaHiueHreM MKPOKOro BHeApeHUss COM B KIMHUUYECKYIO MPAKTUKY C/Iy>KUT HefloCTaTOYHast OCHALEHHOCTh
TPaJWLMOHHBIX MeJULIMHCKUX J1abopaToprii 3/eKTPOHHBIMH MHKDPOCKOIIAMH, a BHeZpeHHe CBeTOBOW MHKPOCKOITUM JiJIs
L|eJIeHanpaB/ieHHOTO M3yUeHWsl LIUTOAPXUTEKTOHUKH 3PUTPOLMTOB TpebyeT pa3pabOoTKH Crieruanyi3upOBaHHBIX MPOTOKOJIOB
Npo6OIOArOTOBKY U MPOBEZIeHNsT KPUTHUECKOH OL|eHKU KauyecCTBa I10/Iy4aeMblX pe3y/ibTaToB. B CBs3U € 3TUM IlepCIeKTUBHBIM
HarpaeJ/leHleM Ipe/iCTaB/IsIeTCsT UCI0/Ib30BaHHe BBICOKOTOUHBIX CBETOBBIX MUKPOCKOIIOB C yBesueHHeM X600 u 6osee. Takue
npubOpel  CIIOCOOHBI  AOMOJHUTL U aKTya/IM3UpOBaTh [jaHHble TIeMaTOJOrMUecKMX aHa/M3aTOpPOB. YUMTHIBas, 4YTO
Mop¢odyHKLMOHAbHBIE U3MEeHeHUsI SPUTPOLIMTOB B Pa3/IMYHBIX MUKPOOKDY)KEHHUSIX IPe/CTaB/IsIOT CO00 HeoTbeM/IeMbIii
KOMITOHEHT (pM3M0JI0THYeCKOr0 OTBeTa OpraHr3Ma Ha IaToreHeTH4YecKre BO3[eHCTBUS, CBOEBPeMeHHas M TOYHasl OLleHKa
KO/IMUeCTBEHHBIX U KaueCTBEHHBIX XapaKTepUCTUK 3THX KJIETOK CyLeCTBEHHO IOBBIILIAeT BePOSITHOCTh YCIEIIHOW KOPPeKLUY
HapyllIeHWH roMeocTasa.

KimoueBble cjI0Ba: 3pUTPOLUTHI, LIATOAPXUTEKTOHMKA, TeMaTOJ0rMyeckKye aHalr3aTopbl, CBETOBasi MMKPOCKOMMS,
CKaHUpYyOLLjast 3/IeKTPOHHAsI MUKPOCKOIHSI, MUKPOCKOITHSI BBICOKOTO pa3pelleHusl.

Beepaenue

The growing interest of researchers in erythrocytes is driven by their role in maintaining homeostasis at the level of the
whole organism [1]. An erythrocyte is one of the most important carriers of information about the state of tissue structures, as it
has a lifespan of approximately 120 days. During this period, it circulates in the bloodstream and penetrates all organs and
tissues, where it directly interacts with various stress-inducing agents [2], [3], [4].

Mature erythrocytes lack the ability to synthesize proteins and, consequently, to repair cell damage after exposure to toxic
agents. In diseases of various origins, there are typical non-specific mechanisms of disruption to the molecular organisation of
erythrocyte membranes. Cell death occurs not only in the immediate area of damage but also far beyond it, due to the
activation of the apoptosis programme by tumour necrosis factors and inflammatory mediators [5]. Currently, investigating the
mechanisms of apoptosis activation is one of the most relevant and practically important tasks [6], [7]. Erythrocytes are unique
cells that already include an apoptosis programme during their formation [8]. In young cells, a high degree of integration
between membrane structures and metabolic processes can be observed, ensuring optimal functioning. Once they enter the
circulatory system, erythrocytes gradually disintegrate, which significantly affects the performance of vital functions: oxygen
transport, adaptive functions, and possibly endocrine functions [9]. Studying the mechanisms of erythrocyte disintegration
allows for the development of more effective methods to protect cells and to correct emerging damage using targeted
regulators and medications.

Despite the fact that peripheral blood erythrocytes are one of the most suitable cellular models in the body, their
investigation in practical medicine is not carried out comprehensively enough. This is due to the limited capabilities of existing
tests, the complexity of modern equipment, and the lack of an integrated approach to interpreting the obtained parameters.
Under the influence of physical and chemical factors that a person encounters in today’s environmental conditions and in their
occupational activities, most changes in the function of the haematopoietic system are of an adaptive nature. Only in extreme
cases are these changes a consequence of severe damage. It is difficult to identify and properly assess adaptive haematology
responses to the effects of low-intensity toxic factors. Minor changes in blood cell counts are easily “lost” among the
physiological fluctuations inherent to these parameters, and the changes themselves are limited in their direction. Pathological
changes in the blood are extremely diverse and depend not only on the severity of the process but also on the overall reactivity
of the organism and any accompanying complications [10], [11]. Each method has its own specific features and limitations for
use. However, knowledge of the nuances of operation and sample preparation allows for a competent approach to the analysis
of the obtained results [12].

Complete Blood Count and Haematology Analysers

Erythrocyte parameters such as morphology, volume, refractive index, and haemoglobin content are of great importance
for diagnostic purposes [13]. In practical medicine, clinicians traditionally rely on the complete blood count (CBC), which
helps identify deviations in the body’s vital parameters. Today, a complete blood count includes the determination of
approximately 30 tested parameters. Medical institutions are gradually moving away from routine manual methods for
assessing the qualitative and quantitative composition of blood. Moreover, many characteristics of erythrocyte cells can only
be detected using automated haematology analysers. Although blood morphology requires a comprehensive assessment, it is
necessary to interpret each individual blood cell parameter, as each has its own clinical and diagnostic characteristics.

As a rule, a clinical blood test includes counting and determining the ratios of the main cellular populations of the
erythrocytic, leucocytic, and thrombocytic lineages, taking into account the qualitative and quantitative composition of
individual cell subpopulations and the width of their size distribution.

Regarding erythrocytes, the assessment of so-called erythrocyte indices [14] and the erythrocyte sedimentation rate is
provided. Erythrocyte indices are calculated values that allow for a quantitative characterisation of important indicators of
erythrocyte status [10]:

1) RBC (red blood cells) — absolute erythrocyte count. There is a direct relationship between the number of erythrocytes
in the blood and the mean corpuscular volume (MCV).

2) HGB (haemoglobin) — haemoglobin concentration in whole blood, determined photometrically using the
cyanmethemoglobin or chromic methods.

3) HCT (haematocrit) — haematocrit level, reflecting the ratio of erythrocytes to blood plasma, expressed as a percentage.

4) MCV (mean corpuscular volume, HCT/RBC) — mean cell volume, measured in femtolitres (fL). Based on MCV
values, anaemias are classified as microcytic, normocytic, or macrocytic.
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5) MCH (mean corpuscular haemoglobin, HGB/RBC) — mean haemoglobin content per individual erythrocyte, measured
in picogramms (pg).

6) MCHC (mean corpuscular haemoglobin concentration, HGB/HCT) — mean corpuscular haemoglobin concentration.
This indicator reflects the haemoglobin saturation of an erythrocyte.

7) RDW (Red cell distribution width) — red cell size distribution width, an indicator of cell heterogeneity, expressed as a
percentage.

8) RDW (%)=SD/MCV (fL)x100%, where SD is the standard deviation of the mean erythrocyte volume from the mean
value.

9) RDW/SD — relative width of erythrocyte volume distribution, standard deviation.

10) RDW/CV — relative width of erythrocyte volume distribution, coefficient of variation.

11) ESR — erythrocyte sedimentation rate, a non-specific indicator of a pathological condition in the body.

Depending on the type of haematology analyser and its operating principles (i.e., the diagnostic methods underlying it),
minor variations in the reference values of the tested parameters may be obtained. These variations should be taken into
account when analysing the clinical situation, especially when reviewing complete blood count parameters over time.
Therefore, it is recommended to perform blood tests using the same equipment and taking into account the reference intervals
of the given method. When interpreting the obtained data, one should rely not only on the average normal values but also on
the individual characteristics of the reference intervals for the specific instrument. Erythrocyte indices determined by
automated haematology analysers are of great importance for the differential diagnosis of anaemic syndromes and for
monitoring the effectiveness of their treatment.

In relation to red blood cells, almost any automated haematology analyser is capable of generating a histogram — a curve
showing the distribution of erythrocytes by volume. The shape of this histogram is used to assess the course of physiological
and pathological processes in the body (Fig. 1).
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Figure 1 - Red blood cell volume distribution curve
DOI: https://doi.org/10.60797/IRJ.2026.169.97.1

Haematology analysers detect anisocytosis significantly more effectively than visual methods. Assessing the degree of
anisocytosis under a microscope is accompanied by a number of errors. When erythrocytes dry out in a blood smear, their
diameter decreases by 10-20%; in thick smears, it is smaller than in thin ones. Numerical parameters of the complete blood
count (CBC) such as RBC, MCV, and RDW are associated with the erythrocyte size distribution histogram. These parameters
change in various haematology diseases and provide important information about the state of the erythrocytic component of
haematopoiesis. However, an isolated assessment of these indicators is of limited informative value due to their averaged
nature. The concentration of erythrocytes on the graph corresponds to the area under the distribution curve. The RDW SD
parameter does not depend on MCYV, so it better reflects the degree of anisocytosis in macrocytic conditions. Visual
information obtained from studying the histogram provides a clear picture of the diversity of erythrocyte sizes and the
predominance of certain populations. For a correct clinical interpretation of erythrocyte parameters, a comprehensive
assessment of all indicators is necessary, combined with other laboratory data [15], [16].

Principle of Operation of Haemanalysers and Diagnosis of Pathological Conditions

Many haematological analysers operate based on impedance technology: the electric field created between two electrodes
of opposite charge can be used to count cells and determine their size. Blood cells are poor conductors of electricity. The
diluent in which they are suspended for passage through the orifice between the electrodes is an isotonic solution, which has
good conductive properties. Accordingly, when cells suspended in the diluent pass through the orifice between the electrodes,
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the impedance (resistance) of the electric field between the electrodes momentarily increases for each individual cell. Each cell
generates an electrical pulse proportional to its size. This is how the device determines morphological parameters [17], [18].

The use of automated haematological analysers is not limited to the diagnosis of anaemic conditions. For example,
analysis of results from automated determination of complete blood count and electrolyte parameters has shown that an
increase in the specific fluid content in an erythrocyte may accompany an adaptive response [19]. Using automated
haematology analysers, researchers have identified the clinical significance of laboratory parameters of the erythrocytic
component of peripheral blood in the acute phase of schizoaffective psychosis, as well as in cases of herpesvirus and
cytomegalovirus infections, and other conditions [20]. Thus, numerous studies show that the use of the classical blood smear
method can be successfully replaced by automated methods for determining clinical blood parameters [21], [22].

Modern haematological analysers make it possible to exclude morphological changes in cells caused by the use of a solid
substrate, in particular, the influence of its surface potential on cytoarchitectonics [23]. Using automated analysers, one can not
only assess the qualitative composition of cell populations but also determine the number of fragmented cells. However,
despite its obvious advantages, this diagnostic method does not provide visualisation of the morphological picture of the
erythron, which must be taken into account in a number of pathological processes of various etiologies. Changes in the
cytoarchitecture of erythrocytes in response to pathogenetic influences serve as an important diagnostic parameter and reflect
the cellular response at the level of the entire organism. Along with changes in the configuration of red blood cells, variations
in their size, the ratio of transformed forms, shifts in haemoglobin content, and other processes are observed [24].
Morphofunctional signs of erythrocyte “ageing” indicate impaired membrane elasticity and, consequently, the cells’ ability to
undergo elastic deformation in the microcirculatory bed. In this context, it is relevant to study not only biochemical but also
morphological parameters of cells using microscopy methods at various magnifications. Electron and optical microscopes are
capable of reconstructing the three-dimensional structure of cells in real time [25].

Microscopic Examinations

A more detailed description of erythrocyte morphology — in particular, changes in their shape (ovalocytes, schizocytes,
spherocytes, target cells, etc.), the presence of inclusions, the occurrence of nucleated erythrocytes, changes in colouration, and
so on — is performed using microscopy. Reticulocyte counts are carried out in a separate test. Microscopic examinations of
erythrocytes are an essential part of the basic assessment of the cytological picture of blood in the diagnosis of several diseases.
Types of erythrocytic cells associated with anaemias have been characterised and classified using a logistic regression
classifier: teardrop cells, echinocytes, acanthocytes, elliptocytes, sickle cells, and normal erythrocytes [26]. In cases of
haemolytic anaemias caused by mechanical damage to erythrocytes, schistocytes (fragmented cells) appear in the blood of
patients. Their clinical and diagnostic significance lies in providing evidence of mechanical haemolysis of erythrocytes;
however, their detection in blood is associated with several challenges [22], [27], [28]. The International Council for
Standardisation in Haematology has developed recommendations for the identification of schistocytes. During counting, it is
recommended to also take microspherocytes into account if other forms of schistocytes are present in the smear. Nucleated
erythrocytes can be used as a marker of erythropoietic stress and help optimise transfusion therapy in patients with
beta-thalassaemia. It has been shown that the combined use of automated systems and manual microscopy in counting
nucleated forms of erythrocytes can help optimise transfusion therapy for this group of patients. Assessing this parameter is
considered more informative and effective than simply counting the absolute number of cells.

Types of Microscopic Examinations

There are several types of microscopic examinations.

Photoacoustic microscopy allows for the preparation of 3D images of erythrocytes and enables mapping of the vascular
network and tissue absorbers [29]. Force spectroscopy can be used to identify changes in the elastic properties of cells. Light
microscopy helps detect impairments in the aggregation properties of erythrocytes when rouleaux (coin-like stacks) are formed
— particularly during prolonged storage of donor blood or when the conditions of the microenvironment change. Digital
holographic microscopy can be applied to assess the impact of changes in various proteins (for example, ankyrin and
flotillin-2) on erythrocyte morphology [30]. Phase-contrast microscopy is used to detect erythrocyte deformability. It allows for
the reconstruction of 3D cell images by measuring thermal fluctuations of membranes. Confocal microscopy can be employed
to study the internal structure of erythrocytes, their individual molecules, and dynamic processes in membranes. Erythrocyte
deformation is assessed using laser diffractometry. Scanning electron microscopy (SEM) provides insights into the features of
cellular cytoarchitectonics [31], including cells’ ability to alter their conformation under the influence of various agents and
microenvironmental conditions [32]. In scanning probe microscopes, the study of surface microrelief is performed using
specially prepared microprobes that essentially “feel” the object with an oscillating cantilever. A combination of expansion
microscopy and single-molecule localisation microscopy potentially allows achieving molecular resolution [33]. For instance,
it has been shown that the spectrin cytoskeleton in the region of indentations has a lower density and greater length than in the
rim areas. This is direct evidence of cytoskeletal asymmetry in human erythrocytes [34].

Currently, leukocyte count in peripheral blood can be determined using digital imaging combined with preliminary cell
classification via artificial neural networks [35]. This approach allows for assessment of platelet and erythrocyte morphology
and counting of their numbers. These systems are comparable in performance to traditional manual optical microscopy.
However, it is important to note that they are designed to be used in collaboration with a qualified morphologist. This approach
offers several advantages, including increased standardisation, efficiency, and the possibility of remote review. Quantitative
phase imaging of erythrocytes (white-light diffraction phase microscopy) can be used to obtain an interferogram of their
surface. Traditionally, continuous wavelet transform using the Paul wavelet is selected to calculate surface profiles from the
interferogram image [36]. The quantitative Raman microscopy method is suitable for studying the biochemistry of erythrocytes
at the subcellular level [37]. The choice of research method is determined by its objectives and sample preparation conditions.
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Light Microscopy and Scanning Electron Microscopy

To analyse erythrocyte conformation using a light microscope, cells can be placed in a liquid nutrient medium or on a solid
substrate, followed by staining with the Romanowsky—Giemsa method. This technique allows visualisation of various cell
shapes, including those undergoing haemolysis — in the field of a light microscope, they appear as dark spots, known as
erythrocyte “ghosts”. Cells of altered shape — echinocytes and stomatocytes — are also distinguishable and can be subjected
to quantitative and qualitative analysis (Fig. 2).

Figure 2 - Human erythrocytes in a hypo-osmotic NaCl solution (0,55 %)
DOI: https://doi.org/10.60797/IRJ.2026.169.97.2

Note: 1 — erythrocyte ghosts; 2 — echinocyte and discocytes; 3 — discocyte and stomatocyte

Photographic images obtained using a light microscope allow identification of the quantitative ratio of modified cells.
However, they do not reflect the depth of variation in the cytoarchitecture of the samples. This goal can be achieved using
scanning electron microscopy. Sample preparation of cells for analysis by scanning electron microscopy involves: fixation of
erythrocytes with glutaraldehyde; drying in a series of aqueous ethanol solutions; coating with a thin gold film to improve the
electrical conductivity of the samples. Electron micrographs of cells obtained using an electron microscope allow visualisation
of surface changes in erythrocyte membranes — for instance, those induced by the presence of antibiotics in the incubation
medium.
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Figure 3 - Scanning electron micrograph of human erythrocytes
DOI: https://doi.org/10.60797/IRJ.2026.169.97.3

When analysing the obtained data, researchers count reversibly and irreversibly transformed cell forms and identify
features of the cell’s rotational figure — the pellor of erythrocytes — to establish differences between control and experimental
samples. Knowledge of the ratio of normal to transformed cell forms allows for timely identification and monitoring of the
progression of a pathological process.

Atomic Force Microscopy (AFM)

Assessment of the morphofunctional state of erythrocytes can also be performed using atomic force microscopy [38]. For
example, a study of cell cytoarchitectonics in benign obstructive jaundice using AFM showed that as the severity of the disease
increases, erythrocyte transformation occurs: the biconcave erythrocyte transforms into a dome-shaped stomatocyte. There is a
significant increase in erythrocyte volume, as well as an increase in the number and size of ruptures in the bilipid membrane
layer [39]. It has been found that patients with iron-deficiency anaemia exhibit a significant number of elliptocytes, microcytes,
stomatocytes, and spherocytes, which negatively correlate with haemoglobin concentration. Serum iron levels and total
iron-binding capacity strongly correlate with microcytes and the mean haemoglobin concentration in blood plasma. AFM has
revealed noticeable disruption of membrane topology and increased roughness in these patients. The redox balance, assessed
by reduced antioxidant capacity of plasma and intracellular levels of reactive oxygen species (ROS), is significantly impaired.
In the erythrocytes of these patients, increased intracellular secretion of Ca®* and phosphatidylserine is observed [40].

Moreover, the development of a new morphological parameter for assessing the state of erythrocytic cells is of great
importance. In particular, the introduction and use of plasma membrane roughness as a morphometric parameter has been
described. By probing the cell surface at the nanoscale, atomic force microscopy (AFM) enables the study of the relationship
between structure and function in both normal and pathological cells, and allows monitoring of specific morphological defects
that arise in erythrocytes as intermediate stages following one another along the ageing pathway [41], [42].

A method for studying native blood cells using AFM in a humid chamber has been proposed and tested. This approach
allows preserving the viability, size, and shape of biological objects. The method offers clear advantages over scanning, as it
enables investigation of unfixed blood samples in the form of a suspension of living cells, thereby eliminating the impact of
mechanical and chemical factors on them [43]. The surface characteristics of erythrocytes are important determinants for
distinguishing thalassaemic cells. Both scanning electron microscopy (SEM) and AFM allow investigation of morphological
deformations of erythrocytes in thalassaemias. In this case, AFM enables the most comprehensive study of the topographic
characteristics of abnormal erythrocytes. The advantages of AFM are that this method not only allows obtaining
high-resolution images of living objects but also enables: studying cells in their native environment in real time; determining
the viscoelastic properties of membrane-cytoskeleton complexes; assessing the adhesive characteristics of molecules; and, in
the long term, determining the local potential of cell membranes [44]. Using AFM, one can obtain highly accurate
morphometric characteristics of molecules, supramolecular complexes, and cells. Measurements of diameter and height allow
relying not only on subjective information about changes in cell structure but also provide their precise quantitative
assessment.

When performing their basic physiological functions, erythrocytes undergo deformation. However, alongside physiological
cell deformation, under adverse conditions erythrocytes transform into pathological forms that are not normally observed. It
has been shown that the AFM method allows highly accurate measurement of cell height, diameter, and fractal dimension.
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However, the only highly sensitive parameter that enables differentiation of normocytes from transformed erythrocyte forms
based on morphometric measurements is the fractal dimension [44].

Extracorporeal Pharmacotherapy

Accounting for the possibility of transformational changes in cells is also necessary when using erythrocytes as a means of
drug delivery in the human body [45], [46]. Erythrocytic cells are promising carriers for a wide range of drugs and other
biologically active agents. The main feature and advantages of erythrocytes as a drug delivery vehicle are their absolute
biocompatibility and ability to circulate in the body for a long time. The internal environment of erythrocytic cells is relatively
inert, protecting the delivered drug from inactivation by various endogenous factors. There are various methods for loading
drugs into erythrocytes, based on the cells’ ability to undergo reversible transformation: electroporation; induced endocytosis;
osmotic pulse haemolysis method; hypotonic haemolysis. Drug incorporation into erythrocytes can also occur naturally
through sorption onto the cell membrane. Extracorporeal pharmacotherapy using erythrocytes as carrier cells is applied in the
treatment of a wide variety of diseases. The range of drugs used and the opportunities provided are already quite broad, and
further development of this direction holds great promise. Therefore, knowledge of the effects of any transported substance on
erythrocyte morphology enables prediction of the success of the therapy and assessment of the likelihood of adverse effects.

Conclusion

Thus, assessment of erythrocyte cytoarchitectonics can be performed using various research methods, each of which has its
own level of sensitivity and error. Microscopic methods allow investigation of the spatial organisation of erythrocyte
membranes, including possible changes in their microvesiculation, invaginations, and rearrangement of the central part of cells
(the pellor). The state of red blood cells and their functional capabilities depend on the structural organisation of their
membranes. Cell morphology and membrane nanostructure are compositionally and functionally linked to the cytoskeleton
network. Features of erythrocytic architectonics, as well as identification of fragmented erythrocyte regions at appropriate
magnification of a scanning microscope, open new perspectives in analysing the characteristics of cell morphological
structures. Data obtained using microscopy methods can be taken into account when selecting an appropriate therapeutic
strategy and in timely monitoring of the pathological process, aiming to minimise undesirable reactions. Modern approaches to
assessing the surface architectonics of erythrocytes are extremely diverse. The choice of research method is primarily
determined by its objectives, the availability of the method, and the possibility of result reproducibility.

KonukT naTEpecoB Conflict of Interest
He yka3saH. None declared.
Penenzus Review
Coo0111eCTBO pelieH3eHTOB MeX/[yHapOoJHOTO HayuHO- Community of Reviewers of the International Research
HCCJIe/|0BaTeIbCKOTO XKypHasa Journal
DOI: https://doi.org/10.60797/1RJ.2026.169.97.4 DOI: https://doi.org/10.60797/IRJ.2026.169.97 .4

Cnucok yiureparypsbl / References

1. Prudinnik D.S. Deformability of Heterogeneous Red Blood Cells in Aging and Related Pathologies / D.S. Prudinnik, A.
Kussanova, I.A. Vorobjev [et al.] // Aging and Disease. — 2024. — Vol. 16. — Ne 3. — P. 1242-1264. — DOI:
10.14336/AD.2024.0526.

2. Yadav S. A Systematic Review of Red Blood Cells Biomarkers in Human Aging / S. Yadav, Deepika, P.K. Maurya //
The Journals of Gerontology: Series A. — 2024. — Vol. 79. — Ne 4. — DOI: 10.1093/gerona/glae004.

3. Prudinnik D.S. Filterability of Erythrocytes in Patients with COVID-19 / D.S. Prudinnik, E.I. Sinauridze, S.S.
Shakhidzhanov [et al.] // Biomolecules. — 2022. — Vol. 12. — Ne 6. — 782 p. — DOI: 10.3390/biom12060782.

4. Jacob C. Erythrocyte deformability correlates with systemic inflammation / C. Jacob, L. Piyasundara, M. Bonello [et
al.] // Blood Cells, Molecules and Diseases. — 2024. — Vol. 109. — DOI: 10.1016/j.bcmd.2024.102881.

5. Tkachenko A. Erythronecroptosis: an overview of necroptosis or programmed necrosis in red blood cells / A.
Tkachenko, O. Havranek // Molecular and Cellular Biochemistry. — 2024. — Vol. 479. — Ne 12. — P. 3273-3291. — DOI:
10.1007/511010-024-04948-8.

6. Huang Y.X. Main events and mechanism of human erythrocyte ageing / Y.X. Huang // Expert Reviews in Molecular
Medicine. — 2026. — Vol. 28. — DOI: 10.1017/erm.2025.10030.

7. Dreischer P. Eryptosis: Programmed Death of Nucleus-Free, Iron-Filled Blood Cells / P. Dreischer, M. Duszenko, J.
Stein [et al.] // Cells. — 2022. — Vol. 11. — Ne 3. — DOI: 10.3390/cells11030503.

8. Chen Y. Red blood cells undergo lytic programmed cell death involving NLRP3 /Y. Chen, S. Chen, Z. Liu [et al.] //
Cell. — 2025. — Vol. 188. — Ne 11. — DOI: 10.1016/j.cell.2025.03.039.

9. Tkachenko A. Current understanding of eryptosis: mechanisms, physiological functions, role in disease,
pharmacological applications, and nomenclature recommendations / A. Tkachenko, M.A. Alfhili, J. Alsughayyir [et al.] // Cell
Death & Disease. — 2025. — Vol. 16. — Ne 1. — DOI: 10.1038/s41419-025-07784-w.

10. AntoHoB B.C. ABroMaru3alusi reMaToJ0TM4YecKOro aHaiv3a. VIHTepriperaiusi rokasaresneid remorpammel / B.C.
AwnTtonos, A.C. Boskos // JlTaboparopHast ciiyx6a. — 2014. — Ne 2. — C. 6-28.

11. Ravenhill B.J. Quantitative comparative analysis of human erythrocyte surface proteins between individuals from two
genetically distinct populations / B.J. Ravenhill, U. Kanjee, A. Ahouidi [et al.] // Communications Biology. — 2019. — Vol. 2.
— 350 p. — DOI: 10.1038/542003-019-0596-y.


https://creativecommons.org/licenses/by/4.0/deed.en

International Research Journal = Ne 7 (169) = July © Authors of the article / Authors of the article

12. Baesa E.C. CgeToBass U CKaHUpyHOLlasg 35/J€KTPOHHAsi MHUKDOCKOIMS B HCCAEJOBAaHUUA LUTOAPXUTEKTOHUKU
SPUTPOLIMTOB UeJioBeKa: 3HaunMMocTh mpobomoarotoBku / E.C. Baeea, B.I. AprioxoB, M.B. Benbckux // BecTHHK
Boponeskckoro rocygapctseHHOro yHusepcurera. Cepust: Xumus. buonorus. ®@apmammsa. — 2023. — Ne 4. — C. 55-61.

13. Rappaz B. Comparative study of human erythrocytes by digital holographic microscopy, confocal microscopy, and
impedance volume analyzer / B. Rappaz, A. Barbul, Y. Emery [et al.] // Cytometry. — 2008. — Vol. 73. — Ne 10. — P. 895—
903. — DOI: 10.1002/cyto.a.20605.

14. Walker H.K. Clinical Methods: The History, Physical, and Laboratory Examinations / H.K. Walker, W.D. Hall, J.W.
Hurst. — 3rd ed. — Boston : Butterworths, 1990. — 670 p.

15. Lee W. Quantitative detection of target cells using unghosted cells (UGCs) of DxH 800 (Beckman Coulter) / W. Lee,
J.H. Kim, I.K. Sung [et al.] // Clinical Chemistry and Laboratory Medicine. — 2014. — Vol. 52. — Ne 5. — P. 693-699.

16. Jlazapep I1.B. IIporHoctryeckoe 3HaueHHe KO3((HLEHTa aHW30TPOIMH 3PUTPOLMTOB Y OOJIBHBIX XPOHUYECKOU
ceppeuHoit HefoctaTtouHocThio / I1.B. Jlasapes, A.A. IllaBapos, JI.I. Anekcangpus // Knuanueckast hapMakoiorusi ¥ Tepars.
—2013. — Ne 4. — C. 31-35.

17. Bull B.S. Red cell index or quality control parameter? / B.S. Bull // Haematology 1996 : educational programme of
the 26th Congress of the International Society of Haematology. — Singapore : 26 Congress of ISH, 1996. — 350 p.

18. Van Hove L. Anemia diagnosis, classification, and monitoring using Cell-Dyn technology reviewed for the new
millennium / L. Van Hove // Laboratory Hematology. — 2000. — Vol. 6. — P. 93-108.

19. ConomennukoB A.B. OrneHka BogHoro 6ajaHca 3pUTPOLMTOB Ha (OHe HapacTaHUs UMX oObeMa B KODOTKHH
MIPOME>KYTOK BpeMeHH! IpU KpUTH4decKux coctosiHusx / A.B. CosmomenHnkoB // Mepuipaa karactpod. — 2018. — Ne 2. — C.
34-38.

20. MuxaiinoBa .. KnuHuyeckast 3HaUMMOCTD J1aOOpaTOPHbBIX MOKa3aTe/iell SpUTPOLUTAPHOTO 3BeHa reputepryecKoit
KDPOBU B OCTPOM mepuoje mm3oahdeKTUBHOrO rcuxo3a / M.M. MuxaiiioBa // Coljda/ibHas ¥ KJIMHHUYECKasl TICUXUATPUSL. —
2018. — T. 28. — Ne 2. — C. 39-44.

21. Zheng S.L. Clinical application and evaluation of Sysmex XE-5000 analyser for detecting nucleated red blood cells in
peripheral blood / S.L. Zheng // Clinical Laboratory. — 2014. — Vol. 60. — Ne 2. — P. 833-838.

22. Schapkaitz E. The Clinical Significance of Schistocytes: A Prospective Evaluation of the International Council for
Standardization in Hematology Schistocyte Guidelines / E. Schapkaitz, M.H. Mezgebe // Turkish Journal of Haematology. —
2017. — Vol. 34. — Ne 1. — P. 892-903.

23. Mukhopadhyay M. Surface property induced morphological alterations of human erythrocytes / M. Mukhopadhyay //
Soft Matter. — 2018. — Vol. 14. — Ne 36. — P. 7335-7346.

24. Basak B. Iron deficiency anemia perturbs erythrocyte morphology and may promote eryptosis / B. Basak, P. Biswas,
S. Dey [et al.] // International Journal of Hematology. — 2026. — Vol. 123. — Ne 4. — P. 521-534. — DOI: 10.1007/s12185-
025-04126-6.

25. Goktas P. Image-Based Flow Cytometry and Angle-Resolved Light Scattering to Define the Sickling Process / P.
Goktas [et al.] / Cytometry Part A. — 2019. — Vol. 95. — Ne 5. — P. 488-498.

26. Das D.K. Quantitative microscopy approach for shape-based erythrocytes characterization in anaemia / D.K. Das //
Journal of Microscopy. — 2013. — Vol. 249. — Ne 2. — P. 136-149.

27. Lesesve J.F. Fragmented red cells reference range for the Sysmex XN®-series of automated blood cell counters / J.F.
Lesesve, E. Speyer, J.P. Perol // International Journal of Laboratory Hematology. — 2015. — Vol. 37. — Ne 5. — P. 583-587.

28. Hervent A.S. Evaluation of schistocyte analysis by a novel automated digital cell morphology application / A.S.
Hervent [et al.] // International Journal of Laboratory Hematology. — 2015. — Vol. 37. — Ne 5. — P. 588-596.

29. Shelton R.L. Volumetric imaging of erythrocytes using label-free multiphoton photoacoustic microscopy / R.L.
Shelton [et al.] // Journal of Biophotonics. — 2014. — Vol. 7. — Ne 10. — P. 834-840.

30. Notariale R. Effect of Mercury on Membrane Proteins, Anionic Transport and Cell Morphology in Human
Erythrocytes / R. Notariale, E. Langst, P. Perrone [et al.] // Cellular Physiology and Biochemistry. — 2022. — Vol. 56. — Ne 5.
— P. 500-513. — DOI: 10.33594/000000572.

31. Petrone P. A novel mini-invasive finger-prick protocol for preparing blood micro-samples for morphological analysis
of human erythrocytes by scanning electron microscopy / P. Petrone, M. Fortunato, E. Paccagnini [et al.] // Tissue and Cell. —
2023. — Vol. 84. — DOI: 10.1016/j.tice.2023.102189.

32. Dey S. Unmasking the morphological alteration of erythrocytes among women suffering from PCOS / S. Dey, 1.
Chakraborty, P. Biswas [et al.] // Blood Cells, Molecules and Diseases. — 2024. — Vol. 105. — DOI:
10.1016/j.bcmd.2023.102821.

33. Wrobel T.P. Erythrocyte heme-oxygenation status indicated as a risk factor in prehypertension by Raman spectroscopy
/ T.P. Wrobel [et al.] // Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease. — 2018. — Vol. 1864. — Ne 11.
— P. 3659-3663.

34. Hou M. Molecular Resolution Mapping of Erythrocyte Cytoskeleton by Ultrastructure Expansion Single-Molecule
Localization Microscopy / M. Hou, F. Xing, J. Yang [et al.] / Small Methods. — 2023. — Vol. 7. — Ne 2. — 2201243 p. —
DOI: 10.1002/smtd.202201243.

35. Bowers K.A. Digital Imaging and AI Pre-classification in Hematology / K.A. Bowers, M.O. Nakashima // Clinics in
Laboratory Medicine. — 2024. — Vol. 44. — Ne 3. — P. 397-408. — DOI: 10.1016/j.c11.2024.04.002.

36. Unal A. Quantitative phase imaging of erythrocyte in epilepsy patients / A. Unal, O. Kocahan, B. Altunan [et al.] /
Microscopy Research and Technique. — 2021. — Vol. 84. — Ne 6. — P. 1172-1180. — DOI: 10.1002/jemt.23676.

37. Volkov V.V. Red blood cell Raman microscopy: modelling sub-cellular biochemistry / V.V. Volkov, J. Aizenberg, C.C.
Perry // Physical Chemistry Chemical Physics. — 2025. — Vol. 27. — Ne 22. — P. 11955-11973. — DOI:
10.1039/d5cp00172b.


https://creativecommons.org/licenses/by/4.0/deed.en

International Research Journal = Ne 7 (169) = July © Authors of the article / Authors of the article

38. Bayram E. Determination of erythrocyte degradation levels and estimation of age blood spot using atomic force
microscopy / E. Bayram // Journal of Forensic Sciences. — 2025. — Vol. 70. — Ne 5. — P. 1721-1732. — DOL:
10.1111/1556-4029.70095.

39. Cympyu E.H. OcobenHoctu TpaHchopMaljyd 3pUTPOLMTOB y [eTeH, CTpajaroumx OpoHxuanbHOM actmoi / E.H.
CynpyH // MepuuyHckas umMmyHonorus. — 2017. — Ne 6. — C. 797-802.

40. Kumar A. Iron deficiency anaemia: pathophysiology, assessment, practical management / A. Kumar, E. Sharma, A.
Marley [et al.] // BMJ Open Gastroenterology. — 2022. — Vol. 9. — Ne 1. — e000759 p.

41. Girasole M. Structure and function in native and pathological erythrocytes: a quantitative view from the nanoscale /
M. Girasole, S. Dinarelly, G. Boumis // Micron. — 2012. — Vol. 43. — Ne 12. — P. 1273-1286.

42. Fait M.E. Volume expansion of erythrocytes is not the only mechanism responsible for the protection by arginine-
based surfactants against hypotonic hemolysis / M.E. Fait [et al.] / Colloids and Surfaces B: Biointerfaces. — 2018. — Vol.
171. — P. 134-141.

43. Skorkina M.U. Comparative estimation of morphofunction characteristics alive and fixed erythrocytes / M.U.
Skorkina // Tsitologiya. — 2011. — Vol. 53. — Ne 1. — P. 17-21.

44. TlneckoBa C.M. V3MeHeHusi CTPOeHMsI M (PpaKTa/IbHOW DPa3MEpHOCTH SPUTPOLIUTOB TM0[, BIUSHUEM HAHOUACTHL]
MarHeTurta (MCC/iefoBaHUe C HCIOJIb30BaHHEM aToOMHO-cuiaoBoi mukpockormu) / C.U. IlneckoBa, P.H. Kprokos, C.FHO.
3y6koB // Mopdonorust. — 2018. — T. 153. — Ne 2. — C. 42-46.

45. Hadi Barhaghtalab R. Recent advances with erythrocytes as therapeutics carriers / R. Hadi Barhaghtalab, H.
Tanimowo Aiyelabegan, H. Maleki [et al.] // International Journal of Pharmaceutics. — 2024. — Vol. 665. — DOI:
10.1016/j.ijpharm.2024.124658.

46. Jia B. Engineering of Erythrocytes as Drug Carriers for Therapeutic Applications / B. Jia, Y. Shi, Y. Yan [et al.] //
Advanced Biology. — 2025. — Vol. 9. — Ne 5. — 2400242 p. — DOI: 10.1002/adbi.202400242.

CnucoK JiaTepaTtypbl Ha aHIIniAcKoM si3bike / References in English

1. Prudinnik D.S. Deformability of Heterogeneous Red Blood Cells in Aging and Related Pathologies / D.S. Prudinnik, A.
Kussanova, I.A. Vorobjev [et al.] // Aging and Disease. — 2024. — Vol. 16. — Ne 3. — P. 1242-1264. — DOI:
10.14336/AD.2024.0526.

2. Yadav S. A Systematic Review of Red Blood Cells Biomarkers in Human Aging / S. Yadav, Deepika, P.K. Maurya //
The Journals of Gerontology: Series A. — 2024. — Vol. 79. — Ne 4. — DOI: 10.1093/gerona/glae004.

3. Prudinnik D.S. Filterability of Erythrocytes in Patients with COVID-19 / D.S. Prudinnik, E.I. Sinauridze, S.S.
Shakhidzhanov [et al.] // Biomolecules. — 2022. — Vol. 12. — Ne 6. — 782 p. — DOI: 10.3390/biom12060782.

4. Jacob C. Erythrocyte deformability correlates with systemic inflammation / C. Jacob, L. Piyasundara, M. Bonello [et
al.] // Blood Cells, Molecules and Diseases. — 2024. — Vol. 109. — DOI: 10.1016/j.bcmd.2024.102881.

5. Tkachenko A. Erythronecroptosis: an overview of necroptosis or programmed necrosis in red blood cells / A.
Tkachenko, O. Havranek // Molecular and Cellular Biochemistry. — 2024. — Vol. 479. — Ne 12. — P. 3273-3291. — DOI:
10.1007/511010-024-04948-8.

6. Huang Y.X. Main events and mechanism of human erythrocyte ageing / Y.X. Huang // Expert Reviews in Molecular
Medicine. — 2026. — Vol. 28. — DOI: 10.1017/erm.2025.10030.

7. Dreischer P. Eryptosis: Programmed Death of Nucleus-Free, Iron-Filled Blood Cells / P. Dreischer, M. Duszenko, J.
Stein [et al.] // Cells. — 2022. — Vol. 11. — Ne 3. — DOI: 10.3390/cells11030503.

8. Chen Y. Red blood cells undergo lytic programmed cell death involving NLRP3 /Y. Chen, S. Chen, Z. Liu [et al.] //
Cell. — 2025. — Vol. 188. — Ne 11. — DOI: 10.1016/j.cell.2025.03.039.

9. Tkachenko A. Current understanding of eryptosis: mechanisms, physiological functions, role in disease,
pharmacological applications, and nomenclature recommendations / A. Tkachenko, M.A. Alfhili, J. Alsughayyir [et al.] // Cell
Death & Disease. — 2025. — Vol. 16. — Ne 1. — DOI: 10.1038/541419-025-07784-w.

10. Antonov V.S. Avtomatizaciya gematologicheskogo analiza. Interpretaciya pokazatelej gemogrammy [Automation of
hematology analysis. Interpretation of hemogram parameters] / V.S. Antonov, A.S. Volkov // Laboratornaya sluzhba
[Laboratory Service]. — 2014. — Ne 2. — P. 6-28. [in Russian]

11. Ravenhill B.J. Quantitative comparative analysis of human erythrocyte surface proteins between individuals from two
genetically distinct populations / B.J. Ravenhill, U. Kanjee, A. Ahouidi [et al.] // Communications Biology. — 2019. — Vol. 2.
— 350 p. — DOI: 10.1038/s42003-019-0596-y.

12. Baeva E.S. Svetovaya i skaniruyushchaya ehlektronnaya mikroskopiya v issledovanii citoarkhitektoniki ehritrocitov
cheloveka: znachimost' probopodgotovki [Light and scanning electron microscopy in the study of human erythrocytes
cytoarchitectonics: significance of sample preparation] / E.S. Baeva, V.G. Artyukhov, M.V. Belskikh // Vestnik Voronezhskogo
gosudarstvennogo universiteta. Seriya: Khimiya. Biologiya. Farmaciya [Bulletin of Voronezh State University. Series:
Chemistry. Biology. Pharmacy]. — 2023. — Ne 4. — P. 55-61. [in Russian]

13. Rappaz B. Comparative study of human erythrocytes by digital holographic microscopy, confocal microscopy, and
impedance volume analyzer / B. Rappaz, A. Barbul, Y. Emery [et al.] // Cytometry. — 2008. — Vol. 73. — Ne 10. — P. 895—
903. — DOI: 10.1002/cyto.a.20605.

14. Walker H.K. Clinical Methods: The History, Physical, and Laboratory Examinations / H.K. Walker, W.D. Hall, J.W.
Hurst. — 3rd ed. — Boston : Butterworths, 1990. — 670 p.

15. Lee W. Quantitative detection of target cells using unghosted cells (UGCs) of DxH 800 (Beckman Coulter) / W. Lee,
J.H. Kim, I.K. Sung [et al.] // Clinical Chemistry and Laboratory Medicine. — 2014. — Vol. 52. — Ne 5. — P. 693-699.


https://creativecommons.org/licenses/by/4.0/deed.en

International Research Journal = Ne 7 (169) = July © Authors of the article / Authors of the article

16. Lazarev P.V. Prognosticheskoe znachenie koehfficienta anizotropii ehritrocitov u bol'nykh khronicheskoj serdechnoj
nedostatochnost'yu [Prognostic value of the erythrocyte anisotropy coefficient in patients with chronic heart failure] / P.V.
Lazarev, A.A. Shavarov, L.G. Aleksandriya // Klinicheskaya farmakologiya i terapiya [Clinical Pharmacology and Therapy].
— 2013. — Ne 4. — P. 31-35. [in Russian]

17. Bull B.S. Red cell index or quality control parameter? / B.S. Bull // Haematology 1996 : educational programme of
the 26th Congress of the International Society of Haematology. — Singapore : 26 Congress of ISH, 1996. — 350 p.

18. Van Hove L. Anemia diagnosis, classification, and monitoring using Cell-Dyn technology reviewed for the new
millennium / L. Van Hove // Laboratory Hematology. — 2000. — Vol. 6. — P. 93-108.

19. Solomennikov A.V. Ocenka vodnogo balansa ehritrocitov na fone narastaniya ikh ob"ema v korotkij promezhutok
vremeni pri kriticheskikh sostoyaniyakh [Assessment of the water balance of erythrocytes against the background of an
increase in their volume in a short period of time in critical conditions] / A.V. Solomennikov // Medicina katastrof [Disaster
Medicine]. — 2018. — Ne 2. — P. 34-38. [in Russian]

20. Mikhajlova LI. Klinicheskaya znachimost' laboratornykh pokazatelej ehritrocitarnogo zvena perifericheskoj krovi v
ostrom periode shizoaffektivnogo psikhoza [Clinical significance of laboratory parameters of the erythrocyte component of
peripheral blood in the acute period of schizoaffective psychosis] / I.I. Mikhajlova // Social'naya i klinicheskaya psikhiatriya
[Social and Clinical Psychiatry]. — 2018. — Vol. 28. — Ne 2. — P. 39-44. [in Russian]

21. Zheng S.L. Clinical application and evaluation of Sysmex XE-5000 analyser for detecting nucleated red blood cells in
peripheral blood / S.L. Zheng // Clinical Laboratory. — 2014. — Vol. 60. — Ne 2. — P. 833-838.

22. Schapkaitz E. The Clinical Significance of Schistocytes: A Prospective Evaluation of the International Council for
Standardization in Hematology Schistocyte Guidelines / E. Schapkaitz, M.H. Mezgebe // Turkish Journal of Haematology. —
2017. — Vol. 34. — Ne 1. — P. 892-903.

23. Mukhopadhyay M. Surface property induced morphological alterations of human erythrocytes / M. Mukhopadhyay //
Soft Matter. — 2018. — Vol. 14. — Ne 36. — P. 7335-7346.

24. Basak B. Iron deficiency anemia perturbs erythrocyte morphology and may promote eryptosis / B. Basak, P. Biswas,
S. Dey [et al.] // International Journal of Hematology. — 2026. — Vol. 123. — Ne 4. — P. 521-534. — DOI: 10.1007/s12185-
025-04126-6.

25. Goktas P. Image-Based Flow Cytometry and Angle-Resolved Light Scattering to Define the Sickling Process / P.
Goktas [et al.] / Cytometry Part A. — 2019. — Vol. 95. — Ne 5. — P. 488-498.

26. Das D.K. Quantitative microscopy approach for shape-based erythrocytes characterization in anaemia / D.K. Das //
Journal of Microscopy. — 2013. — Vol. 249. — Ne 2. — P. 136-149.

27. Lesesve J.F. Fragmented red cells reference range for the Sysmex XN®-series of automated blood cell counters / J.F.
Lesesve, E. Speyer, J.P. Perol // International Journal of Laboratory Hematology. — 2015. — Vol. 37. — Ne 5. — P. 583-587.

28. Hervent A.S. Evaluation of schistocyte analysis by a novel automated digital cell morphology application / A.S.
Hervent [et al.] // International Journal of Laboratory Hematology. — 2015. — Vol. 37. — Ne 5. — P. 588-596.

29. Shelton R.L. Volumetric imaging of erythrocytes using label-free multiphoton photoacoustic microscopy / R.L.
Shelton [et al.] // Journal of Biophotonics. — 2014. — Vol. 7. — Ne 10. — P. 834-840.

30. Notariale R. Effect of Mercury on Membrane Proteins, Anionic Transport and Cell Morphology in Human
Erythrocytes / R. Notariale, E. Langst, P. Perrone [et al.] / Cellular Physiology and Biochemistry. — 2022. — Vol. 56. — Ne 5.
— P. 500-513. — DOI: 10.33594/000000572.

31. Petrone P. A novel mini-invasive finger-prick protocol for preparing blood micro-samples for morphological analysis
of human erythrocytes by scanning electron microscopy / P. Petrone, M. Fortunato, E. Paccagnini [et al.] // Tissue and Cell. —
2023. — Vol. 84. — DOI: 10.1016/j.tice.2023.102189.

32. Dey S. Unmasking the morphological alteration of erythrocytes among women suffering from PCOS / S. Dey, 1.
Chakraborty, P. Biswas [et al.] // Blood Cells, Molecules and Diseases. — 2024. — Vol. 105. — DOI:
10.1016/j.bcmd.2023.102821.

33. Wrobel T.P. Erythrocyte heme-oxygenation status indicated as a risk factor in prehypertension by Raman spectroscopy
/ T.P. Wrobel [et al.] // Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease. — 2018. — Vol. 1864. — Ne 11.
— P. 3659-3663.

34. Hou M. Molecular Resolution Mapping of Erythrocyte Cytoskeleton by Ultrastructure Expansion Single-Molecule
Localization Microscopy / M. Hou, F. Xing, J. Yang [et al.] / Small Methods. — 2023. — Vol. 7. — Ne 2. — 2201243 p. —
DOI: 10.1002/smtd.202201243.

35. Bowers K.A. Digital Imaging and AI Pre-classification in Hematology / K.A. Bowers, M.O. Nakashima // Clinics in
Laboratory Medicine. — 2024. — Vol. 44. — Ne 3. — P. 397-408. — DOI: 10.1016/j.c11.2024.04.002.

36. Unal A. Quantitative phase imaging of erythrocyte in epilepsy patients / A. Unal, O. Kocahan, B. Altunan [et al.] //
Microscopy Research and Technique. — 2021. — Vol. 84. — Ne 6. — P. 1172-1180. — DOI: 10.1002/jemt.23676.

37. Volkov V.V. Red blood cell Raman microscopy: modelling sub-cellular biochemistry / V.V. Volkov, J. Aizenberg, C.C.
Perry // Physical Chemistry Chemical Physics. — 2025. — Vol. 27. — Ne 22. — P. 11955-11973. — DOI:
10.1039/d5cp00172b.

38. Bayram E. Determination of erythrocyte degradation levels and estimation of age blood spot using atomic force
microscopy / E. Bayram // Journal of Forensic Sciences. — 2025. — Vol. 70. — Ne 5. — P. 1721-1732. — DOIL:
10.1111/1556-4029.70095.

39. Suprun E.N. Osobennosti transformacii ehritrocitov u detej, stradayushchikh bronkhial'noj astmoj [Features of
erythrocyte transformation in children with bronchial asthma] / E.N. Suprun // Medicinskaya immunologiya [Medical
Immunology]. — 2017. — Ne 6. — P. 797-802. [in Russian]

10


https://creativecommons.org/licenses/by/4.0/deed.en

International Research Journal = Ne 7 (169) = July © Authors of the article / Authors of the article

40. Kumar A. Iron deficiency anaemia: pathophysiology, assessment, practical management / A. Kumar, E. Sharma, A.
Marley [et al.] // BMJ Open Gastroenterology. — 2022. — Vol. 9. — Ne 1. — e000759 p.

41. Girasole M. Structure and function in native and pathological erythrocytes: a quantitative view from the nanoscale /
M. Girasole, S. Dinarelly, G. Boumis // Micron. — 2012. — Vol. 43. — Ne 12. — P. 1273-1286.

42. Fait M.E. Volume expansion of erythrocytes is not the only mechanism responsible for the protection by arginine-
based surfactants against hypotonic hemolysis / M.E. Fait [et al.] // Colloids and Surfaces B: Biointerfaces. — 2018. — Vol.
171. — P. 134-141.

43. Skorkina M.U. Comparative estimation of morphofunction characteristics alive and fixed erythrocytes / M.U.
Skorkina // Tsitologiya. — 2011. — Vol. 53. — Ne 1. — P. 17-21.

44. Pleskova S.I. Izmeneniya stroeniya i fraktal'noj razmernosti ehritrocitov pod vliyaniem nanochastic magnetita
(issledovanie s ispol'zovaniem atomno-silovoj mikroskopii) [Changes in the structure and fractal dimension of erythrocytes
under the influence of magnetite nanoparticles (study using atomic force microscopy)] / S.I. Pleskova, R.N. Kryukov, S.Yu.
Zubkov // Morfologiya [Morphology]. — 2018. — Vol. 153. — Ne 2. — P. 42—46. [in Russian]

45. Hadi Barhaghtalab R. Recent advances with erythrocytes as therapeutics carriers / R. Hadi Barhaghtalab, H.
Tanimowo Aiyelabegan, H. Maleki [et al.] // International Journal of Pharmaceutics. — 2024. — Vol. 665. — DOI:
10.1016/j.ijpharm.2024.124658.

46. Jia B. Engineering of Erythrocytes as Drug Carriers for Therapeutic Applications / B. Jia, Y. Shi, Y. Yan [et al.] //
Advanced Biology. — 2025. — Vol. 9. — Ne 5. — €2400242 p. — DOI: 10.1002/adbi.202400242.

11


https://creativecommons.org/licenses/by/4.0/deed.en

	БИОФИЗИКА/BIOPHYSICS
	MODERN APPROACHES TO THE ASSESSMENT OF ERYTHROCYTE CYTOARCHITECTURE
	Baeva Y.S.1, *, Tyunina O.I.2, Radchenko M.S.3, Savostina I.Y.4, Dorokhov Y.V.5
	СОВРЕМЕННЫЕ ПОДХОДЫ К ОЦЕНКЕ ЦИТОАРХИТЕКТОНИКИ ЭРИТРОЦИТОВ
	Баева Е.С.1, *, Тюнина О.И.2, Радченко М.С.3, Савостина И.Е.4, Дорохов Е.В.5

