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Abstract 
 

Red blood cells (erythrocytes) are one of the most common cells in the human body and are responsible for transporting oxygen to tissues 

and removing carbon dioxide from the body. The study of the structure of erythrocyte membranes is of great importance for understanding 

their functions and the possibility of detecting various pathological conditions associated with a violation of the mechanical properties of 

membranes. Atomic force microscopy is a powerful tool for studying the nanostructural properties of membranes and allows the obtaining 

of high-quality images and data on mechanical properties. This article describes an experimental technique used to study the structure of 

erythrocyte membranes, as well as the results obtained and their analysis. The morphology and elastic properties of blood cells were analyzed 

by atomic force microscopy. Quantitative estimates of the elastic modulus of the cell membrane in the mode of force spectroscopy have been 

performed. The values of the elastic modulus of erythrocytes were determined depending on the localization of the indentation area and the 

time of exposure to the membrane surface by the probe. A significant dependence of the results of the elastic modulus estimation on the rate 

of indenter action on the cell membrane is shown.  
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INTRODUCTION 

Atomic force microscopy (AFM) is one of the tools that 

provide a spatial image of the surface with a resolution close 

to atomic [1]. In addition, AFM is successfully used to 

quantify the local elastic and adhesive properties of the 

surface [2]. When studying biological objects using AFM, 

certain difficulties arise in implementing techniques and 

interpreting data, overcoming which allows us to obtain 

unique information about the topography of the membrane 

surface and its mechanical properties, as well as about 

changes in the structure of the cytoskeleton during cell 

movement, about the movements of motor proteins and other 

fundamental cellular processes [3, 4]. Currently, AFM 

images of DNA, RNA, bacteria, and viruses, as well as tissues 

and even organs have been obtained [5-7].  

As the object of this study, erythrocytes were selected – cells 

having the shape of a biconcave disc with a diameter of 7.2–

7.5 µm with deviations in both directions for most no more 

than 0.5 µm and a thickness of 2 µm. The concentration of 

these shaped blood elements and their properties 

(deformability, tendency to aggregation) are among the 

factors that largely determine the rheological properties of 

blood [8, 9]. Thus, the ability of erythrocytes to deform is the 

most important rheological phenomenon that allows these 

cells to deliver substances necessary for the vital activity of 

the body through the vascular system, including capillaries 

whose diameter reaches 2 µm [10]. The results of Alexy et al. 

(2022) indicated that changes in hemorheology lead to a 

violation of blood flow and a decrease in the efficiency of the 

transport function of the microcirculatory system [10, 11]. 

Therefore, the assessment of the rheological properties of 

blood cells is important from the point of view of both 

identifying the features of the course of diseases and 

improving the effectiveness of treatment [12].  

Currently, in clinical practice, integral methods are used to 

determine the deformability and ability of erythrocytes to 

aggregate in suspension, which does not allow the assessment 
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of the state of an individual cell [13, 14]. Such estimates are 

possible using atomic force microscopy, which allows us to 

study the shape of an individual cell, the topography of its 

membrane surface, and its elasticity. In particular, using the 

power spectroscopy function, it is possible to locally estimate 

the modulus of elasticity when an indenter is exposed to a cell 

area up to several nanometers [15, 16]. 

The method of assessing the elastic properties of materials in 

surface layers consists in measuring their ability to resist the 

introduction of a rigid indenter with a given load. It is known 

that the deformation behavior of elastomers (viscoelastic 

polymer materials) is largely determined by the time and rate 

of deformation [17]. This determines methodological 

difficulties in determining the mechanical characteristics of 

biological membranes: it is difficult to create reference 

samples since measured values of the characteristics of 

biological objects depend on the speed of movement of the 

indenter during loading and the time the indenter is in contact 

[18].  

The choice of erythrocytes as the object of this study is due 

to the cells being relatively simple and easily accessible, and 

at the same time, erythrocyte membranes are characterized by 

general principles of the organization of biological 

membranes [19]. Therefore, it is convenient to use them in 

the development of cell elastography techniques as a natural 

model for studying the general structural and functional 

characteristics of membranes, as well as changes in their 

mechanical properties in various diseases [20].  

The purpose of this work is to determine the features of the 

use of atomic force microscopy to assess the elastic and 

viscoelastic properties of the biological membranes of 

erythrocytes. 

MATERIALS AND METHODS 

The blood of individuals without any serious acute and 

chronic diseases was used for the research. A drop of venous 

blood previously stabilized with heparin was fixed in a test 

tube with a 1.5% solution of glutaraldehyde. The erythrocytes 

were then separated from the plasma by centrifugation for 3 

min at 1500 rpm. The resulting erythrocyte sediment was 

washed three times from the fixative in a buffer solution, and 

then three times in distilled water. After that, the erythrocytes 

were applied to 10×10 mm slides and dried in air at room 

temperature.  

The study of the geometry, surface structure, and elastic 

properties of the erythrocyte membrane was carried out using 

a specialized experimental complex combining the functions 

of scanning probe and optical microscopy.  

This complex consists of an NT-206 atomic force microscope 

with the capabilities of micropositioning the probe above the 

sample within a 10×10 mm area and an optical system. AFM 

scanning was performed with standard silicon probes NSC11 

(MikroMasch Co., Estonia) in contact mode with 

simultaneous registration of images of topography and lateral 

forces. In the experimental study, an optical image of cells on 

a glass substrate was initially recorded. Then, with the help 

of a mechanical micropositioning system, an area for AFM 

measurements was selected during optical control of the 

probe position in the sample plane. Further reduction of the 

visualization area of the object within the characteristic scan 

size from 30 to 0.5 µm was carried out using a piezoelectric 

AFM scanner (Figure 1).  

 
a) 

 
b) 

Figure 1. Spatial AFM image of erythrocytes: a) is the 

scanning area of 15×17 µm; b) scan area of 7.4×7.3 µm 

The method of static force spectroscopy was used to evaluate 

the elastic properties of the cell membrane [21]. The power 

spectroscopy function is the standard operating mode of an 

atomic force microscope. The essence of the method consists 

of the implementation of contact deformation of the object 

under study by the tip of the probe and in measuring the 

dependence of the interaction force of the probe with the 

sample surface on the distance between them [22]. When 

implementing the static force spectroscopy procedure, the 

probe console does not perform forced oscillations and 

occupies a static position at the anchorage point. 

The static force spectroscopy procedure was performed with 

a silicon probe after some "blunting" of the tip. The radius of 

rounding of the tip was about 60 nm (determined by scanning 

a test sample), and the stiffness coefficient of the console was 

3 N/m (according to the specification of the probe 

manufacturer). 
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RESULTS AND DISCUSSION 

As a result of scanning the sample, images of the topography 

of the surface of erythrocyte membranes, as well as the spatial 

structure of the cytoskeleton of red blood cells were obtained 

in contrast to the image of lateral forces. Figure 2 shows a 

section of the membrane surface measuring 1.8×1.8 µm2. It is 

when scanning sections of the cell membrane with a size of 

1-2 µm that it is possible to assess its structure, as well as to 

detect the near-surface structure of the cell cytoskeleton. The 

mesh structure of the cytoskeleton is more clearly manifested 

in the mode of lateral forces [23]. The characteristic size of 

the cells formed by the elements of the cytoskeleton is 50-70 

nm.  

 
a) 

 
b) 

Figure 2. Structure of the erythrocyte membrane surface: 

a) topography mode; b) lateral forces mode 

Thus, AFM images allow us to compare the morphology of 

cells, as well as to evaluate the structural features of their 

membranes, in some pathologies.  

Another important possibility of AFM analysis of a cell is the 

assessment of its local mechanical properties. The use of 

force spectroscopy techniques in this case has several 

fundamental features. One of the factors that must be taken 

into account when analyzing the absolute values of the elastic 

modulus is the thickness of the cell at the indentation point. 

Therefore, when studying the elastic properties of 

erythrocytes, it is important to determine whether the choice 

of the probe insertion area affects the determined mechanical 

properties of the cells since the thickness of the cell at the 

periphery significantly exceeds the thickness of the central 

part. The effect of a rigid substrate on the value of the 

estimated modulus of elasticity depends on the ratio between 

the depth of indentation and the thickness of the cell. It is 

believed that this effect can be neglected if the depth of 

indentation does not exceed 10% of the thickness of the object 

under study. In our experiment, the penetration depth of the 

probe was comparable to the thickness of the cell membrane 

and did not exceed 7 nm, which was 0.4% of the peripheral 

and 1.4% of the central thickness of the erythrocyte.  

The power spectroscopy procedure was performed in air, one 

hour after the sample preparation. The erythrocytes of five 

healthy individuals were examined. Measurements were 

carried out on ten different cells for each donor as three 

probes were inserted into the central part and the same 

number into the peripheral part of the cell. The value of the 

elastic modulus was estimated at different depths of indenter 

insertion, sequentially from 1 nm to 7 nm. In the statistical 

evaluation of the local modulus of elasticity, reference points 

were selected, for which the average value of the modulus of 

elasticity and deviation from the average was found. 

Statistically averaged graphs of the dependence of the local 

modulus of elasticity on the depth of indentation for various 

regions were constructed for the selected points. It is 

established that the dependence of the elastic modulus on the 

depth of indenter insertion is nonlinear. A comparative 

analysis of the elastic properties of the cell membrane in the 

peripheral and central regions of the cell shows that the values 

of the local modulus of elasticity for different parts of the cell 

membrane differ significantly only at the penetration depth 

equal to 3.12 ± 0.029 nm. In general, it can be concluded that 

when experimenting within two hours after sample 

preparation with a probe with a large radius of curvature 

(more than 60 nm), the results of the force spectroscopy 

procedure do not depend on the probe insertion area. 

To assess changes in the elasticity of cells depending on the 

loading time, a force spectroscopy procedure was performed 

at different speeds of movement of the sample table in the 

direction of the probe (300, 30, 15, and 1 nm/s). The 

indentation was performed in air, one hour after the 

preparation of the sample in the peripheral area of the cell at 

the selected speed, and the amount of bending of the console 

was recorded. Thus, the deformation of the sample at 

different speeds was ensured.  

It was found that with a decrease in the loading rate of the 

erythrocyte membrane, the elastic resistance of the cell to 

mechanical deformation increases, i.e. the calculated value of 

the elastic modulus increases, respectively, the maximum 
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depth of the probe insertion that can be provided for the 

console with the selected stiffness decreases. Thus, the value 

of Young's modulus at the penetration depth of 5 nm at a 

sample displacement velocity equal to 1 nm/s is higher than 

at 30 nm/s and at 300 nm/s by 4.5 and 15.6 times, 

respectively. Thus, we can talk about the existence of a 

dependence of elastic properties on the rate of deformation of 

the cell, i.e. its viscoelastic behavior. The obtained results are 

consistent with the data of the study of the mechanical 

properties of individual erythrocytes using optical tweezers, 

according to which the cells exhibit viscoelastic properties 

under strong elastic deformation.  

The results of the evaluation of the structural and mechanical 

properties of red blood cells indicate that for these cells, the 

issue of choosing the indentation area is not significant if the 

influence of the substrate is excluded during the experiment. 

And this is possible if the depth of the probe insertion does 

not exceed 10% of the cell thickness. In addition, there is a 

dependence of the modulus of elasticity on the depth of 

insertion of the probe, which can be explained by the 

heterogeneity of the properties of the objects under study, as 

well as by a certain influence of changes in the lateral tension 

of the membrane depending on the magnitude of deformation 

of the lipid bilayer. 

Also, a direct relationship between the value of Young's 

modulus and the loading time has been experimentally 

established for red blood cells. However, the mechanism of 

this behavior of the erythrocyte membrane is not completely 

clear.  

It should also be noted that studies of the mechanical 

properties of cells were carried out in the air, after drying on 

a substrate, which, of course, led to a decrease in the elasticity 

of their membranes, an increase in deformation resistance, 

and, as a consequence, an increase in the measured modulus 

of elasticity. In addition, it is required to use a contact 

deformation model more adequately, which would describe 

the experimental scheme of cell loading used and take into 

account its shell-type "construction". Therefore, the 

measured values of the elastic modulus should be considered 

as estimates, and the obtained dependences are more 

qualitative than quantitative. 

CONCLUSION 

The conducted studies reveal the methodological features of 

the application of atomic force microscopy, and in particular, 

the procedures of static force spectroscopy for assessing the 

local mechanical properties of the cell. The results of the 

studies indicate the importance of choosing the rate of contact 

action of the indenter on the surface of the erythrocyte 

membrane when assessing their elasticity. Based on the data 

obtained, it can be said that the estimated properties of the 

cell membrane largely depend on the ratio of the duration of 

relaxation transitions and the duration of temporary exposure 

during testing. The phenomena of the viscoelastic behavior of 

the cell require further study since the discovered mechanism 

of the direct dependence of the elastic modulus on the loading 

rate of the biological membrane is completely unclear.  

The results of determining the mechanical properties of the 

erythrocyte membrane may differ significantly, which is 

caused by the lack of uniformity in the measurement 

conditions, and therefore makes it difficult to quantify and 

compare the results of studies. In order to obtain comparable 

results, it is necessary to strictly adhere to the methodological 

restrictions on the choice of experimental conditions and the 

mandatory indication of the methodology for determining the 

characteristics according to which they were calculated.  

Thus, with strict regulation of the measurement conditions, 

AFM allows for a quantitative assessment of the mechanical 

properties of cells, which, in turn, opens up wide 

opportunities for the study of biological objects on a 

nanometer scale and the development of a new field of 

biomechanics – cellular elastography. 
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