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Abstract: The goal of the present study is to evaluate the elastic properties (Young's modulus) of erythrocytes from healthy donors and
patients with type 2 diabetes mellitus (T2DM), by using an atomic force microscope (AFM). Morphological and mechanical characteristics
of red blood cells are studied in parallel by PeakForce QNM (Quantitative NanoMechanical Mapping) mode of AFM Dimensional ICON
Bruker NanoScope V9 Instrument. Young's modulus is calculated based on the mathematical model of Johnson-Kendall-Roberts by the
application of the "two-point method". AFM images of the erythrocytes from the healthy donors show that erythrocytes with a normal
biconcave shape predominate. In patients with T2DM, the so-called erythrocyte polymorphism is studied. The Young's modulus of
erythrocytes, in patients with T2DM, significantly statistically increases by 27% (p<0,001), compared to the data of healthy donors. The
studied Young's modulus by AFM can be used in clinical practice as a precise biomarker for the state of the red blood cells in T2DM.
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1. Introduction

An elastic modulus (Young’s modulus) is the stress divided by
the corresponding strain, with greater values indicating the
decreased deformability of a solid body [1, 2]. Young's modulus is a
mechanical constant that characterizes the elastic properties of the
material from which the solid body is made. It does not depend on
the dimensions of the body and is associated with "hardness” — the
rigidity of the solid body. The elastic properties of heterogeneous
objects, such as cells, can be evaluated by Young's modulus [1, 2].
Larger values of Young's modulus mean an increase in rigidity,
correspondingly a decrease in the elasticity (deformability) of the
cells [3, 4].

Atomic force microscopy (AFM) can be used to evaluate and
visualize the surface structure of cells [3, 4, 5]. One of its
applications is to measure changes in the red blood cells (RBCs,
erythrocytes), related to their deformability (Young's modulus), in
type 2 diabetes mellitus (T2DM) [6, 7]. The incensement of glucose
concentration in patients with T2DM results in a decrease of RBC
deformability, which can be associated with changes in the shape of
the erythrocytes [8]. The changes of morphological characteristics
(shape, cell sizes, surface roughness, etc.) and mechanical
parameters (Young's modulus, adhesion force, etc.) of erythrocytes
can result in microvascular complications (diabetic retino-, nephro-,
neuropathies, cardiovascular, neurovascular- and peripheral
vascular diseases) in T2DM [6, 7, 8, 9].

The main approach to study the mechanical properties of
objects by using AFM is a technique called (nano)indentation, i.e.
deformation of the sample (the cell), as a result of the action of
force with which the probe (top of the cantilever) of the atomic
force microscope presses the cell [10, 11]. The main source of
quantitative information about the mechanical characteristics of the
sample (cell) is obtained from the so-called force curves, which
show the dependence of the interaction force between the probe and
the sample, and the distance between them [10, 11]. The analysis of
these force curves allows the quantification of mechanical
parameters such as deformation, stiffness, Young's modulus, etc.
[10, 11, 12].

One of the main problems (tasks) in the accurate determination
of Young's modulus of cells using AFM is the choice of a
mathematical model for calculating the elastic modulus that will
describe well the contact between the soft cell and the hard probe of
AFM [10, 11, 12]. The most commonly used mathematical models
for calculating the elastic modulus of various materials [14, 15] are
the Hertz model, the Sneddon model, the Deryagin-Muller-Toporov
model (DMT), and the Johnson-Kendall-Roberts model (JKR).
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- In the Hertz and Sneddon models, the interactions between
perfectly elastic homogeneous bodies, that are axisymmetric and
smooth, are described. The adhesion forces between the probe tip
(with the spherical shape in Hertz's model; or the shape of a
cylinder, cone, or pyramid in Sneddon's model) and the sample (the
cell) are not taken into consideration in these models. The
mathematical models of Hertz and Sneddon are unsuitable for
calculating Young's modulus of cells, which are soft and delicate
objects — with a heterogeneous surface. Additionally, there are
significant adhesion forces between the cell and the probe tip [16,
17].

- In the DMT model is accepted that adhesion forces act outside
the contact area between the sample and the probe tip. This model is
suitable for studies on the contact of solid materials with weak
adhesion [10, 18].

- In the JKR model is accepted that adhesion forces act only in
the contact area; it gives more accurate results when sticky and soft
materials (such as blood cells), come into contact [19]. Therefore,
we accepted that the most correct mathematical model for
calculating Young's modulus of blood cells is the JKR model.

Determination of Young's modulus by the mathematical
model of Johnson-Kendall-Roberts using the “two-points method”

Using the JKR model, it is assumed that the tip of the AFM
probe and the sample (cell) are two elastic bodies. The AFM tip is
represented as a sphere, and the spring represents the cantilever of
the AFM (Fig. 1). When the AFM tip approaches a soft sample
(cell), the adhesive interaction can draw the tip into the sample, and
when the AFM tip retracts from a soft sample, the tip can pull and
deform the sample by adhesive interaction [20].

The deformation of the sample 4 is obtained from the distance
between the points where the external load P =0 and where the
external load P=F.q, (Fig. 1).

- The deformation of the sample 4 defines the amount of
deformation of the sample when it is pulled under the adhesive
interaction between the tip and the sample.

- Z is the retraction distance of the AFM’s piezoelectric
actuator, and D,q, is the deflection displacement of the AFM
cantilever during this procedure.

- The total retraction distance Z,q, of the AFM piezoelectric
actuator consists of the deflection displacement D.q, of the AFM
cantilever and the deformation of the sample 4 [20].
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Fig. 1. The AFM tip and sample are considered two elastic bodies. The
AFM tip is represented as a sphere, and the spring represents the AFM
cantilever. A) The sample is deformed by adhesion when the external load
P=0. (B) The sample is deformed by adhesion when the external load
PzFadh [20]

A typical force curve obtained by using AFM is presented in
Fig. 2 A. In a "contact point" of the force curve, the interaction
becomes attractive when the tip contacts the sample surface. Once
the tip touches the surface, the tip is pulled into the sample by the
adhesive interaction between the tip and the sample. This is shown
as the sharp decrease of the force on the AFM cantilever in the
extension part of the force curve in Fig. 2 A [19, 20].
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Fig. 2. AFM force plot: (A) A typical AFM force curve for the case of an
AFM tip interacting with a soft sample under adhesive interaction; (B) The
corresponding force vs. indentation plot. The forces on the AFM tip as it
approaches the surface are indicated by the dashed lines while the forces
upon retraction are shown by the solid lines. Point “0” is where the AFM
tip has zero external force, “1” is where the tip has a maximum external
force, “2” is where the tip has zero indentation in the sample, and “3” is
where the tip ruptures from the sample [20].

The force curve is converted to the corresponding force-
indentation plot in Fig. 2 B. There are some distinct points on the
force-indentation plot that correspond to the moments of interaction
between the tip and the sample surface. At point "0" (Fig. 2 B),
where the AFM tip is drawn in the sample surface due to adhesive
interaction, the stored elastic and surface energy are balanced and
zero external force acts on the AFM cantilever. The indentation
between the point where the tip begins to contact the sample surface
and point "0" is defined as adhesion-induced indentation. Point "1"
is the place where a maximum external force acts on the tip; point
"2" is the place where the tip has zero indentation in the sample; and
point "3" is where the tip ruptures from the sample (Fig. 2 B).
Points “0”, “1” and ‘“2” can be obtained directly from the force
curves, and point “3” can be predicted by the JKR model [19, 20].

From the relationships between indentation () - contact radius
(a), and between external force (P) - contact radius (a), Young's
modulus of samples can be determined by combining any two of the
points in the retraction part of the force curve, and this method is
called the "two-points method" [19, 20]. The indentation (J) and the
external force (P) are both functions of the contact radius (a),
interfacial energy (y12), and the sample elasticity (E), i.e.
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6=06(,7,5,E) and P=P(a, V12, E) - For every two points on
the force curve, there are four equations and four variables a;, a,,
y1pand E, where a; and a,, are the contact radii at two points on the
force curve. The indentation (5) and the external force (P) at each
point can be obtained directly from the force curve in Fig. 2 B [20].

According to the JKR model [16, 21], the contact radius (a) of
the contact area is obtained from the following equations:

R
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where (P) is the external force, is the interfacial energy, a, is the
contact radius under zero external force, (J) is the sample

deformation, R=R/R,/(R, +R,) is the combined radius of the
two spheres with radii of R; and R,, K =4/37(k, +k,) is the

combined elastic coefficient, k; and k, are the elastic constants of
each sphere, as:
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where v, is the Poisson's ratio of the sample, v, is the Poisson's
ratio of the tip of the probe, E, is Young's modulus of the sample
(cell), and E, is Young's modulus of the material from which the
tip is made (E, >> E,) [20, 22].

For negative force, the spherical tip of the probe adheres to the
sample. The contact radius @, at the rupture point is obtained by:

8

34
The point “3” in Fig. 2 B for the JKR model then can be located
by using equation (6).

a, 0,634, (6)

Combining points “0” and “3”, it is obtained the following:
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By combining equations (7) and (8), it is written:
1Y2
K = 1+16°3 P, 9)
3 R(50 - 53)3

For the case when the modulus of elasticity of the tip
significantly exceeds that of the sample (E,>>E;), the modulus of
elasticity E of the sample (cell) is obtained from the equation:
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where v is the Poisson's ratio of the sample and K is the combined
elastic coefficient — equation (9) [20, 22].

E (10)

By combining points “0” and ‘2”, it can be obtained
analogically:

1
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By combining points “0” and “1”, E can be obtained by solving
equations (1-3). First, a; and a; can be solved from (3), since
because a; and a; are known from the force curves; second, one
combines equations (1) and (2) and obtains:
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from which K can be written [20, 22].

The goal of the present study is to evaluate the elastic
properties (Young's modulus) of erythrocytes from healthy donors
and patients with type 2 diabetes mellitus, with the mathematical
model of the Johnson-Kendall-Roberts by the “two-points
method”, using an atomic force microscope.

2. Materials and Methods

Preparation of blood samples from healthy controls and
T2DM patients. Human blood samples are collected from
volunteers following the ethical principles of medical research —
Declaration of Helsinki, and all of them gave written informed
consent. Healthy donors (control group) are selected if they did not
have any chronic diseases, as non-smokers, females, who didn’t
take any hormone replacements or contraception, etc. Patients with
T2DM are diagnosed, according to the guidelines of the American
Diabetes Association (ADA) [23].

The in vitro experiments are realized with blood samples from
15 healthy individuals (average age 53 + 9,3 years) and 15 T2DM
patients (average age 61,8 £+ 7,7 years). Venous blood samples are
drawn by venipuncture and collected in 6 ml tubes with K,EDTA as
an anticoagulant.

Sample preparation for AFM. Erythrocytes are separated from
each blood sample from the healthy subjects and the diabetic
patients by a centrifugation method. The concentrated erythrocyte
suspension is washed twice with saline, as the hematocrit is
adjusted to 40%. From the obtained erythrocyte suspension, 3,5 ul
are taken and fixed with 700 pl 0,5% glutaraldehyde (GA) for 30
min, at room temperature. Fixed erythrocytes are washed twice with
saline and twice with distilled water, then plated on mica. The
samples are dried for about 1 day, and after that, they are examined
with AFM [24].

AFM imaging and measurements. The fixed erythrocytes are
examined by using the AFM Dimensional ICON Bruker NanoScope
V9 Instrument (AFM Bruker), which works in a PeakForce QNM
(Quantitative Nano-Mechanical Mapping) imaging mode. This is
one of the newest AFM modes of work, combining the advantages
of static (contact) and dynamic (periodic) modes of operation [15,
25]. This method is similar to the standard tapping mode of
scanning probe microscopy, where the probe and the sample are
brought together intermittently. It operates by controlling the
maximum force applied by the probe to the sample and allows a
rapid force—distance curve to be generated at every pixel [26]. The
force curves could be analyzed quantitatively to obtain a series of
specific characteristics on the map of each sample. High-quality
images of the relief (topography) and quantitative (nano)mechanical

maps of the studied samples can be obtained in parallel, through
high-speed scanning, using the PeakForce QNM maode [27].

The cantilever’s deflection sensitivity, spring constant, and tip
radius are calibrated in advance. Morphological and mechanical
properties of red blood cells are studied simultaneously in
PeakForce QNM mode using silicon cantilever RFESP (a tip radius
of 8 nm, a resonance frequency of 75 kHz, and a spring constant of
3 N/m), at room temperature. The obtained images are analyzed
with the program NanoScope Analysis 1.9 (Bruker).

From every blood sample, three arbitrarily selected erythrocytes
are examined. The total number of erythrocytes studied in healthy
individuals is n'=45 cells, and the total number of studied
erythrocytes in T2DM patients is n'=45 cells. For every erythrocyte
from healthy individuals and diabetic ones, the following AFM
images are found: a 2D topography, a 3D topography, a cross-
sectional profile of the cell, and a map of Young's modulus.

Evaluation of the topography of erythrocytes is made by
determining the cell diameter — d (horizontal distance
corresponding to the diameter of the cell is measured), and
roughness of the cell (based on three arbitrarily selected cross-
sectional profiles from the surface of each erythrocyte), by the
specific parameters [24, 28]:

- maximum height — R (difference in height between the
highest and lowest points on the cross-sectional profile relative to
the center line (not the roughness curve), over the length of the
profile);

- average roughness in ten points — R, (average difference in
height between the five highest peaks and five lowest valleys
relative to the center line over the length of the profile; in cases
where five pairs of peaks and valleys don’t exist, this is based on
fewer points.);

- average roughness — R, (average value of the roughness curve
relative to the center line).

The maps of the elastic modulus of red blood cells are compiled
according to the values of Young's modulus determined in each
nanoindentation point by calculation according to the Johnson-
Kendall-Roberts mathematical model by the “two-point method".
The Young's modulus of erythrocytes is presented as average values
obtained from the force curves — up to 2000 for each cell, of all
nanoindentation points entering an arbitrarily selected section of the
peripheral parts of each cell.

Statistical analysis. Data analysis is performed based on the
software packages Sigma Plot 11.0. All data are presented as
average = SD (standard deviation). The significance of differences
is evaluated using the t-test and the Mann-Whitney Rank Sum Test.
Differences are accepted as significant at p<0,05.

3. Results

AFM images of fixed erythrocytes from healthy donors show
that the red blood cells with a biconcave shape, so-called discocytes
or normocytes, are predominated in the samples (Fig. 3 A, B).

(A) (B)

Fig. 3. AFM Bruker images of erythrocytes with normal biconcave shape
(discocytes or normocytes), from a healthy donor: A) 2D topography; B) 3D
topography.
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AFM images of fixed red blood cells from patients with T2DM
illustrate a change in the size (anisocytosis) and shape
(poikilocytosis):  the so-called erythrocyte  polymorphism.
Erythrocytes with pathological changes in the shape, so-called
poikilocytes, are observed as follows:

- spherocyte — erythrocyte, which has lost its double concave
shape and turned into a spherical cell (Fig. 4 A, B);

- echinocyte — erythrocyte with many small, evenly spaced
needle-like outgrowths throughout the membrane (Fig. 4 C, D);

- knizocyte — an erythrocyte that is a triple concave (Fig. 4 E, F);

- elliptocyte (ovalocyte) — erythrocyte, which has acquired an
elliptical shape (with varying degrees of expression), etc.

A ©)

© ()

(E) F)

(G) H)

Fig. 4. AFM Bruker images of erythrocytes from T2DM patients:
A, C, E, G) 2D topography; B, D, F, H) 3D topography. A, B) spherocytes;
C, D) echinocyte; E, F) knizocyte; G, H) atypical form of an erythrocyte.

The diameter (d, um) of fixed erythrocytes from healthy
individuals is between 5,6 um and 6,7 wm. In T2DM patients it is
elevated and varies between 6,5 um and 7,5 um (Table 1; Fig. 5 A).
In the diabetic patients, the diameter of erythrocytes increases
statistically significantly by 14% (p<0,001) in comparison to the
data from healthy donors.

Table 1: Averages values and standard deviations of morphological
parameters and mechanical parameters of erythrocytes from control group
healthy individuals (n=15) and patients with T2DM (n=15). Note: d —
diameter; Rnax — maximum height; R, — average roughness in ten points; R, — average
roughness; E — Young's modulus; n — total number of examined persons from each

group; n* — total number of examined cells from each group; t-test: *** p<0,0035.
Control group Patients with T2DM
Parameter
n=15, n"=45 cells n=15, n"=45 cells
D, um 6,16+0,56 7,03£0,51%**
Rmax, um 1,42+0,21 1,74+0,24***
R, um 1,1+0,19 1,19+0,31
Raum 0,31+0,09 0,36+0,08
E, MPa 98,6+11,67 124,89+9 41 ***

The evaluation of the roughness (R, um) of each erythrocyte
(Fig. 6 A, C), is made by the profiles of three arbitrarily selected
cross-sectional lines from the topography image of each RBC. From
the cross-sectional profiles of the surface of erythrocytes in healthy
individuals, it is found that they have a typical morphology — a
double concave shape (Fig. 6 A, B), while in patients with diabetes,
the RBC surface has an abnormal shape (Fig. 6 C, D).
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Fig. 5. Average values and standard deviations of the morphological and
mechanical parameters of erythrocytes from control group healthy
individuals (n=15), and patients with T2DM (n=15): A) diameter — d;
B) Young's modulus — E; C) roughness, evaluated by the parameters:
maximum height — Rpa; average roughness in ten points — R,; average
roughness — R,

In patients with T2DM, the erythrocyte maximum height (Riax,
wum) statistically significantly increases by 23% (p<0,001), the
average roughness at ten points (R, um) increases by 8%, and the
average roughness (R, wum) increases by 16%, compared to the
control group of healthy individuals (Table 1; Fig. 5 C). Therefore,
the erythrocytes from diabetic patients are higher and their relief of
the surface, evaluated quantitatively by morphological parameters
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for roughness (Rmax, Rz Ra) is changed, in comparison with the
topography of erythrocytes in the control group of healthy objects.

B)

© (D)
Fig. 6. AFM Bruker images of: A) erythrocyte (discocyte) from a healthy
donor; C) erythrocyte (elliptocyte) from a T2DM patient.

A, C) 3D topography with three cross-sectional lines from the cell surface;
B, D) profiles of three cross-sectional lines from the cell topography.

For each of the RBCs studied (Fig. 7 A, D), corresponding

Young's modulus distribution maps (Fig. 7 B, D), have been
evaluated.
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Fig. 7. AFM Bruker images of: A, B) erythrocyte (discocyte) from a healthy
donor; D, E) erythrocyte (elliptocyte) from a T2DM patient. A, D) 2D
topography; B, E) Young's modulus distribution map of erythrocyte; C, F)
force curves of all nanoindentation points entering the arbitrarily peripheral
section of the erythrocyte membrane, which are used for calculation of the
average value of Young's modulus of erythrocyte.
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The values of the elastic modulus for every point of
nanoindentation from Young's modulus distribution map are
calculated according to the mathematical model of Johnson-
Kendall-Roberts, by the "two-point method". The average value of
Young's modulus of each RBC is determined for an arbitrary
peripheral section (with a rectangular shape), from the membrane of
the erythrocyte (Fig. 7 B, E). The force curves (Fig.7 C, F), of all
nanoindentation points (up to 2000 for each cell) entering the
arbitrary peripheral section of the erythrocyte membrane are used
for the calculation of the average values of Young's modulus of the
erythrocyte.

In patients with T2DM, the average value of Young's modulus
(E, MPa) of erythrocytes increases statistically significantly by 27%
(p=<0,001), in comparison with healthy individuals (Table 1, Fig. 5
B). These changes indicate the reduced deformability (increased
rigidity) of erythrocytes in T2DM patients, compared to RBC
deformability in healthy individuals.

The linear correlation analysis between the mechanical
parameter — Young's modulus (E, MPa), and morphological
parameter — maximum height (Rnay, um) of the erythrocytes in the
control group, doesn’t prove a correlation between them (Fig. 8 A).
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Fig. 8. Linear correlation between Young's modulus (E, MPa), and

maximum height (Rmax, um) of erythrocytes, from: A) control group of
healthy individuals; B) patients with T2DM.

A positive correlation between E and R of erythrocytes
(p=0,05; r=0,455) is demonstrated in patients with T2DM (Fig. 8
B). Therefore, in diabetic patients, the modulus of elasticity is
increased (the deformability of RBCs is decreased), in parallel with
the changes in the relief of the cells (the R Was increased).

4. Discussions

AFM can be considered as an informative technique that is used
for structural studies of erythrocytes, and to measure Young's
modulus indicating the elasticity (deformability) of cells. By
application of the AFM, the morphological and mechanical
characteristics of erythrocytes in healthy individuals and patients
with T2DM can be studied simultaneously. Significant differences
are found in the diameter, height, roughness, and Young's modulus
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of erythrocytes in T2DM patients, compared with the results in
healthy individuals.

In other studies [7, 24, 29, 30, 31, 32], conducted with atomic
force microscopes and simultaneous application of experimental
methods and mathematical models, different values of Young's
modulus for erythrocytes in healthy donors and diabetic patients
also were obtained.

The most commonly applied mathematical model for
calculating Young's modulus using AFM is the Hertz model [29, 31,
32, 33, 34]. Through this model in a study [29], the elastic modulus
of erythrocytes in diabetic patients (E=0,0143+0,0014 MPa) is
found to be higher, than E of healthy donors (E=0,0044+0,0006
MPa). According to Hertz's mathematical model, Young's modulus
of RBCs is calculated also in the study [30], in healthy donors
E=74,47+4,97 MPa, and in patients with T2DM E=102,75+4,78
MPa, and in research [31] - in healthy donors E=0,0083+0,0012
MPa, and in patients with T2DM, E =0,0153+0,0039 MPa. In the
publication [32], for the modulus of elasticity of erythrocytes
calculated by the Hertz model is found that £=85,8+11,9 MPa, for
the control group, and E=122+5,7 MPa — for diabetic patients.
According to Sneddon's mathematical model, in a study [34], it was
found that Young's modulus in healthy donors is E=0,0018+0,0002
MPa, and in diabetic patients, it is £=0,0025+0,0006 MPa.

From the maps of the elastic modulus of erythrocytes from
healthy donors and patients with T2DM (Fig. 7 B, E), was
established that the surface of the cells is heterogeneous — the
peripheral parts of the RBCs have lower Young's modulus, than
central parts. As a result of this, if Young's modulus is obtained
from Hertz's or Sneddon's mathematical models (which can only be
used for perfectly homogeneous bodies), then it will be incorrect.

In a study [7], it is established for the modulus of elasticity,
calculated according to the mathematical model of DMT, that for
the control group, it is E=46710+39210 MPa, and for the patients
with T2DM E=56483+64418 MPa. Erythrocytes are soft, “delicate”
objects, and the adhesion force between them and the tip of the
cantilever could be significant and cannot be neglected. Therefore,
Young's modulus values, which are obtained by the DMT model [7]
can be assumed also that are inaccurate because in this model the
adhesion forces act outside the contact area between the tip and
solid sample.

Until now, in the scientific literature, cannot be found studies in
which Young's modulus of erythrocytes is evaluated according to
the mathematical model of JKR. In our study, the results obtained
for the elastic modulus of the RBCs in healthy donors
E=98,6+11,67 MPa, and patients with T2DM E=124,89+9,41 MPa,
are calculated by the mathematical model of JKR by the "two-point
method".

For erythrocytes in healthy individuals or patients with T2DM,
the elastic modulus values were calculated by different
mathematical models [7, 24, 29, 30, 31, 32, 34] and differ greatly
from each other. To be able to compare Young's modulus values
evaluated in different studies, this modulus must be calculated by
one specific mathematical model, which could reflect most
precisely the experimental cell model. The mathematical model of
JKR describes more accurately the interaction between the cell and
the tip of the cantilever. Thus, it is more appropriate to determine
Young's modulus by this model. Therefore, we suppose that the
values of the elastic modulus of erythrocytes in healthy donors and
patients with T2DM obtained in our study are accurate.

The results obtained in our research (Table 1; Fig. 5 B), show
that elastic modulus of RBCs in diabetic patients statistically
significantly increases, when it is compared to the control group of
healthy individuals. The deformability of erythrocytes plays an
important role in their movement in blood vessels, oxygen transfer,
etc. A decrease in erythrocyte deformability leads to a reduction in
capillary blood flow and subsequent microvascular complications,
which are often observed in T2DM patients [9, 35, 36]. Changes in
erythrocyte deformability (decreased), increased diameter and their
increased ability to aggregate - associated with increased blood
viscosity, are closely connected with increased blood coagulation,
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causing the development of thrombosis in patients with T2DM [8,
24, 37].

Increased glycation of hemoglobin, altered cholesterol levels,
and oxidative stress in T2DM patients can lead to changes in RBC
morphology, and a formation of echinocytes and spherocytes with
impaired deformability [38, 39]. Changes in erythrocyte shape can
be used as an early biomarker of diabetic complications, allowing
better monitoring and treatment of diabetic patients [24, 40].

The simultaneous study of changes in cell morphology and
mechanical characteristics of RBCs is important to elucidate the
pathogenesis of vascular complications and especially of
thromboses in diabetic patients [24, 40]. The established positive
correlation between the elastic modulus and the roughness of
erythrocytes, found in this study (Fig. 8), can be used as biomarkers
in the clinical management of T2DM [6, 9, 24].

5. Conclusion

The morphological (diameter, height, roughness) and elastic
(Young's modulus) characteristics of erythrocytes have been studied
in parallel by AFM. The mathematical model of Johnson-Kendall-
Roberts was applied, as more suitable for calculating Young's
modulus of the cells. The values of the elastic modulus of
erythrocytes from healthy objects and patients with T2DM,
obtained using a model of JKR by the "two-point method", are the
most accurate. Significant differences are found in the diameter,
height, roughness, and Young's modulus of erythrocytes in T2DM
patients, compared with the results of healthy individuals. The
studied AFM morphological and mechanical characteristics of
erythrocytes can be considered as precise biomarkers for the state of
patients with T2DM. This is important for the diagnosis, prevention
and successful monitoring of treatment of the T2DM in the clinical
practice.
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